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Résumé en francais

De nombreux problémes de calcul formel utilisent la multiplication comme brique de base dans les
algorithmes qui permettent leur résolution. Par exemple, des problémes de théorie algorithmique
des nombres nécessitent souvent de savoir multiplier rapidement de grands entiers. La recherche
de grands nombres premiers, le pged de polynoémes, requiérent des algorithmes efficaces pour
multiplier des polynémes ou des grands entiers. Des problémes tels que le logarithme discret
modulo un nombre premier p utilisent souvent la multiplication modulo p comme une brique
de base. Cette thése présente des algorithmes permettant de calculer le produit de différents
objets mathématiques, tels que les grands entiers, les polynémes, les matrices... Les algorithmes
permettant la résolution de ces problémes peuvent étre rangés en deux catégories: les algorithmes
asymptotiquement rapides et les algorithmes efficaces pour de petites tailles (polynomes de petits
degrés, matrices de petites dimensions). Par exemple, si on considére des polyndomes de degré d
a coefficients dans un anneau R, trouver un algorithme efficace quand d croit est un probléme de
la premiére catégorie, tandis que trouver le meilleur algorithme quand d est fixé est un probléme
de la seconde catégorie. Ces problémes sont tous les deux reliés, comme on peut Uillustrer avec
I’exemple de la multiplication d’entiers ou de matrices.

La premiére amélioration de l'algorithme naif qui multiplie des entiers de n bits avec une
complexité quadratique, donc en O(n?), a été établie en 1962, bien que Kolmogorov avait conjec-
turé en 1952 que la complexité quadratique était optimale. Cette premiére amélioration est due
a Karatsuba et Ofman [37]. Leur méthode transforme deux entiers de n bits a et b en polynomes
A et B de longueur 2, obtenus en coupant a et b en deux moitiés. Ainsi, A = ag + a1 X et
B = by + b1 X, avec A(2I"/?1) = a, B(2/"/?1) = b et la taille en bits de ag, a1, bg, by est ap-
proximativement n/2. Karatsuba et Ofman ont réduit le probléme de la multiplication d’entiers
de n-bits a la multiplication de polyndmes linéaires avec des coefficients de n/2 bits. Le produit
A - B nécessite, pour son calcul, quatre multiplications utilisant 1’algorithme naif : agbg, a1bg,
aoby, a1by. Avec 'amélioration de Karatsuba et Ofman, les coefficients du produit A - B peuvent
étre calculés avec trois multiplications non scalaires (on ne compte pas les multiplications par un
élément de 'anneau de base) : agbg, (ag + a1)(bo + b1), a1bi. On obtient les formules suivantes :

aobg = agbo,
agby +arbg = (ao + a1)(bo + b1) — agbo — aiby,
a1b1 = albl.

Ces formules sont optimales si le nombre de multiplications non scalaires impliquées dans leur
expression est minimal. L’algorithme de Karatsuba et Ofman peut étre utilisé pour améliorer la
complexité binaire de la multiplication de deux entiers de n bits en I'appliquant de facon récur-
sive : au lieu d’une complexité en O(n?) avec I'algorithme naif, ils obtiennent O(n'°#23). 11 est
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iv Résumé en frangais

courant de se référer a I'algorithme de Karatsuba et Ofman comme ‘“I’algorithme de Karatsuba”.
En conséquence, c’est ce qu’on fait dans la suite.

Il est clair que, étant donné un degré d > 1, trouver des formules similaires 4 Karatsuba
pour calculer le produit de polynémes de degré d améliore la complexité du produit d’entiers.
Par exemple, dans [57], les entiers sont découpés en trois parties, et la multiplication d’entiers
se réduit au probléme de multiplier des polyndémes de degré deux, ce qu’on peut réaliser en cinqg
multiplications. La complexité est alors O(n!°8:°). De maniére générale, on peut déduire d’un
ensemble de formules pour un produit de polynémes un algorithme pour le produit d’entiers.
En réalité, les algorithmes de Karatsuba et de Toom-Cook peuvent étre compris comme des cas
particuliers de deux problémes.

La premiére maniére de les voir est comme une application de la méthode d’interpolation de
Lagrange. En effet, étant donné un polynéme de degré d avec des coefficients dans un corps R
contenant d + 1 points distincts, on peut retrouver les coefficients du polynéme & partir de ses
évaluations en d + 1 points distincts du corps R, en utilisant I'interpolation de Lagrange. Par
exemple, 'algorithme de Karatsuba peut étre compris comme ’évaluation de A- B en 0, 1 et le
point particulier co (I’évaluation en oo donne le terme dominant d’un polynome), étant donné
que

A(0) - B(0) = apbg, A(1)- B(1) = (ag + a1)(bo + b1) et A(c0) - B(c0) = ayb;.

L’algorithme de Toom-Cook peut étre compris comme 1’évaluation de A- B en 0, —1, 1, 2 et oc.

La seconde maniére de les voir est, étant donné des polynémes de degré d avec leurs co-
efficients dans un corps R, comme des formules minimisant le nombre de multiplications non
scalaires requises pour calculer leur produit. Ces multiplications non scalaires ne sont pas néces-
sairement des évaluations du produit A-B en certains points. De plus, on peut aussi considérer le
probléme spécifique sur un corps fini Fy avec ¢ < d+1, ce qui implique qu’on ne peut pas utiliser
I'interpolation de Lagrange comme ci-dessus (car on n’a pas d + 1 points distincts dans F,).
On a une approximation du nombre minimal de multiplications non scalaires requises pour le
calcul d’un produit de polynémes de degré d via la notion de “rang bilinéaire” d’une “application
bilinéaire” représentant le produit de polynémes. On définit plus tard ces notions. Cependant,
on peut décrire comment on obtient le rang bilinéaire pour ’exemple du produit de polynoémes
de degré d a coefficients dans Fy. On formule le probléme en termes de matrices. Les coefficients
du produit de polynémes de degré deux sont vus comme cing formes bilinéaires :

ag bo aop bo aop bo
ai |, | b — agbo, ap || b1 — a1bo+agbi, ai || b1 = agbo+aibi+agbs,
a2 by az bo az bo

ag bo ao bo

a1 |, b1 — ag2b1 + a1by et a1 |, b — asbs.

a2 ba az ba

Ces formes bilinéaires sont représentées, dans la base canonique, par les matrices

100 0 10 0 01 0 00 0 0 0
o 00,1 0 0},J0 1 0,10 O 1},]0 0 O
0 0 O 0 0 O 1 0 0 0 10 0 01



Le cardinal de ’ensemble minimal de matrices M; de rang un telles que chacune des matrices
précédentes est une combinaison linéaire des M; définit le rang bilinéaire du produit. Par exemple,
4 partir des six matrices

11 0
My = My = My=10 1 0],
0 0 0
1 11 0 00 0 0 0
Mz=1|1 1 1|,My4=1]0 0 O|,Ms5=1]0 1 1]/,
1 1 1 0 0 1 01 1

représentant les multiplications non scalaires agbg, (ao + a1)(bo + b1), a1b1, (ap + a1 + a2)(by +
by +b3), asbs et (a1 +ag)(by +b2), on déduit des formules permettant le calcul des coefficients du
produits de polynémes de degré deux utilisant six multiplications. On peut prouver qu’il n’existe
pas d’ensemble de matrices de rang un de cardinal cinqg permettant de calculer les coefficients de
ce produit sur Fy. Ainsi, le rang bilinéaire du produit de polynémes de degré deux sur Fs est
six. En ce sens, les formules obtenues & partir des M; sont optimales au sens du rang bilinéaire.

Le produit de n’importe quel objet mathématique (matrices, polynémes) peut étre compris
comme une application bilinéaire. Trouver des formules optimales (au sens du rang bilinéaire)
pour évaluer des applications bilinéaires est un probléme appartenant & un domaine appelé
“théorie de la complexité algébrique” [12, 11l 56, 36]. Trouver des algorithmes optimaux pour
le calcul du produit de matrices ou de polynémes sont des problémes importants de complexité
algébrique : la complexité du produit de matrices a été étudiée dans [56, [18] [43] et la complexité
du produit de polynémes dans [37, 57, 52] [32].

Pour le produit de matrices, le premier résultat est apparu en 1969 : Strassen [56] a proposé
des formules améliorant le colt du produit de deux matrices 2 x 2, ce qui, appliqué récursivement
sur des matrices de dimensions plus larges, donne une complexité binaire en O(n'827) au lieu
de O(n'°828) = O(n?) (algorithme naif). Pour un produit de matrices

ao,0 Go,1 boo  boa
et ,
aio @11 bio bia
Strassen a proposé d’utiliser les multiplications non scalaires suivantes :

mo = (ao,0 +a1,1)(bo,o + b1,1), m = (1,0 + a1,1)bo,0, T2 = ao,0(bo,1 — b1,1), 73 = a1,1(b1,0 — bo0),

ma = (ag,0 + a0,1)b1,1, ™5 = (a1,0 — ao,0)(bo,o + bo.1), 76 = (a0,1 — a1,1)(b1,0 + b1,1).

Les formules correspondantes sont :

ao,0bo,0 + ap,1b10 = mo+ T3 — My + T,
ap,0bo1 + ao,1bi,1 = T + T4,
a1,0bo,0 +a1,1b10 = T + T3,
a10bo1 +ai,1bi1 = mo— m + w2 + W5,

Si on note par w l'exposant matriciel, c’est-a-dire la quantité telle que O(n*) est la meilleure
borne supérieure asymptotique de la complexité arithmétique du produit de matrices n xn sur C,
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de nombreuses contributions [18] [15] (16, [43], 55| 61] ont permis d’améliorer les bornes supérieures
sur w. La meilleure borne a ce jour est due & Williams et Le Gall [61 [43] et est égale a 2.3729,
bien que la borne proposée par Coppersmith et Winograd [I8], égale a 2.376, est souvent prise
comme référence. Dans [I5], il est conjecturé que w = 2. Cependant, aucun des algorithmes
proposés ci-dessus ne sont utilisés en pratique et on utilise encore largement ’algorithme nafif,
sauf pour des matrices de grandes tailles, auquel cas on applique 'algorithme de Strassen. De
maniére générale, on peut utiliser une formule permettant de multiplier des matrices de tailles
fixes pour multiplier des matrices de tailles quelconques, en appliquant cette formule de fagon
récursive. Ceci explique l'intérét de chercher des formules optimales pour des tailles légérement
plus grandes que celles du produit de matrices 2 x 2 par 2 x 2 (idéalement le produit de matrices
3 x 3 par 3 x 3).

Smirnov décrit dans [54] des algorithmes qui peuvent étre utilisés en pratique pour des matri-
ces de plus grande taille. On peut remarquer que, la plupart du temps, des algorithmes meilleurs
que celui de Strassen sont inconnus. Par exemple, on ne sait toujours pas si le nombre minimal
de multiplications nécessaires pour le calcul du produit de deux matrices 3 x 3 a coeflicients dans
C est égal a 23 (Laderman [40] a été le premier a proposer un algorithme en 23 multiplications),
bien que Bliser a prouvé dans [8] que 19 est une borne inférieure sur le rang de ce produit.
La borne proposée par Blaser est un cas spécial d’une borne plus générale pour n’importe quel
produit de matrices m x n par n x m. Cette borne a été améliorée par Landsberg [4I] en utilisant
de la géométrie algébrique [42].

Le principal obstacle & la recherche de formules optimales est le fait que le calcul du rang
bilinéaire d’une application bilinéaire est NP-difficile [35]. La méthode des moindres carrés semble
étre Pune des plus populaires [54] pour approcher ce probléme. Une autre maniére de faire
consiste & utiliser des éléments de la géomeétrie algébrique [B] et a trouver une généralisation de
la décomposition des matrices en valeurs propres pour des tenseurs d’ordre trois. Cependant, ces
méthodes ne fonctionnent par pour des applications bilinéaires sur des corps finis : elles supposent
qu’on travaille sur des corps de caractéristique zéro comme C pour la méthode des moindres carrés
ou un corps algébriquement clos pour les méthodes & base de géométrie algébrique. Dans notre
contexte, on se concentre sur la recherche de formules optimales pour une application bilinéaire
sur un corps fini. Sur un corps fini, le nombre de formules possibles impliquant r multiplications
non scalaires est fini. Par conséquent, on peut utiliser des méthodes de recherche exhaustive pour
trouver le rang bilinéaire d’une application bilinéaire, ainsi que toutes les formules optimales.

Pour le produit de polynomes sur des corps finis, il existe une méthode originale utilisant des
courbes algébriques [I4], qui a permis d’améliorer les bornes supérieures sur le rang bilinéaire
du produit de polynémes ou le produit d’éléments d’un corps fini de petite caractéristique. En
particulier, la complexité bilinéaire de cette stratégie a été décrite dans [50, [I 48] et dépend du
rang bilinéaire du produit d’éléments dans [Fgq [y]/(yé), ou d et £ sont des entiers positifs. Ainsi, il
devrait étre possible d’améliorer ces bornes pour des petites valeurs de d et £ avec des méthodes
a base de recherche exhaustive, puisque le produit d’éléments de Fga [y}/(ye) est une application
bilinéaire.

Mountgomery propose dans [45] un algorithme pour calculer de telles décompositions pour
le cas particulier de polynomes de petit degré sur des corps finis. L’auteur énumére toutes les
formules possibles d’une certaine forme, en utilisant le fait que, sur un corps fini, le nombre de
formules optimales possibles est fini. Il obtient alors de nouvelles formules pour le produits de
polyndmes de degrés cing, six et sept a coefficients dans Fy. Dans [46], Oseledets propose une
approche heuristique pour résoudre le probléme du rang bilinéaire pour le produit de polynémes
a coeflicients dans Fy. L’auteur utilise une formalisation de ce probléme en termes d’espaces
vectoriels et se restreint & des formules présentant certaines symétries. Plus tard, Barbulescu et
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al. développent dans [2] ce formalisme et calculent le rang bilinéaire pour différentes applications
bilinéaires, telles que le produit court ou le produit médian sur un corps fini. Leur algorithme
permet de générer toutes les formules optimales pour n’importe quelle application bilinéaire sur
un corps fini. Ce travail est la source principale d’inspiration de la premiére partie de cette
thése. Le but de la premiére partie est d’améliorer le temps requis pour trouver toutes les
formules optimales pour une application bilinéaire donnée, et de prouver des bornes inférieures
sur le rang bilinéaire, en particulier pour le produit de matrices et le produit court sur Fs.

L’amélioration qu’on propose a ’algorithme décrit dans [2] utilise le groupe constitué des
automorphismes stabilisant une application bilinéaire, ainsi que la notion de “tige” d’un espace
vectoriel de formes bilinéaires. Plus spécifiquement, on calcule toutes les formules optimales
pour le produit court de polynémes P et Q modulo X® et le produit de matrices 3 x 2 par
2 x 3. Ce dernier produit était hors d’atteinte en pratique avec la méthode proposé dans [2].
On prouve, en particulier, que I’ensemble des formules optimales pour ce produit matriciel est
unique a l'action d’un élément du groupe d’automorphismes prés. Bien que fournir une analyse
de complexité suffisamment fine de notre approche est difficile (elle implique des propriétés
intrinséques aux applications bilinéaires qu’on considére, dont 'impact sur la complexité finale
est difficile & quantifier), on a des arguments théoriques pour expliquer pourquoi cette approche
est plus rapide que [2].

Lorsque d est grand, les multiplications scalaires ne sont plus négligeables. Alors, méme
dans des corps tels que le corps complexe C, dans lequel on a toujours d + 1 points distincts, la
complexité de I’évaluation en d + 1 points distincts est un probléme qui doit étre pris en compte
lorsque d croit. Par conséquent, pour le produit de polynémes de degré d avec d grand, il faut
regarder comment choisir au mieux les d + 1 points tels qu’on obtient la meilleure complexité.
Ce probléme est relié a la complexité asymptotique de la multiplication d’entiers, par le biais de
la substitution de Kronecker. Plusieurs améliorations ont été réalisées pour la complexité binaire
de la multiplication d’entiers, en particulier par Schonhage, Strassen, Fiirer, Harvey, van der
Hoeven et Lecerf [62, [26], B2]. Ces améliorations reposent sur la complexité de la multiplication de
polynémes de grand degré et sur le schéma d’évaluation-interpolation. Cependant, leur optimalité
est toujours une question ouverte.

L’algorithme naif ou 'amélioration de Karatsuba et Ofman permettent d’avoir un algorithme
avec une complexité polynomiale pour multiplier des entiers. L’algorithme de Toom-Cook a la
méme propriété. Le premier algorithme réalisant une complexité dite quasi-linéaire est celui
de Schonhage et Strassen [52] [5I] : leur algorithme multiplie des entiers de n bits avec une
complexité binaire égale & O(n - logn - log(2) n). L’algorithme de Schénhage-Strassen utilise la
transformée de Fourier rapide (FFT pour Fast Fourier Transform) pour évaluer rapidement un
polynome en les puissances d’une racine primitive de I'unité [59], §8]. De plus, la complexité
est obtenue via un choix adéquat d’un anneau R dans lequel cette évaluation doit étre réalisée.
Concrétement, le choix R = Z/(Qe + 1), avec e une puissance de deux, amene & une complexité
en O(n -logn - loglogn), tandis que d’autres choix naturels pour R, tels que R = C, aménent &
une complexité moins bonne.

En 2007, M. Fiirer observe que I'anneau R = C[z]/ (zF 4 1), avec P une puissance de deux bien
choisie, est particuliérement intéressant [26]. En utilisant cet anneau R, il est possible d’exploiter
une FFT avec une grande base pour obtenir une complexité en O(n - logn - 20 (log™ ”)) (ce qui
s’oppose a la FFT en base deux qui était utilisée dans lalgorithme de Schonhage-Strassen).
La notation log™ représente le logarithme itéré (voir . Le résultat de Fiirer a été une
amélioration surprenante de la complexité de Schonhage-Strassen, qui était considérée comme
la meilleure pendant 35 ans. Une extension récente du travail de Fiirer, proposée dans [21],
remplace le corps C dans la définition de R par un anneau p-adique et atteint la méme complexité
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asymptotique. Cette variante p-adique permet de mettre de coté les problémes de précision qu’on
a dans C. Harvey, van der Hoeven et Lecerf dans [32], et plus tard Harvey et van der Hoeven
dans [30] ont proposé de nouveaux algorithmes et une analyse de complexité plus fine permettant
d’obtenir une expression plus explicite de la complexité binaire, c’est-a-dire O(n -logn - glog” ™) et
O(n-logn- 4log” ™) conjecturalement. Ils montrent aussi qu'une analyse de 'algorithme original
de Fiirer permet d’arriver a O(n - logn - 16'°8" ). Trés récemment, dans [3I], Harvey et Van
der Hoeven semblent avoir montré qu’on peut arriver a une complexité en O(n - logn - 4log” ™)
sans faire appel & aucune conjecture de théorie des nombres. Cependant, ces algorithmes, qui
réalisent une borne asymptotique similaire & celle obtenue par Fiirer, sont surtout pergus, pour
I’instant, comme des résultat n’ayant qu’une valeur théorique.

On décrit dans la deuxiéme partie de cette thése un algorithme atteignant une complexité en
O(n-log n-4log” ™) et reposant sur une conjecture qui peut étre vue comme une version explicite de
la conjecture de Bateman-Horn [4], appuyée par des expériences numériques. Plus précisément,
cette conjecture se formule de la fagon suivante.

Hypothése Soit A > 2 un entier. Pour tout nombre réel R tel que 2* < R < 22 il existe
un premier généralisé de Fermat p = r2 41 tel que R <1 < \?°R,

Le concept clé de notre algorithme est 'utilisation d’une chaine de premiers généralisés de
Fermat (de la forme r? 4 1) pour gérer les appels récursifs. Cette variante est différente de la
stratégie proposée dans [32]. Notre travail peut étre compris comme étant une généralisation d’un
rapport proposé par Fiirer [25] (en 1989), qui proposait un algorithme reposant sur ’hypothése
qu’il existe une infinité de premiers de Fermat. Cependant, cette hypothése est trés probablement
fausse, et donc notre approche permet de réparer ce probléme.

Cette thése est organisée de la facon suivante.

e Dans la Partie [I] on présente le travail qui a été réalisé sur la recherche de formules
optimales et décrit dans [19]. Dans le Chapitre on présente les outils théoriques et
le cadre formel de cette partie de la thése, qui a déja été introduit dans [2]. Dans le
Chapitre E on présente I'état de lart, avec entre autres les algorithmes proposés dans [2]
et [3]. On décrit les aspects théoriques et algorithmiques de notre amélioration dans le
Chapitre (3], On applique cette amélioration & des exemples tels que ceux du produit court
et du produit matriciel dans le Chapitre On décrit dans le Chapitre [5] comment
calculer certains précalculs requis dans le Chapitre

e Dans la Partie on présente le travail décrit dans [20], relatif a la recherche d’un al-
gorithme asymptotiquement optimal pour la multiplication de grands entiers, basé sur la
transformée de Fourier rapide et la stratégie de Fiirer [26]. Dans Chapitre @ on décrit
la transformée de Fourier rapide et, en particulier, I’algorithme de Cooley-Tukey. Dans le
Chapitre [7] on décrit 'algorithme de Fiirer, basé sur la transformée de Fourier rapide, et
permettant de multiplier des entiers de n bits en O(n - logy n - 20098 ™)) On détaille les
propriétés des premiers généralisés de Fermat dans le Chapitre [8] On propose un nouvel
algorithme dans le Chapitre[9] basé sur la stratégie de Fiirer et sur les premiers généralisés
de Fermat, et on prouve qu’il multiplie des entiers de n bits en O(n-log, n-4los” ™). Dans le
Chapitre on discute des aspects pratiques d’une implémentation de notre algorithme
de multiplications d’entiers.
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Introduction

Various problems of symbolic computation use the multiplication as a building block in the
algorithms that are developed to solve them. For example, problems in algorithmic number
theory often require fast multiplication of large integers. The search of large primes or the
computation of digits of 7 are such problems. The computation of resultants, gcd of polynomials,
require efficient algorithms to multiply polynomials. Problems such as the discrete logarithm
modulo a prime p often use the multiplication modulo p as a building block. This thesis presents
algorithms to compute the product of various mathematical objects, such as large integers,
polynomials, matrices... The algorithms solving these problems can be decomposed into two
families: algorithms that are asymptotically fast and algorithms that are efficient for small sizes.
For instance, considering the polynomials of degree d over a ring R, finding an efficient algorithm
when d grows falls into the first family, whereas finding the best algorithm when d is fixed falls
in the second family. These problems are actually related, which is illustrated by the problem of
integer multiplication and matrix multiplication.

The first improvement to the schoolbook algorithm multiplying n-bit integers with a quadratic
complexity, i.e. with a complexity equal to O(n?), has been established in 1962, although Kol-
mogorov conjectured in 1952 that the quadratic complexity was optimal. This first improvement
is due to Karatsuba and Ofman [37]. They transform two n-bit integers a and b into polynomials
A and B of length two, obtained by splitting a and b into two halves. Thus, A = ag + a1 X
and B = by + b1 X, where A(2"/?1) = a and B(2/"/?1) = b and the bit-length of ag, a1, bo,
by is roughly n/2. Karatsuba and Ofman reduce the problem of the multiplication of n-bit
integers to the problem of the multiplication of linear polynomials whose coeflicients have size
n/2. The product A - B requires, to be computed, four multiplications using the schoolbook
algorithm: agbg, a1bg, apby, a1b;. With Karatsuba and Ofman’s improvement, the coefficients
of the product A - B can be retrieved from the computation of the three following non-scalar
multiplications (multiplications by an element of the base ring are not taken into account): agbg,
(ao + a1)(bo + b1), a1br. We have the following formulas:

agbg = agbo,
apbi +a1by = (ap+a1)(bo+ b1) — apbo — aibs,
a1by = a1b;.

These formulas are optimal if the number of non-scalar multiplications involved in their ex-
pression is minimal. In particular, Karatsuba and Ofman’s algorithm can be used to improve
the asymptotic binary complexity of the multiplication of two n-bit integers by applying it re-
cursively: instead of O(n?) with the naive schoolbook algorithm, they obtain O(n!'°823). It is
common to refer to Karatsuba and Ofman’s algorithm as “Karatsuba’s algorithm”. Therefore,
we do it in the following.

xiii
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Then, it is clear that, given a degree d > 1, finding the minimal amount of multiplications to
compute the product of polynomials of degree d leads to even better complexities. For example,
in [57], the integers are split into three parts, and the integer multiplication is reduced to the
problem of multiplying polynomials of length three, which is realized via five multiplications. The
complexity is then O(n!8s5). One deduces from a set of formulas for a product of polynomials
an algorithm for the product of integers. In fact, Karatsuba and Toom-Cook’s algorithms can
be seen as special cases of two problems.

The first way to see it is as an application of Lagrange interpolation method. Given a
polynomial of degree d with coefficients lying in a field R containing d + 1 distinct points, one
can recover the coefficients of the polynomial from its evaluations at d + 1 distinct points of the
field R, using Lagrange interpolation. For example, Karatsuba’s algorithm can be seen as the
evaluation of A- B at 0, 1 and the special point co (the evaluation in co gives the dominant term
of a polynomial), since

A(0) - B(0) = agby, A(1) - B(1) = (ap + a1)(by + b1) and A(oco) - B(c0) = a1b;.

Toom-Cook’s algorithm can be seen as the evaluation of A - B at 0, —1, 1, 2 and co.

The second way to see it is, given polynomials of degree d with coefficients lying in a field R,
as the formulas minimizing the quantity of non-scalar multiplications required to compute their
product. These non-scalar multiplications do not necessarily correspond to an evaluation of the
product A - B at some points. Moreover, one can also consider the specific problem in a field
F, with ¢ < d + 1, which implies that one cannot use the Lagrange interpolation as above (we
do not have d + 1 distinct points in F;). We can approach the minimal number of non-scalar
multiplications necessary for the computation of a product of polynomials of degree d by the
“bilinear rank” of the “bilinear map” representing the product of polynomials. We define later
more formally these notions. However, we can describe how to obtain the bilinear rank for the
example of product of polynomials of degree d over Fy. We formulate the problem in terms
of matrices. The coefficients of the product of polynomials of degree two are given by the five
bilinear forms:

aop bo aop bo aop bo
ai |, | b — agbo, ai || b1 = a1bo+agbi, ai || b = agbo+aibi+agbs,
az ba a2 ba a2 ba

ap bo aq bo

ai |, | b — azb1 + a1bs and ai |, | b — azbs.

as bo as by

These bilinear forms can be represented in the canonical basis by the matrices

100 010 0 01 0 00 0 0 0
0 00,1 0 Of,10 1T Of,J0 O 1f,f0 O O
0 00 0 0 0 1 0 0 010 0 0 1

The cardinality of the minimal set of rank-one matrices M; such that each one of the previous
matrices is a linear combination of the M;’s gives the bilinear rank of the product. For example,
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from the six matrices

1 1 1 0 0
My= |0 M= |1 My = [0 ;

0 0 O 0 0

1 1 1 0 0 O 0 0 O
Ms=11 1 1|(,Ms4=1|0 0 O0],Ms=]0 1 1]/,

1 1 1 0 0 1 01 1

representing the non-scalar multiplications agbg, (ag+a1)(bo+b1), ai1b1, (ag+a1+a2)(bo+b1+b2),
asby and (a1 + az)(by + b2), we deduce formulas to compute the coeflicients of the product of
polynomials of degree 2 using 6 multiplications. One can prove that there is no set of rank-one
matrices of cardinality 5 allowing one to compute the coefficients of this product over Fy. Thus,
the bilinear rank of the product of polynomials of degree two over Fy is six. In that sense, the
formulas obtained with the M;’s are optimal for the bilinear rank.

The product of any mathematical objects (matrices, polynomials,...) can described as a
bilinear map. Finding optimal formulas (for the bilinear rank) for evaluating bilinear maps
is a problem of an area called “algebraic complexity theory” [12) 11 56, B6]. Finding optimal
algorithms for the computation of the product of matrices or polynomials are important problems
of the algebraic complexity theory: the complexity of the matrix product has been well studied
in [56] [18] 43| and the complexity of polynomial multiplication in [37, 57, (2], 32].

For the product of matrices, the first result came in 1969: Strassen [56] proposed formulas
improving on the cost of the product of two matrices 2 x 2, which, when applied recursively
on large matrices, leads to a binary complexity O(n!'°®27) instead of O(n!°®28) = O(n?). For a

product of matrices
apo Qo1 bo,o  bo,1
and ,
a0 @11 bio b1

Strassen proposed the following non-scalar products:
7o = (a0,0 + a1,1)(bo,o + b1,1), ™1 = (1,0 + a1,1)bo,0, T2 = ao,0(bo,1 — b1,1), 73 = a1,1(b1,0 — bo,0),

7y = (ao,0 + @0,1)b1,1, 5 = (a1,0 — @0,0)(bo,0 + bo,1), 76 = (ao,1 — a1,1)(bi,o + b1,1)-

The associated formulas are:

ap,0bo,0 + ao,1b1,0 = mo+ w3 — My + T,
ag,0bo,1 + ao,1b1,1 = To + Ty,
a1,0bo,0 +a1,1b10 = T + T3,

a1,0bo,1 +a1,1b11 Ty — M1 + T2 + 75,

Denoting by w the matrix exponent, the quantity such that O(n*) is the best asymptotic upper
bound on the bilinear rank of the product of n x n matrices in C, a lot of contributions [I8] [I5]
161, [43], (55, 61] improved the upper bound on w. The best bound known is due to Williams and Le
Gall [61] and is equal to 2.3729, although the bound proposed by Coppersmith and Winograd [18],
equal to 2.376, is often used as a reference. It is conjectured in [I5] that this exponent is
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actually equal to two. However, it appears that none of these algorithms are practical and the
naive algorithm is still widely in use, although one prefers Strassen’s algorithm to multiply large
matrices. When the size of the matrices to multiply is very large, we call Strassen’s algorithm
recursively, which explains the need to search optimal formulas for a matrix product slightly
larger than the product of matrices 2 x 2 by 2 x 2 (ideally the product of matrices 3 x 3 by 3 x 3).

Smirnov describes in [54] practical algorithms for matrices of higher dimensions. Thus, one
can notice that, most of the time, algorithms for matrix multiplication better than the Strassen’s
algorithm are unknown. For example, it is still unknown whether the minimal number of multi-
plications involved in the computation of the product of two matrices 3 x 3 with coeflicients in
C is equal to 23 or not (Laderman [40] was the first to propose an algorithm with 23 multiplica-
tions), although Bléser proved in [§] that 19 is a lower bound. The bound proposed by Bléser is
a special case of a more general bound on any product of matrices of formats m x n and n x m.
It has been improved by Landsberg [41] by using algebraic geometry [42].

The main obstacle to finding optimal formulas is the fact that computing the bilinear rank
of a bilinear map is known to be NP-hard [35]. The least-squares method seems to be one of
the most popular [54] to approach this problem. Another way to decompose a bilinear map
consists in using ingredients from algebraic geometry [5] and in finding a generalization of the
singular value decomposition of matrices to general tensors. However, these methods do not
work for bilinear maps over a finite field: they work on field of characteristic zero as C for the
least-squares method or an algebraically closed field for the methods using geometry. In our
context, we focus on finding optimal formulas of a bilinear map over a finite field. On a finite
field, the possible formulas involving r non-scalar multiplications is finite. Therefore, we can
use exhaustive search methods to find the bilinear rank of a bilinear map, and all the optimal
formulas.

For the product of polynomials over finite fields, there exists an original method using alge-
braic curves [I4], improving on the bilinear of the product of polynomials or the product of two
elements of a finite field. In particular, the bilinear complexity of this strategy has been bounded
in [50, [1, 48] and depends on the bilinear rank of the product of elements in Fga[y]/(y*), where d
and ¢ are positive integers. Thus, it should be possible to improve this bound for small values
of d and ¢ with exhaustive search methods, since the multiplication of elements of Fga [y]/(yf ) is
a bilinear map.

Montgomery proposes in [45] an algorithm to compute such a decomposition for the particular
case of polynomials of small degree over a finite field. The author enumerates all possible formulas
of some form, taking advantage of the fact that, on a finite field, the number of possible optimal
formulas is finite. Then, he gets new formulas for the multiplication of polynomials of degree five,
six and seven over Fy. In [46], Oseledets proposes a heuristic approach to solve the bilinear rank
problem for the polynomial product over Fy. The author uses a formalization of the problem
in terms of vector spaces and looks at formulas with some symmetries. Later, Barbulescu et
al. propose in [2] a unified framework, developing the use of the vector spaces formalism, and
compute the bilinear rank of different applications, such as the short product or the middle
product over a finite field. Their algorithm allows one to generate all the possible optimal
formulas of any bilinear map over a finite field. This work is the main inspiration of the first
part of this thesis. In this part, we improve the time required to find all the optimal formulas
for a given bilinear map, and to establish lower bounds for the bilinear rank, in particular for
the matrix multiplication and short product over Fs.

The improvement to the algorithm presented in [2] that we describe relies on the automor-
phism group stabilizing a bilinear map, and on the notion of “stem” of a vector space associated
to such a bilinear map. Specifically, we compute all the decompositions for the short product of
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polynomials P and Q modulo X° and the product of 3 x 2 by 2 x 3 matrices. The latter problem
was out of reach with the method used in [2]. We prove, in particular, that the set of possible de-
compositions for this matrix product is essentially unique, up to the action of the automorphism
group. Although it is difficult to obtain a sharp complexity analysis of our approach (it involves
intrinsic properties of particular bilinear maps, whose impact in the final complexity is difficult
to quantify), we give theoretical arguments explaining why our approach is better than [2].

When d is large, the scalar multiplications are not negligible anymore. Thus, even in fields
as the complex field C, in which we always have d 4+ 1 distinct points, the complexity of the
evaluation at d+ 1 points is a problem to consider when d grows. Therefore, for product of poly-
nomials when d is large, we study how to choose d+ 1 points so that we have the best complexity.
This problem is related to establishing the asymptotic binary complexity of the multiplication
of integers, via Kronecker-substitution. Several improvements have been achieved for the binary
complexity of the multiplication of integers, in particular by Schonhage, Strassen, Fiirer, Harvey,
van der Hoeven and Lecerf [52] 26, [32]. These improvements rely on the complexity of the mul-
tiplication of polynomials of large degree and on an evaluation-interpolation scheme. However,
their optimality is still an open question.

The naive algorithm or Karatsuba and Ofman’s improvement leads to a polynomial-time
algorithm to multiply integers. Toom-Cook’s algorithm falls also into this category. The first
algorithm to achieve what is called quasi-linear complexity is Schonhage and Strassen’s [52], [51]:
their algorithm multiply n-bit integers with a binary complexity equal to O(n - logn - log(z) n).
The Schonhage-Strassen algorithm uses the fast Fourier transform (FFT) as a means to quickly
evaluate a polynomial at the powers of a primitive root of unity [59, §8]. Moreover, the complexity
is obtained by an appropriate choice of a ring R in which this evaluation is to be carried out.
Namely, the choice R =Z/(2¢ 4 1), for e a suitable power of two, yields the complexity O(n-logn-
loglogn), while other natural choices for R, such as R = C, appear to yield inferior performance
at the time.

In 2007, M. Fiirer observes that the ring R = (C[x]/(xp + 1), for P a suitable power of two, is
particularly interesting [26]. Using this ring R, it is possible to take advantage of large-radix FFT
to obtain the improved complexity O(n - logn - 200°8" ) (in contrast, radix-2 FFT is sufficient
for the Schonhage-Strassen algorithm). The notation log* denotes the iterated logarithm (see
§6.6). Fiirer’s result was an acclaimed improvement on the complexity of the Schénhage-Strassen
algorithm, which had remained unbeaten for 35 years. An early extension of Fiirer’s work,
proposed in [21], replaces the field C in the definition of R by a p-adic ring and reaches an
identical asymptotic complexity. This p-adic variant can be expected to ease precision issues for
potential implementations. Harvey, van der Hoeven and Lecerf in [32], and later Harvey and van
der Hoeven in [30] propose new algorithms and a sharper analysis that makes the expression of
the complexity more explicit, namely O(n-logn-81°¢" ") and even O(n-log n-4'°¢" ™) conjecturally.
In comparison, they also show that a careful analysis of Fiirer’s original algorithm reaches the
complexity O(n - logn - 1608 ™). Very recently, in [3I], Harvey and Van der Hoeven seem to
have proven that there exists an algorithm with a complexity in O(n - logn - 4'°8” ), multiplying
integers without using any conjecture of number theory. However, these algorithms achieving a
bound similar to the one obtained by Fiirer are, as it stands, perceived as theoretical results.

We describe in the second part of this thesis an algorithm reaching the complexity O(n -
logn - 41°¢" ") and relying on a conjecture which can be regarded as an explicit version of the
Bateman-Horn conjecture [4], supported by numerical evidence. Namely, this assumption is as
follows.
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Hypothesis Let X > 2 be an integer. For any real number R such that 2 < R < 22},
there exists a generalized Fermat prime p = 72 4+ 1 such that R <r < A2°R.

The key concept of our algorithm is the use of a chain of generalized Fermat primes (of the
form r2" + 1) to handle recursive calls. This variant differs from the strategy proposed in [32].
Some lineage can be drawn between our work and an early article by Fiirer [25] (from 1989),
which is dependent on the assumption that there exist infinitely many Fermat primes. The latter
assumption, however, is widely believed to be wrong, so our variant fills a gap here.

This thesis is organized as follows.

e In Part [I] we present the work that has been done on finding optimal formulas, and
described in [I9]. In Chapter [1} we present the theoretical tools and the framework for
this part of the thesis, corresponding to the framework introduced in [2]. In Chapter
we present the state of the art, such as the algorithm proposed in [2] and [3]. We describe
the theoretical and algorithmic aspects of our improvement in Chapter [3] We apply this
improvement to examples such as the short product and the matrix product in Chapter
We describe in Chapter |5 how to realize some precomputations required by Chapter

e In Part we present the work described in [20] related to the search of an asymptoti-
cally optimal algorithm for the multiplication of large integers, based on the fast Fourier
transform and on the Fiirer’s strategy [26]. In Chapter [6] we describe the fast Fourier
transform and, in particular the Cooley-Tukey algorithm. In Chapter [7} we describe the
Fiirer’s algorithm, based on the fast Fourier transform, and allowing one to multiply n-bit
integers in O(n-logy 1 - 20 (log” ”)). We detail the properties of generalized Fermat primes in
Chapter [8] We propose a new algorithm in Chapter [9] based on Fiirer’s strategy and on
generalized Fermat primes and we prove it multiplies n-bit integers in O(n -log, n - Ylog” ™).
In Chapter we discuss the practical aspects of an implementation of the integer mul-
tiplication algorithm using generalized Fermat primes.
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Chapter 1

From bilinear maps to vector spaces

In this chapter, we recall the definition of the bilinear rank of a bilinear map. We choose the
characterization given by de Groote [22] or Biirgisser et al. [12, Ch. 14]. The algorithms that are
detailed in the following chapters use vector spaces generated by matrices. These vector spaces
are obtained from bilinear maps such as the short product or the matrix product.

1.1 Bilinear rank

1.1.1 Bilinear forms

Let K be a field. We denote by L(K™; K) the vector space of linear forms from K™ to K and
by L(K™, K™; K) the vector space of bilinear forms from K™ x K™ to K.

Definition 1.1 (Rank-one bilinear form). Let ® € L(K™,K™; K). We say that ® is a
rank-one bilinear form if there exist two linear forms a € LI(K™; K) and 8 € L(K™; K)
such that ® can be written as ® : (a,b) — a(a) - B(b).

Definition 1.2 (Bilinear rank of bilinear forms). The bilinear rank of a bilinear form @,
denoted by 1k(®), is defined as the minimal number of rank-one bilinear forms ¢; such that
O can be written as a linear combination of the ¢;’s. Then, a family (¢;); of cardinality
tk(®) generating ® is said to be an optimal decomposition of ®.

Thus, the bilinear rank of a bilinear form & is a number defined by the minimal size of a
decomposition of the form

<I>(a,b): Z Oéi(a(),‘..,am_l)ﬁi(bo,...,bn_l).

0<i<r

Forie {0,...,m—1} and j € {0,...,n — 1}, we denote by e; ; the bilinear forms e; ; : (a,b) —
a;bj. The e; ;’s have rank one and form the canonical basis of L(K™, K™; K). This implies that
any bilinear form can be expressed as a linear combination of bilinear forms of rank one and,
consequently, the bilinear rank is well defined.

We have a matrix equivalent of Deﬁnition Indeed, for any bilinear form ® € L(K™, K"; K),
there exists a matrix M € M, ,,(K) such that ®(a,b) =a™-M-b for any a € K™ and b € K™.

5



6 Chapter 1. From bilinear maps to vector spaces

It is shown in [12, Ch. 14] that the usual linear algebraic rank of a bilinear form (which is the
rank of the corresponding matrix M) coincides with its bilinear rank.

There is a one-to-one correspondence between rank-one bilinear forms and rank-one matrices.
Thus, the number of rank-one matrices gives the number of rank-one bilinear forms. The rank-
one matrices are the set of matrices that can be obtained as a product X - YT of two non-zero
column matrices X € My, 1,Y € M,, 1. There are (#K™ — 1) nonzero matrices X € M,, 1 and
(#K™ — 1) nonzero matrices Y € My, 1. If X - YT = X' . Y'", there exists A € K — {0} such
that X = AX'and Y = %Y’. Therefore, there are

(#E™ - DFHE" —1)
(#K - 1)

distinct bilinear forms of rank one.

Example 1.3 (Bilinear forms of £(K?, K?;K)). When K = Fy, there are (22 — 1) =9
bilinear forms of rank one in L(K?, K?;K). Their matriz representations in the canonical
basis are

OV R R G R A R R

Any bilinear form ® € L(K?, K%, K) can be decomposed in the basis {€g 0,€1,0,€0.1,€1,1}:
® =¢€p0-€00+€1,0 €1,0+€0,1"€0,1+€11€1,1-

Consequently, the matriz representation of ® in the canonical basis is

1.1.2 Bilinear maps

We denote by L(K™, K"; K*) the vector space of bilinear maps from K™ x K" to K*. Any
bilinear map ® from K™ x K" to K* can also be seen as an element of LK™, K™; K)Z, whose
coordinates are bilinear forms, denoted by (®x)o<k<e-

We consider in the following chapters various examples of bilinear maps given by classical
products:

e the product of polynomials of m and n terms, of m+n—1 terms (in this case £ = m+n—1),
e the short product, which is the product of polynomials modulo X*,
e the circulant product, which is the product of polynomials modulo X* — 1, and

e the matrix product (p,q,r), which is the product of matrices p x ¢ by ¢ x r.

Example 1.4 (Short product of polynomials modulo X?). We describe in this example the
matrices associated to the coefficients of the short product of two polynomials modulo X3.
Let A and B be the polynomials A = ag + a1 X + asX? and B = bg + b1 X + by X2, We
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denote by C' the polynomial A - B mod X3:

C= aobo + (a0b1 + albo)X + (aobg + a1b1 + agbo)X2.

ag bo

We represent A and B as vectors of K? denoted bya= | a; | andb = | by |, respectively.
ba ba

Let &y, 1 and o be the bilinear forms defined as

[OX (a, b) — aob(),
(I)l : (a, b) — a0b1 —+ albo,
(I)Q : (a, b) — a0b2 + a1b1 + G,Qbo.

With respect to the canonical basis (e;)o<i<3 of K3, the matrices My, representations of the
DL ’s, are

1 00 010 0 0 1
My=10 0 O|,My=1]1 0 O|,Ma=|0 1 0
0 0 0 000 1 00

1.1.3 Multiplicative complexity and bilinear rank

We are interested in the intrinsic time required for an algorithm, whose input is

agp bO
a= € K™ and b = € K",
A —1 bnfl

to compute ®(a, b).

We consider straight-line arithmetic programs, which consist in a sequence of instructions
fi + u;Owy, for i € {0,...,s}, where < is an arithmetic operation among {+,—, x,+} and
where u; and v; either belong to K U {indeterminates} or are previously computed f;’s (for
j <1i). A straight-line arithmetic program is said to compute a subset S C L(K™, K"; K) if for
any ® € S there exists f; € {fo,..., fs} such that f; can be expressed as the evaluation of ® in
the indeterminates that are used in the straight-line program.

In the straight-line arithmetic programs, the indeterminates are representing the linear forms
a+ a; and b — b;.

Example 1.5 (Multiplication of linear polynomials). Let A = ag+ a1 X and B = by + 0 X
be two polynomials over K. The product A - B is associated to the bilinear map ® taking as
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b
input the vectors a = <a0> and b = ( 0) such that

ai b

aobo
P . (a, b) — | apbr 4+ arbg

arby

Thus, ® can be seen as an element of L(K?, K?; K)?, whose coordinates are the 3 bilinear
forms

CI)O : (a, b) — Clobo7
D, : (a,b) — agby + ar1bg, and
q)g : (a, b) — albl.

The straight-line arithmetic program formed by the sequence

fo < agxb
fi < a1 xb
fo « agxb
f3 « a1 xb
fa = fit+f2

computes the set {®g, D1, Po}.

One can prove (see e.g. [22]) that, for a straight-line program computing a set of bilinear
forms, we can assume that each instruction f; + u; O v; is either

1. an addition or subtraction,
2. a scalar multiplication (u; € K or v; € K) or
3. multiplication of two linear forms in a and b (u; € L(K™t™; K) and v; € L(K™T™; K)).

We do not consider divisions: in [I2, Ch. 7], it is shown that divisions do not help for the
computation of a set of quadratic polynomials and, in particular, bilinear forms. It follows that
we obtain, from the straight-line program computing a bilinear map ®, a decomposition of the
form

P = Z ai(ao, .o ,Clm_hbo7 PN ,bn_l)ﬁi(ao, NN 7am_1,bo, N -7bn—1)cia

0<i<t

where ; and j3; are linear forms of £L(K™*™; K) and c; € K*.

Definition 1.6 (Multiplicative complexity). The multiplicative complezity of a bilinear
map ® = (Do, ..., Ps_1) is the smallest number of non-scalar multiplications involved in a
straight-line program computing {®o, ..., ®e_1}. We ignore scalar multiplications, additions
and subtractions because their cost is considered as negligible. We denote this multiplicative
complexity by L(®P).
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Ideally, for a bilinear map ®, we would like to compute exactly L(®). To simplify the com-
binatorics of this computation, and its computational complexity, we approximate this number
with the bilinear rank, denoted by rk(®).

Definition 1.7 (Bilinear rank of bilinear maps). The rank of a bilinear map ® is the
smallest integer v such that there exist v rank-one bilinear forms (¢;)o<i<r and r vectors

c; € Kt such that
®= ) ¢i-ci

0<i<r

Thus, the bilinear rank is a number defined by the minimal size of a decomposition of the
form
<I>(a, b) = Z Oéi(ao, ey am,l)ﬁi(bm ey bn,1>CZ‘.
0<i<t
Definition is an extension of Definition to bilinear maps. When ¢ = 1, the rank of a
bilinear map ® = (®y) is the bilinear rank of the bilinear form ® as defined in Definition[1.2}

Proposition 1.8 (Bounds on the bilinear rank [I2| Ch. 14]). The bilinear rank of any
bilinear map ® satisfies

L(®) < tk(®) < 2L(®).

Proof. Since the decomposition of a bilinear map ® in terms of rank-one bilinear forms is a
special case of its decomposition in terms of products of linear forms «;, 3; € LK™ K), we
have

L(®) < rk(®).

There exist a;, 3; € L(K™"; K) and vectors ¢; € K* such that

®(a,b) = Z a;i(ao, .., am-1,b0,--.,bn-1)Bi(ao, ..., am—1,bo,...,bp_1)c;.
0<i<L(®)

By linearity, for i € {0,..., L(®) — 1},

ai(agy -5 @m—1,b0,- -, bn_1) = a;(ag, -, am-1,0,...,0) + a;(0,...,0,b0,...,bp_1)
and

Bi(a0, -+ s @1, b0s -+ bnt) = Bs(@0s -+ m1,0, -+, 0) 4 Bi (0, 0,b0s -+ bor).

Using the fact that ® is a bilinear map, the sum of the quadratic terms is zero. Thus, we get
the following equality:

@(a,b): Z ai(ao,...,am_l,O,...,O)ﬂi((),...,O,bo,...,bn_l)ci
0<i<L(®P)

+ Z ozi(O,...,O,bo,...,bn_l)ﬂ,;(ag,...,am_l,O,...,O)Ci.
0<i<L(®)

Thus, we have a bilinear decomposition of length 2L(®), which implies that
k(@) < 2L(®).
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Consequently, the bilinear rank is no larger than twice the multiplicative complexity of a
bilinear map. In Example[1.9] we describe a bilinear map for which the multiplicative complexity
and the bilinear rank are distinct. Moreover, the notion of bilinear rank extends a well known
mathematical invariant, which is the rank of a matrix.

Example 1.9 (Difference between multiplicative complexity and bilinear complexity). The
product of matrices 2 X 2 by 2 x 3 is an example of product for which the multiplicative
complexity and the bilinear rank are different in a field of characteristic different from 2.
Indeed, Waksman proposed in [60] formulas allowing one to compute the product with 10
multiplications, whereas the bilinear rank is proved to be 11 in [F)]. For a € Msys and
b e M2,3, let

a0,0b0,0 + ao,1b1,0
ao,0b0,1 + @o,1b1,1
a0.0bo 2 + ao1b
&:(a,b)— 0,000,2 0,101,2
a1,0b0,0 + a1,1b1,0

a1,0b0,1 +a11b1,1

a1,0b0,2 +ai,1b1,2

Let q>0,...,¢’9 be

Dy = 2(ao0+ bi0)(ao,1 + boo), ®; = (a0 +bi1)(ao,1 + boa),
Dy = (a0 +bi2)(ao1 + bo2), O3 = (a1,0+bio)(ar,1+ boo),
®y = glaro+bia)(ans +boa), ®5 = (a10+bi2)(a1,1 +boy2),
g (a0 — b10)(—ao1 +boo), P7r = 3(aoo —bi,1)(—ao,1 + bo,1),
Ps =  2(aoo—bi2)(—ao1+boz2), P9 = (a0 —bi1)(—ai,1+boa).
We have
Dy + Pg
Q) + P7
Blab) , + s
—Og+ &1 + D3 — Dy + D — D7 + Py
Dy + By

D) — Py — Py + P5 — D7+ Py + Py

Example 1.10 (Karatsuba formulas for the multiplication of linear polynomials [37]). The
bilinear map ® for the multiplication of linear polynomials is an element of L(K? K?; K)?
whose coordinates are the 3 bilinear forms

(I)O : (a, b) — aobo,
®y : (a,b) — agby + a1by, and
P, : (a, b) — aby.
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Let U € L(K? K% K) be such that ¥ : (a,b) — (ag + a1)(bo + b1). Then, since
Py =T — Py — Py, we can rewrite P as

D 1 0 0
D=0 (=P [-1|+T | 1| +P2- |1
D, 0 0 1

The bilinear forms ®y, ¥ and P2 all have rank one. Thus, we can deduce that the bilinear
rank of ® is at most 3. Actually, one can show that the bilinear rank of ® is equal to 3.

1.2 A linear algebra problem

The approach of [2] to the computation of the rank of a bilinear map ® = (Pg,...,Py_1)
formulates the problem in terms of vector spaces: the algorithm considers the subspace T =
Span({®o, ..., P,—1}) C L(K™, K™; K) rather than the bilinear map ® = (®g, ..., ®,_1). There
is no loss of generality to prefer the vector space formalism rather than the bilinear map for-
malism. In both cases, the computation of the rank of bilinear map [35] is NP-hard. However,
in [2] the authors show that we have a lower combinatorial complexity using their formalism.
Consequently, we choose this formalism as well, and we need to extend the definition of the rank
to subspaces of L(K™, K™; K).

Notation 1.11. For T a subspace of L(K™,K"™; K), we denote by Zpm nr(T) the set of
subspaces V. C LK™, K™; K) spanned by a free family of rank-one bilinear forms of size r
and such that T C V.

When T = Span(0), S n.r(T) is the set of subspaces V- C L(K™, K™, K) spanned by a
free family of rank-one bilinear forms of size r and we denote it simply by S n.r-

When m and n are clear from the context, these sets are simply denoted by 7.(T) and
Sy, respectively.

We use Notation to define the rank of a subspace T € L(K™, K™; K) in Definition [.12]

Definition 1.12 (Bilinear rank of a subspace of L(K™,K";K)). Let T be a subspace
of LIK™ K™ K). The bilinear rank of T, denoted by tk(T'), is the smallest r such that
S (T) # 0. The set Ly (T') is called the set of optimal decompositions of T'.

If T'= Span({®o, ..., Pp—1}), each ®; can be represented by a matrix M; in the canonical basis.
Thus, if T has rank r, there exists a set of r matrices N; € M, ,,(K) of rank one such that

vie{0,...,0—1}, M; € Span(Ny,...,N,_1),

which is the matrix equivalent of Definition [1.1

Example 1.13 (Subspace for the short product of polynomials modulo X3). We describe in
this example the subspace of L(K3, K3; K) associated to the short product of two polynomials
modulo X3. We describe elements of L(K3, K?; K) as matrices of M3 3 in the canonical
basis, as it has been done in Example[1.]}
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The bilinear map ® corresponding to the short product is defined as the application
ao bo aobo
P ar |, | b — apby + a1bg
ao bo apba + a1b1 + azbg
Thus, the subspace
1 00 0 1 0 0 0 1
Span 0 00,1 O O0],]0 1 O
0 0 0 0 0 0 1 0 0
is the matriz representation of the subspace T of L(K3, K3; K) corresponding to ®. Our
aim is to compute its rank in the sense of Definition[1.13

Proposition 1.14. The rank of a subspace T € L(K™, K™; K) is bounded as follow

dim(T) < 1k(T) < m - n.

Proof. The first inequality comes from the fact that a basis of rank-one bilinear forms generating
a subspace containing T has necessarily a size no smaller than dim(7"). The second inequality
comes from the fact that the cardinality of a basis of a subspace of L(K™, K™; K) is bounded
by the cardinality of the canonical basis {e; 1} ;- O

We need to prove that finding all the optimal formulas in the sense of the bilinear rank for
a bilinear map ® € L(K™, K"; K)’ is equivalent to computing .#,(T). This can be rephrased
as the fact that Definition and Definition [I.12] coincide, which is stated in the following
proposition.

Proposition 1.15 (Rank of a bilinear map and rank of a matrix space). Let
P = (Dg,...,Dp_q)
be a bilinear map and T = Span(®g, ..., Py_1) C L(K™, K"; K). We have

rk(®) = rk(T).

Proof. If r bilinear forms ¢; of rank one span a vector space containing 7', each coordinate of ®
is a linear combination of these bilinear forms and, consequently, there exist r vectors ¢; € K*

such that
®= ) di-ci
0<i<r

Conversely, the bilinear forms of such a decomposition generate a vector space that contains
T. O
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1.3 RP-automorphisms

We adapt the automorphism group defined in [I2, Def. 14.11] to the case of subspaces of
LK™, K™ K), which we introduced in Section We describe in this section the rank-
preserving group of automorphisms o acting on subspaces T C L(K™, K™; K), also referred
to as the RP-automorphisms group.

Definition 1.16. An element o = (u,v) € GL(K™) x GL(K™) acts on L(K™,K"; K) via
doo:(a,b)— d(u(a),v(b)).
When m = n, we have the transposition T acting on any ® € LK™, K™; K), via
Dot :(a,b)— &(b,a).

We denote by RPA,, , the smallest group containing GL(K™) x GL(K™) and, if m = n,
the transposition 7. Its elements are called RP-automorphisms.

Proposition 1.17. The action of RPA,, ,, is a group action and its elements are all in-
vertible.

Proof. For o = (u,v),0’ = (i',v') € GL(K™) x GL(K") and ® € L(K™, K™; K), we have
Va,b, ((Poo)oo’)(a,b) = (2oo)(4/(a),// (b)) = 2(u(k'(a)), (v (b)) = (®o(co0’))(a,b).

It works as well if o or ¢’ is the element 7. Thus, the action that we defined is indeed a group
action. Since all the elements of RPA,, ,, are invertible, we have automorphisms. O

Proposition 1.18 (RP-automorphisms preserve the rank). Let 0 € RPA,, ;.
o Forany ® € L(K™,K™; K), we have tk(® o) = rk(®).
o For any subspace T C L(K™,K™; K), we also have tk(T o o) = rk(T).

Proof. First, let ¢ € L(K™, K™; K) of rank one. There exist o € L(K™; K) and § € L(K™; K)
such that ¢ : (a,b) — «(a) - B(b). There exist p € GL(K™) and v € GL(K™) such that
poo : (a,b) — a(u(a)) - B(v(b)). Since aop € LIK™;K) and fov € LIK™;K), ¢poo is a
rank-one bilinear form.

Since the RP-automorphisms in Definition [[.16] preserve the rank of rank-one bilinear forms,
by linearity and by definition of the rank of a bilinear form, it preserves the rank of any bilinear
form. For any subspace T C L(K™, K™; K) and any o € GL(K™) x GL(K™), we have

k(T oo) =1k(T).

Proposition 1.19 (Action of RPA,, ,,). The elements of RPA,, , are the only automor-
phisms of LK™, K™; K) preserving the rank.

Proof. In both cases m # n and m = n, a proof with the formalism of tensors of order 3 can be
found in [I3]. O
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Remark 1.20. The group GL(K™) x GL(K™) is isomorphic to the group GL,,(K) x
GL, (K), acting on matrices M via

M- (X,Y)=XT.M.Y,
for any (X,Y) € GL(K™) x GL(K™).

Thus, we often consider elements of GL(K™) x GL(K™) as elements of GLp,(K) x
GL,, (K) and conversely.

Definition 1.21 (RP-isomorphic spaces). Let W and W' be two subspaces of LK™, K™; K).
We say that W and W' are RP-isomorphic if there exists o € RPA,, ,, such that W = W'oo.

Example 1.22 (Action of RPAys). Let us consider the subspace V C L(K?, K% K) gen-
erated by the bilinear forms represented by the matrices My and My defined as

1 0 0 1
M1 = and M2 = .
0 0 0 0

0 1
10)
Then, the subspace V' =V oo is generated by M and M, with

0 0 0 0
M{:XT-Ml.Y:<0 1) andMézXT-MQ-Y:< )

We take 0 = (X,Y) such that X =Y = (

1 0

Since we will often refer to subgroups of RPA,, ,, stabilizing elements of L(K™, K™; K) in
the following, we define the notion of set-wise stabilizer.

Definition 1.23 (Set-wise stabilizer). For a subset T C L(K™,K™; K), we denote by
Stab(T) the subgroup of RPA,, ,, stabilizing T :

Stab(T) = {0 € RPA,,,, | Too =T}.

We use the same notation for a subspace T C L(K™, K™ K).

In the rest of this work, we often refer to the “stabilizer” of a given set 7. Each time, we exclusively
mean the set-wise stabilizer of 7, which is, in general, different from the point-wise stabilizer of
T . Indeed, the point-wise stabilizer of T is defined as {o € RPA,,,, | V® € T, ®oo = D}.

Example 1.24 (Stabilizer for the short product modulo X?3). We describe in this example
an element of the stabilizer of the subspace T generated by the bilinear forms

(I)O = agbo, <I>1 = a1b0 + agbl, and (1)2 = 0,21)0 + a1b1 + aobg,
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which are represented by the matrices

1 00 0 1 0 0 1
Mog=]0 0 0], Mi=]1 sand My =10 1 0
0 0 O 0 1 0 0
Let (X,Y) be the couple
1 0 1 00
x,v)=|lo 1 11 0
1 0 011

We have
My - (X,Y)=XT-My-Y = Mg+ M, + M, €T.
Similarly, My -(X,Y) = Mo+ M, € T and My-(X,Y) = My € T. Thus, (X,Y) € Stab(T).
A full description of the stabilizer for this particular erxample can be found in Sec-

tion[{.1.1}

In our algorithms, we often use subgroups of RPA,, ,, in the following context:
e we have a set S of subspaces of L(K™, K"; K),

e we have a subgroup H of RPA,, ,, stabilizing S, which means that for any 0 € H and
VeSS VooeS§, and

e we need to enumerate one representative per equivalence class given by the group relation.

Notation 1.25. Let S be a set of subspaces of LK™, K™, K) and H C RPA,, ,, stabilizing
S. We denote byS/H ={{V oo |o € H} | V € S} the set of equivalence classes, or orbits,
under the relation associated to the action of H on S.
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Chapter 2

A review of existing exhaustive
search algorithms

The main obstacle to finding optimal formulas (for the bilinear rank) is the fact that the decom-
position of bilinear maps is NP-hard [35]. In terms of methods, the least-squares method seems to
be one of the most popular ones [54]. Another way to decompose a bilinear map counsists in using
ingredients from geometry [5] and in finding a generalization of the singular value decomposition
for matrices to general tensors. However, these methods are essentially used over an algebraically
closed field K (e.g. K = C) and are not meant to produce all the possible decompositions for
a bilinear map. In our context, we need a method for computing a rank decomposition over a
finite field not necessarily algebraically closed.

Montgomery proposes in [45] an algorithm to compute such a decomposition for the product
of polynomials of small degree over a finite field. The author enumerates all possible formulas of
some form, taking advantage of the fact that, on a finite field, the number of possible optimal
formulas is bounded. This allows him to find new formulas for the multiplication of polynomials of
5, 6 and 7 terms over Fy. It introduces the formalism of vector spaces and proposes an algorithm
solving the bilinear rank problem by looking for symmetric formulas. In [46], Oseledets proposes
a heuristic approach to solve the bilinear rank problem for the polynomial product over F, and
considers other products, such as the short product and the circulant product. The idea of
Montgomery and Oseledets is to use the vector space formalism to search exhaustively for all
the optimal formulas for products over a finite field. Later, Barbulescu et al. proposed in [2] an
improvement on the exhaustive search of optimal formulas for a bilinear map, in a framework
using the vector space formalism. In this chapter, we describe these algorithms, which allow one
to prove lower bounds on the bilinear rank of bilinear maps.

2.1 Mongtomery’s Algorithm

Montgomery proposes in [45] a first attempt at finding new formulas for the product of poly-
nomials A and B of n-terms over a finite field K. We denote by a and b the vectors of K™
representing the polynomials A and B in the canonical basis.

Henceforth, we describe the algorithm for the special case K = Fy. The ideas that are
described can be adapted to finite fields of larger characteristic, although the computational cost
make them not practical in this case.

The algorithm starts with the set of all the rank-one bilinear forms of £L(K™, K"; K), which

17
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has (2" — 1)? elements. The product of polynomials of n-terms is represented by the bilinear
map ®,, € L(K", K"; K*"~1) with

apbg

arbg + apby

ap—2bo + -+ + agbp_2
an—1bo + -+ + agbn_1
Qp—1b1 + -+ arb,—1

®,:(a,b) —

Gp—1 bnfl

We denote by T}, the vector space spanned by the coefficients of ®.,,.

Example 2.1 (Subspace representing ®3). The subspace T3 corresponding to ®3 is

—_ o O

0
I,
0

o o ©

0
0
0

= o O

1
T3 = Span 0
0

S O =
o o O

0
;10
1

o O O
S = O
o O =
o O O

0 0
Of,|1
0 0

Exhaustive search of formulas for the product of polynomials. Taking the formalism
proposed in Chapter [I] into account, the general algorithmic strategy Montgomery proposes to
compute the bilinear rank of the bilinear map representing a polynomial product of degree n — 1

is stated as follows:
1. compute the set of rank-one matrices of M,,, of cardinality (2" — 1)? ;

2. start with the known lower bound r = 2n — 1 on the bilinear rank;

(2" —1)2 e
compute all the ( . ) sets of r rank-one matrices;

L

select the sets generating a vector space containing 7,;

o

if no such set is found at the previous step, increment r and return to Step [2}

6. r is the bilinear rank and the selected sets produce optimal formulas for the polynomial
product.

The strategy described previously actually produces all the optimal formulas for the bilinear
decomposition of ®,. For n = 5, we are led to increase r until 13. There are 2.1 - 10% ways to
select 13 rank-one matrices among (2" — 1)? rank-one bilinear forms. For n = 6 or n = 7, we
have roughly 1.0 - 10'® and 2.5 - 10?* possibilities, which is too large to be enumerated.

Thus, Montgomery adapts this algorithm to find at least one set of optimal formulas for the
product of n-terms polynomials. He proposes three constraints on the set S of bilinear forms of
rank one that are selected:

1. for each bilinear form ® € S, the corresponding matrix M in the canonical basis should be
symmetric: M = M7,
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2. S contains the bilinear forms given by the coefficients agby, an—1b,—1 and (ag + -+ +
an—l)(bo + -+ bn—l);

3. S should satisfy Soo = S where o € GL(K™) x GL(K™) is represented by the pair (P, P)
with P € GL, (F3) the matrix

00 1
0
100

because the vector space T also satisfies Too =1T.

For n = 6, the lower bound on the size of a decomposition with the given constraints is
17. The first and the second constraints lead to sets S containing the 3 bilinear forms given by
the coeflicients agbg, asbs and (ag + -+ + ag)(bo + - -+ + bg) and 14 bilinear forms among the
(26 — 1) — 3 = 60 remaining rank-one bilinear forms represented by a symmetric matrix. Among
the 60 matrices, 6 are invariant under the action of o and 54 are not, which gives 27 pairs of
bilinear forms (¢, ) such that ¢ = ¢ oo. Thus, for ¢ an even integer in {0,...,6}, where 6 is
the number of invariant matrices under the action of o, the third constraint splits the 14 bilinear
forms required in S into ¢ bilinear forms invariant under the action of o and (14 — i)/2 pairs of
bilinear forms (¢, 1) such that ¢ = 1) oo. The search is clearly not exhaustive.

We have to enumerate
6) ( 27 ) 6
) . =6.6-10
OSZZS:G, (z (17-3—-14)/2

7 even

possible sets.

2.2 Exhaustive search for any bilinear map

We describe in this section how to generalize the previous approach. In [46], Oseledets develops
the idea of Montgomery and generalizes it to any kind of bilinear map. The naive algorithms
that are described in this section can be considered as a reformulation of Oseledets’ exhaustive
search. However, the author proposes also heuristics to decompose certain bilinear maps given
by the product of polynomials modulo X™ (short product) and the product modulo X™ — 1
(circulant product).

We work over a finite field K. We consider a bilinear map ® € L(K™, K™; K*), represented
by the subspace T C L(K™, K™; K) of dimension /.

General strategy for computing the bilinear rank. The algorithmic strategy we use to
compute the bilinear rank of a bilinear map is stated as follows:

e start with the known lower bound r = £ on the bilinear rank;
e compute .7 (T);

o if #.(T) =0, increment r and return to the previous step;
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e 7 is the bilinear rank and .#,.(T") the set of optimal decompositions.

The general strategy requires an algorithm to compute .7.(T). The algorithms that are
considered require a test to determine whether, for V' a subspace of L(K™, K"; K) of dimension
r, we have V € .7.: we denote this test by HasRankOneBasis. A naive method to perform this
test is described in Algorithm We could think of other methods based on solving bilinear
systems, but it does not seem efficient in our applications. However, an optimized version of this
algorithm is used for particular bilinear maps (product of 2 x 3 by 3 x 2 matrices for example
described in Section [4.3.3).

This method assumes that we have computed the the set G, ,, >~ 4, n,1 of rank-one bilinear
forms of L(K™, K™; K) up to a multiplicative factor. This set has cardinality

(#E™ - DFHE" —1)
(#K —1) '

Cm,n = #g’rn,n =

Algorithm 1 HasRankOneBasis (naive method)

Input: A subspace V C L(K™,K"™;K), Gmn
Output: Boolean indicating whether V' € g v)
LH+—GpnNV > Gy is the set of rank-one bilinear forms of L(K™, K"; K)
2: if dim(Span(#H)) = dim(V') then

3 return true

4: else
5
6

return false
. end if

The naive version of HasRankOneBasis computes the set of rank-one bilinear forms of a vector
space V and computes the dimension of the vector space generated by this space. Consequently,
the complexity is given by ¢, , membership tests to V' (which can be realized as a Gauss
reduction of a bilinear form of G,, ,, by a matrix given by a basis of V'). Generically, the cost of
Algorithm HasRankOneBasis is thus O(mn - dim(V') - ¢y ).

2.2.1 Naive algorithms

The first method that comes to mind is to compute the (C”;'”) possible sets of r bilinear forms
and to test whether T is contained in their span. Algorithm [2]is a proposed formalisation of this
algorithm.

Algorithm 2 lterativeExhaustiveSearch

Input: T C L(K™,K"; K) of dimension ¢, G, ., an integer r
Output: .7.(T)
S« 0
for V C Gy, such that #V =r do
if dim(Span(V)) =r and T' C Span(V) then
S + SU{Span(V)}
end if
end for
return S
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Algorithm 3 RecursiveExhaustiveSearch
Input: T C L(K™,K"; K) of dimension ¢, G, ,, an integer r
Output: .7.(T)

1: function ExpandSubspace(V,H, r)

2: if dimV =r and T C V then

3: return {V}

4: else

5: S« 0

6: forie {0,...,#H —1} do >H={¢;| i € [0,#H — 1]}
7 H < {Pir1,- - Ppn—1}

8: S + S U ExpandSubspace(V & Span(¢;), H', r)

9: end for

10: return S

11: end if

12: end function
13: return ExpandSubspace(Span((), G, 5, 0,7)

Algorithm lterativeExhaustiveSearch and RecursiveExhaustiveSearch can be considered as re-
spectively the iterative and the recursive version of the same strategy. The recursive calls in
RecursiveExhaustiveSearch can be represented with a tree in which each node at depth k corre-
sponds to a vector space Vj, i, ....i._, of dimension k generated by a basis of rank-one bilinear
forms ¢, @i, ..., ®:, ,. For example, assuming that the initial set of rank-one bilinear forms is
{d0, P1, P2, 3}, we would obtain generically for » = 3 the tree given in Figure

Span()

Vo \%1 Va V3
Vo1 Vo,2 Vo,3 Vi Vi,3 Va,3

) subspaces Vo,1,2 Vo,1,3 Vo,2,3 Vias

(#Q

f ) subspaces

(%7) subspaces

(%

Figure 2.1: Subspaces V visited by recursive calls of Algorithm [3|up to k =3

The cost of lterativeExhaustiveSearch and RecursiveExhaustiveSearch is smaller than the cost of
("”;”) inclusion tests. The inclusion test T C V is computed with a basis of T' formed by ¢ vectors
of K™+ whose elements are reduced via Gauss reduction by a matrix of M,. 4, representing
a basis of V. Thus, the whole cost is smaller than the cost of ¢ (C”;*") Gauss reductions of a vector
of K™*" by a matrix of M, ,,4n.

Algorithm RecursiveExhaustiveSearch can be improved by taking into account the fact that,
in Figure we may have V51 = V2. In this scenario, the recursive call corresponding to the
node V3 is facultative. Algorithm ImprovedRecursiveExhaustiveSearch takes into account this
observation.
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Algorithm 4 ImprovedRecursiveExhaustiveSearch
Input: T C L(K™,K"; K) of dimension ¢, G, ,, an integer r
Output: .7.(T)

1: function ExpandSubspace(V,H, d,r)

2: ifd=rand dimV =r and T C V then

3: return {V}

4: else

5: S« 0

6: fori€{0,...,#H — 1} do >H={¢;| i €[0,#H — 1]}
7: H —{dit1,...,0xn—1} mod ¢; > Gauss reduction modulo ¢;
8: S + S U ExpandSubspace(V & Span(¢;), H', d+ 1, r)

9: end for

10: return S

11: end if

12: end function
13: return ExpandSubspace(Span(0), Gy, 0,7)

The refinement is the Gauss reduction on Line [l The set #' is a subset of H of vectors
that form a set of representatives for the classes given by the Gauss reduction modulo ¢;. More
specifically, the elements of H are represented as vectors of K™" and we reduce these vectors
by a vector ¢;, seen as a matrix of My 4.

Example 2.2 (Gauss reduction). Taking m = n = 2, we show in this example how the
bilinear forms ¢g, ¢1, P2 and ¢3, seen as the elements of Fg” =T}

(1,0,0,0), (1,1,0,0), (1,1,0,1) and (0,1,1,0),
respectively, are reduced row-wise by the element represented by the 1 x 4 matriz

(101 0.

In this scenario we obtain from the set H = {¢o,..., P} the set

H' ={(0,0,1,0),(0,1,1,0),(0,1,1,1)}.

In the presented version, the cardinality of H decreases at each call due to this modulo relation.
The algorithms BDEZ and BDEZStab that follow use the same strategy as ImprovedRecur-

siveExhaustiveSearch. Their cost is different because the test on Line [2] is not the same (it uses

HasRankOneBasis) and the initial call to ExpandSubspace takes different parameters.

2.2.2 Oseledets’ heuristics

For certain bilinear maps, Oseledets proposes to use the presence of some rank-one bilinear forms
in the initial vector space T', during the exhaustive search process. Indeed, he observes that for
a vector space V such that V € 7.(T), if U is a subspace of T' generated by rank-one bilinear
forms, then we can construct V' via a partial exhaustive search. Montgomery already considers
with a similar idea the case of the polynomial product in [45]. Indeed, he is looking for sets of
rank-one bilinear forms containing
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e agbp, which is the coefficient of [X°] in the polynomial product A(X) - B(X),
® a,_1b,_1, which is the coefficient of [X?"~2] and
o (ag+ -+ +an_1)(bo+---+by_1), which is the sum of the coefficients of the [X]’s.

The idea is the following, assuming that the estimated rank of a subspace T is r, as in the
general strategy:

e find the rank-one bilinear forms in 7" and denote their span by U;

e enumerate all subspaces W € . _qim () and test whether U & W contains T'.

Proposition 2.3. Let T be a subspace of dimension £ of L(K™, K"; K), and let v > £ be
an integer. Let U C T be the subspace containing all the rank-one bilinear forms of T'. For
any V € 7(T), there exists W € 7, _gim() such that T CU & W.

Proof. Let V € Z.(T). Then U C V. Let B be a basis of V' of rank-one bilinear forms. Let I
be a basis of U of rank-one bilinear forms. We can complete ¢ with elements of 5 and obtain a
new basis of V' containing /. The elements added to U form a free family generating a subspace
W € S _dim)- O

Moreover, Oseledets proposes a heuristic, in the case where the exhaustive search is too
expensive. The idea is to take a bilinear form ® of T, find rank-one bilinear forms generating &,
and add these rank-one bilinear forms to the bases enumerated during the search, which is not
exhaustive anymore.

Example 2.4. For the product of polynomial of degree 2, the bilinear form represented by

o = O
S O =
o O O

is in the target T'. It can be decomposed as a sum of the matrices

0
0 and
0

o O =
o O O
oS = O
o O O

The search then consists in finding complements of

1 00 0 00 010 0 0 1 11
Span 00 Of,f1 0 0,0 0 O], 0 of,f1 11
0 0 O 0 0 O 0 0 0 01 1 11

Of course, this heuristic may lead to an overestimation of the rank.
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2.2.3 The BDEZ Algorithm (Barbulescu, Detrey, Estibals, Zimmer-
mann)

We describe in this section the algorithm [2 Alg. 1], which is an improvement of the recursive
algorithm RecursiveExhaustiveSearch. It computes .#,.(T) for a given subspace T' C L(K™, K"; K)
of dimension /.

In order to get all the vector spaces V € .. such that T' C V', we compute the vector spaces
W € & _y such that T & W € .¥,.. In other terms, instead of enumerating all the elements
of .., we rather enumerate complementary subspaces of T in .#._,. This restriction can be
done thanks to Proposition [2, Prop. 1], reformulated as Proposition using the notations of
Chapter

Proposition 2.5. Let T be a subspace of dimension £ of L(K™, K™, K), and let r > £ be
an integer. For any V € Z.(T), there exists W € #,._y such that T®W = V.

Proof. Let B be a basis of V' composed of rank-one bilinear forms. We define inductively a
sequence of subspaces (W;)o<i<r—¢, such that for any i we have W; € ., as follows.

e The set Wy is the null subspace and satisfies T Wy =T C V and dimT & Wy = L.

e Forie{l,...,r —{}, assuming that T® W;_1 C V and dim (T'@® W,;_1) = £+ i — 1, there
exists ¢ € B such that ¢ € T ®W,_; (otherwise T@W;_; =V and dim V' < r — 1, which is
a contradiction). Then, we define W; as W; = W;_; @ Span (¢). The subspace W; satisfies
TeW,CV, dlm(T@Wz) =/+iand W, € ..

Taking W = W,_,, Proposition is proved. O

Algorithm BDEZ can be described as a a recursive optimized version of RecursiveExhaus-
tiveSearch. It constructs all the sets of cardinality r — ¢ of independent bilinear forms of rank
one. The input of BDEZ is: a target T of dimension ¢, the set of rank-one bilinear forms up to a
multiplicative factor and an integer r (r is a lower bound on the rank of T, as explained in the
global strategy).

Algorithm 5 BDEZ

Input: T C L(K™,K"; K) of dimension ¢, G, ., an integer r
Output: .7.(T)
1: function ExpandSubspace(V,H, d,r)

2: if d =r and dim V' = r and HasRankOneBasis(V') then

3: return {V}

4: else

5: S« 0

6: for i€ {0,...,#H —1} do >H={¢;| i € [0,#H — 1]}
7: H < {dit1,...,dxn—1} mod ¢; > Gauss reduction modulo ¢;
8: S + 8 U ExpandSubspace(V & Span(¢;), H',d + 1,7)

9: end for

10: return S

11: end if

12: end function
13: return ExpandSubspace(T,G mod T\, ¢, ) > Gauss reduction of G modulo a basis of T'
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This algorithm is represented by a tree in which each node at depth k corresponds to a
vector space T' @ Wi, i,....i._, of dimension k generated by a basis of 7" and rank-one bilinear
forms ¢y, @i, ..., ¢i,_,. For example, assuming that the initial set of rank-one bilinear forms is
{d0, ¢1, P2, d3} and ignoring the reduction computed on Line |7}, we would obtain generically for
r — £ = 3 the tree given in Figure

T
(#lg) subspaces To W T o W, T o W, T o W3
(#29) subspaces TeWor TOEWoo TOEWoz TEWie TE&Wiz TOWs3
(#39) subspaces TO®Woiz2 TOWoa3z T@Woas T®Wias

Figure 2.2: Subspaces V visited by recursive calls of Algorithm [5|up to k = 3

2.2.4 Improving on BDEZ using RP-automorphisms

We present in this section, with kind permission from the authors, an unpublished improve-
ment [3] to Algorithm BDEZ. We use the RP-automorphisms defined in Chapter

The algorithmic improvement comes from the fact that, for any target space T' C L(K™, K™; K)
of dimension ¢ and any integer r > ¢, we have

Vo € Stab(T), Z.(T) oo = Z.(T),

because o preserves the rank (see Proposition . Thus, we can restrict our interest to the
computation of the quotient -#;(T)/Stab(T') instead of .7,.(T).

In order to enumerate the elements of .,.(T), it is sufficient to obtain a set of representatives
of yr(T)/Stab(T), from which one can recover the whole orbits through the group action of
Stab(T'). Moreover, we can compute 7 (T")/Stab(T) faster than .%.(T). Thus, we adapt our
general strategy to this idea.

General strategy for computing the bilinear rank using RP-automorphisms The
new algorithmic strategy we are considering is stated as follows, for a target subspace T C
L(K™,K™; K) of dimension ¢ and the associated subgroup Stab(T") of RP-automorphisms sta-
bilizing T":

e start with the known lower bound r = ¢ on the bilinear rank;

e compute a set of representatives of yr(T)/Stab(T) (the set .Z.(T) up to the action of
Stab(T));

o if yr(T)/Stab(T) = (), increment r and return to the previous step;

e recover % (T) using the action of Stab(T);

r is the bilinear rank and .7,.(T') the set of optimal decompositions.
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Algorithm BDEZStab is a recursive approach for the computation of a set of representatives
of YT(T)/Stab(T). The input of BDEZStab is: a target subspace T of dimension £, the set of
rank-one bilinear forms of L(K™, K™; K) up to a multiplicative factor, the group Stab(T) and
an integer r > /{.

Algorithm 6 BDEZStab

Input: T C L(K™, K™; K), the stabilizer Stab(T'), an integer r
Output: A set of representatives of yr(T)/Stab(T)
1: function ExpandSubspace(V, H,U,d,r) >V C L(K™, K", K),H C G,U C Stab(T),r € N

2: if d =r and dim V' = r and HasRankOneBasis(V') then

3: return {V}

4: else

5: S« 0

6: O+ H/U > ¢ and ¢’ lie in the same orbit if V' @ Span(¢) = (V @ Span(¢’')) o o
7: forie {0,...,#0 — 1} do >O={0; |i€{0,...,#0 —1}}
8: ¢ < Representative(O;) > Choose a representative of the orbit O;
9: U’ « Stab (V @ Span({¢})) N U

10: H UjZin
11: S + S U ExpandSubspace(V, H',U’,d + 1,7)
12: end for
13: return S

14: end if

15: end function
16: return ExpandSubspace(T, G, Stab(T), ¢, )

On Line 6 we split the set H into orbits and we have a basis of V forming a dim(V') x mn
matrix M. We proceed as follow:

1. if H is not empty, pick an element ¢ of H,

2. compute its orbit O under the action of U and reduce its elements by M,
3. remove the elements ¢ of H such that their reduction by M is in O,

4. add to a list O the orbit O and return to Step

Figure describes this recursive approach using a tree and illustrates how some branches
are pruned, relying on Proposition We assume that the initial set of rank-one bilinear forms
is {¢o, @1, P2, d3} and that we have o € Stab(T') such that o(¢g) = ¢1, 0(d1) = b0, o(P2) = ¢P3
and o(¢3) = ¢2.

Proposition 2.6. Let T andV be subspaces of LK™, K™; K) such that V € Z.(T). Then,
given a bilinear form ¢ of rank one, if V satisfies V. N ({¢} o Stab(T)) # 0, there exists an
element V' in the equivalence class of V' for the action of Stab(T') and such that ¢ € V.

Proof. There exists o € Stab(T') such that ¢oo € V. We can then take V' = V o(s~!), which
meets all the conditions. O

The particularity of BDEZStab is that, instead of enumerating all the elements of H as in
BDEZ, we restrict ourselves to one element per equivalence class for the action of U C Stab(V).
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We use in particular the fact that the additional computations such as stabilizers on Line [J]
are negligible, compared to the speed-up obtained by pruning branches in BDEZ. Heuristically,
BDEZStab is faster than BDEZ by a factor # Stab (T"). This method constitutes the state of the
art for the current work: our contribution is compared to the performance of this algorithm.

TeWy, ToeW, TeW, ToWs

__— N

TeWoy TO&Woo TEWoz TOWie TE&Wizs TOWs3

TO®Woiz2 TOWoi3z 1T @ Woaa T®Wias
~—_"

g

Figure 2.3: Pruning branches in an exhaustive search using RP-automorphisms.
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Chapter 3

A new algorithm using coverings

Our contribution consists in reducing the number of vector spaces W that we need to enumerate
in order to find those that satisfy T'@ W € .., where T is the vector space corresponding to a
bilinear map. To this effect, we restrict ourselves to vector spaces W satisfying some properties
intrinsic to T'. In this chapter, the definition and theoretical aspects of the set of vector spaces
that satisfy these properties are treated. We give several examples, such as the short product,
the circulant product and the matrix product, in Chapter

3.1 Intermediate algorithms

Algorithms ImprovedRecursiveExhaustiveSearch and BDEZ, presented in Section and
can be seen as two extreme cases of a more general set of strategies. Indeed, ImprovedRecur-
siveExhaustiveSearch and BDEZ are both associated to a tree whose leaves are labeled by (Cd)
elements (not necessarily distinct) of ., d being a positive integer. In the case of ImprovedRecur-
siveExhaustiveSearch, d = r where r is a candidate for the rank of a bilinear map ® represented by
the subspace T'. In the case of BDEZ, d = r — ¢, where £ is the dimension of T'. Both algorithms
call ExpandSubspace, but with different inputs.

Between RecursiveExhaustiveSearch and BDEZ, we can define intermediate algorithms, involv-
ing a parameter k € {0,...,¢}, consisting in enumerating W € .%,_y4; and then selecting the
subspaces, which satisfy

T+ W e 7.
At first sight, since #.%_¢41 > #-%r—¢, BDEZ should be preferred to any of those interme-

diate algorithms. However, for vector spaces T' associated to specific bilinear maps, there exists
a positive integer k such that any V' € .7.(T) can be decomposed as

V=T+W

where W € % _pir and T N W satisfies some property, intrinsic to 7', such as containing a
particular subspace F' of dimension k, or in broader generality containing one subspace F; among
a finite set {Fy,...,Fy,_1} that is determined by 7. Later on in this work, we will make this
notion more precise and call such a finite set a stem. It allows one to compute a covering of
Z-(T), which is why we use this abuse of terminology.

Our main contribution uses the fact that, for a well chosen subspace F' C T of dimension k,
we may have

#yr7€+k(F) Z #yrfﬂ (31)

29
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Thus, for specific T7s, for which we know a set of subspaces F; satisfying the Inequality [3.1] along
with an algorithm computing the sets .7,y (F;) faster than .%._y, we are able to deduce the
set 7.(T) faster than BDEZ. Note that this method relies on the knowledge of the subspaces
F;, which form, in fact, the so-called stem, as defined formally in the next section. Thus, the
complexity of our method is difficult to establish, as it takes into account the algebraic specificities
of the bilinear maps that are considered, such as the short product or the matrix product.

3.2 Coverings of optimal decompositions

First, our strategy consists in constructing, for any r > ¢, g sets {& ,}; that are g subsets
of F_¢4+k,, where k; is a non negative integer, satisfying some property described in Defini-

tion B.11

Definition 3.1 (Covering of a vector space). Let T be a subspace of GL(K™) x GL(K™)
of dimension £. Let (§;)o<i<g be a family of subsets parameterized by an integer v > £
and where &, C S_ptk,, ki being a positive integer, for all i € {0,...,9—1},. Then,
(&ir)o<icg 15 said to be a covering of T if and only if, for any vector space W € 7,._y such
that T ® W € .&,, there exist an index i € {0,...,9— 1}, a subspace V € &, and an
RP-automorphism o € Stab(T) such that T + (Voo)=T & W.

Proposition 3.2. Given T as above and a covering (&;r)o<i<g of T, then, for any r > ¢,
we have

I(T)C{T+V |3ie{0,...,g—1}, V €&, oStab(T)}.

Proof. Let V € ./.(T). By Proposition there exists W € .., such that T W = U.
Then, by Definition there exist an index ¢ € {0,...,9 — 1}, a subspace V' € &, ,, and an
RP-automorphism o € Stab(T') such that '+ (Voo) =T & W. Taking V' = Voo, we thus
have U =T 4+ V' and V' € &, ;. o Stab(T'), which proves the inclusion. O

Thus, assuming that we have a method for computing the &; ,.’s, we are able to cover the whole
set .(T'). For example, the family composed of the single set &, =-»—¢/Stab(T) is a covering
of T and an algorithm is known for its enumeration (namely, BDEZStab). We describe below
how we construct the &; ;’s that we use in practice.

Definition 3.3 (Stem of a vector space). For a vector space T, a family (F;)o<i<g of g
subspaces F; C T of dimension k; is said to be a stem of T if and only if, for any basis B
of T, there exist i € {0,...,9 — 1}, an RP-automorphism o € Stab(T') and a free family
F C B of size k; such that

Span(F)oo = F;.

Proposition 3.4. For a vector space T, a stem of T given by g subspaces F; C T, and g
subgroups U; C Stab(T') NStab(F;), the set of £ s, such that &; , is a set of representatives
of the quotient 7ok, (F3)/U;, is a covering of T.

Proof. Let W € .%,._; be such that T @& W € ... Take a basis W of W, and complete it into a
basis of T'@® W using ¢ rank-one bilinear forms, denoted by {;}o<i<¢. For all ¢ € {0,...,¢ — 1},
write ¥; = t; + w;, with t; € T and w; € W.
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The t;’s are linearly independent. Otherwise, there would exist coefficients (\;)o<i<s such
that Zf;é Ait; = 0, whence Zf;é Aty = Zf;é Ajw;, which would then contradict the fact that
{%i}o<i<e completes W into a basis of T & W.

Consequently, B = {t; }o<i<¢ is a free family of £ vectors of T' and, as dim(7T") = ¢, B is a basis
of T. Then, by Definition there exist an index ¢ € {0,...,9 — 1}, a subset F C B of size
k; = dim(F;), and an RP-automorphism o € Stab(T) such that Span(F) oo = F;.

Let V. = W@ Span(F). Writing F = {t; }ier, with I C {0,...,¢ — 1}, we define F' = {); }icr.
Since 9; = t; +w; and Span(F’) € .%%,, we have V. = W @ Span(F) = W @ Span(F') € S _ ik, -

Now, consider V! = Voo = (W @ Span(F))oo: we also have V' € .7 4k, as RP-
automorphisms preserve the bilinear rank, and F; = Span(F) oo C V', whence V' € 7 _p1, (F3).

Finally, let V" € &;, be a representative of the equivalence class of V' in the quotient set
Ltk (Fl)/Ul there exists an RP-automorphism « € U; such that V" = V' o~. We then have

T+(V"oy oo™ ) =T+ (Voo ) =T +V =T+ (WoSpan(F)) =T & W

where the last equality comes from the fact that Span(F) C T. Finally, as y~!oo~! € Stab(T),
this proves the result. O

Given T and a stem of T', we can derive a new algorithm that computes .7.(T) via the
computation of some intermediate sets &, = ¢k, (F3)/U, for i € {0,...,g9 — 1}.

Example 3.5 (Two examples of stems). For any vector space T, let B be a basis of T.
There exists a subset of B generating T (namely, B): {T} is a stem of T. There exists also
a subset of B generating Span(0) (namely, 0): {Span(d)} is a stem of T

e An enumeration algorithm that uses {T'} as a stem amounts to computingyr(T)/Stab(T)
In this case, we did not decompose the original problem into simpler problems.

o If the stem chosen is the set {Span(D)}, this is equivalent to enumerate a set of repre-
sentatives of the quotient yr—é(span(@))/Stab(T). For this purpose, no better methods
than BDEZStab is known.

Thus, BDEZStab can be seen as an approach derived from the stem {Span(())}. We propose here
other strategies that are derived from stems, given by sets of subspaces F; C T of dimension
k;. The enumeration of a set .7y, (F;) is interesting in practice if its cardinality is less than
#.%,_p. However, its cost depends also on the algorithms used for the computation of quotients
and stabilizers and on how large k; is, which is detailed below.

No automatic method is known to determine, how to choose a stem for a given vector space
T: we have to provide a stem for each T'. This task has to be done by hand specifically for each
bilinear map. In Chapter [4] we provide examples of such families for several bilinear maps.

Let F; be a basis of F;. Our strategy assumes that we have a finite representation of a group
U; such that U; C Stab(T)NStab(F;). In Proposition[3.4] the larger the groups U; are, the smaller
the & »’s are. And we prefer to keep the &; ,’s as small as possible, since it gives smaller sets to
enumerate. Thus, this should lead us to choose U; = Stab(T') N Stab(F;). However, in practice,
the method used in our implementation is specialized to the choice U; = Stab(T) N Stab(F;) C
Stab(T)NStab(F;) (we have Stab(F;) C Stab(F;)) because only in this case do we have a practical
algorithm to enumerate a set of representatives for the quotient ¢k, (F3)/U,.
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Notation 3.6. For a free family F of k bilinear forms and a positive integer d, we let

Fasn(F) = Fa+k(Span(F))/Stab(F).

In order to enumerate sets of the form yrflJrki(Fi)/Stab(T) N Stab(F;), we adopt a three-step
strategy.

Remark 3.7. This strategy requires the precomputation of a set of representatives of the
quotient

4k /GL(K™) x GL(K™)-

Chapter[§ describes how to compute such a set. We may also precompute the quotient
4k /RPA 1, s

which is smaller. It should be used in an optimized implementation. In our applications, it
is not the main obstacle and the loss can often be recovered if the vector space of a bilinear
map is invariant under the action of the transposition.

However, there is a practical limit on their dimension k;, due to the precomputations
that are used in our method and that constitute a bottleneck. Assuming that

# (Y4/GL(K%) x GL(K%))

behaves as (d!)*! over Fy (which is an empirical estimate), storing a set of representatives
of
F4/GL(K?) x GL(K?)

for d = 13 would require 15 terabytes for instance. Consequently, given the largest “d” for
which we are able to compute in practice

F4/GL(K™) x GL(K™),

we have a practical constraint on how large the r—{+k;’s may be: we should have r—{+k; < d
for all i.

The first step consists in computing S o+k, (F;) and is detailed in Section The second step
applies the action of the left transversal

Stab(F;)/Stab(T') N Stab(F;)

which can be computed using the algorithms proposed in [33] for example. The third step consists
in calling HasRankOneBasis for each element of the previous set.

We describe in Algorithm CoveringSetsMethod the global strategy to find optimal formulas
for T in the sense of the bilinear rank, that is, to enumerate .7, (T') given a stem. We assume that
we are given a subspace T and a set of g free families Fy, ..., F,—1 of T such that {Span(F;)};
forms a stem of T'.
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Algorithm 7 CoveringSetsMethod

Input: T, {Fi}o<icg, {-7re+k/GL(K™) x GL(K"™)}o_;c 7
Output: .7.(T) -
1: S+ (Z)
2: for i € {0,...,9g—1} do
Q 5%_“;% (F:), obtained from «5”7»_@+k,i/GL(Km') x GL(K™) > See Algorithmin
L + Stab(F;)/Stab(T) N Stab(F;) > use e.g. [33
forc e LW € Q do
if HasRankOneBasis(T + (W o)) then
S+ SU{T+(Woo)}
end if
9: end for
10: end for
11: return (J,, g V o Stab(T)

The computation of the quotient Q on Line [3|of CoveringSetsMethod is detailed in Section [3.3]

3.3 Enumerating the elements of ﬂ,uk(]: )

In this section, T is a vector space of dimension £. For Uy, ..., ¥;_; bilinear forms of L(K™, K"; K),
Algorithm [§] explains how to compute a set of representatives of the quotient

T rr{Wr - Wi 1)) = Frean(Span({To,... W1 })/Stab({W. ..., Uy_1}),

which is required in Algorithm CoveringSetsMethod of Section

Algorithm 8 IntermediateSetViaQuotientComputation

Input: Q a set of representatives of & r+1/GL(K™) x GL(K™),{%o,-..,VYx_1}
Output: One representative per orbit of 5%_@_%({‘1/0, .oy Wg_1}), defined as above

1: Q0

2: for W € Q do

3: for {{®o,...,Pr_1} C W | Vt, tk(®;) = rk(¥+)}/Stab(W) do > See Algorithmlgl
4: if do € GL(Km) X GrL(I(n)7 {@07 RN (bkfl} oo = {\IIQ, ey \I/kfl} then

5: Q«+ QU{Woo}

6: end if

7: end for

8: end for

9: return Q

Correctness of Algorithm[8 By construction, any element of Q is an element of
Fr—or({Yo, ..., ¥i_1}).

e First, we prove that any orbit of jr,uk({\llo, ..., Ux_1}) has a representative in Q.

Let W’ be a representative of an orbit in jr,uk({\llo,...,\llk,l}). There exist o €
Stab({Ug, ..., ¥)_1}) and W € Q such that W oo = W’. Thus, we have {WUq,..., U} _1}o0~! C
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W and the set {\Ilo oo™, ..., U oa_l} satisfies the predicate on Line Any ¢’ such
that {Ug,..., Wy 1}oo too’ = {Vg,...,¥;_1} satisfies

o' € O'Ostab({\:[/o, ceey \I/kfl}),

which means that an element of W o o o Stab({WUy, ..., Ur_1}) = W oStab({¥q,..., ¥x_1})
is included in the list returned by Algorithm Bl Thus, the list returned contains at least
one representative per orbit of Z_p1x({Po,..., ¥r_1}).

e In the following, we prove that each orbit of ,5%_”;6({\1/0, ..., ¥%_1}) has a unique repre-
sentative in Q.

Assume that there exist W, W’ € Q and v € Stab({¥o, ..., U,_1}) such that W = W' o~.
By construction, there exists Wy, W € % _p4x and 0,0’ € GL(K™) x GL(K™) such
that W = Wyoo and W/ = W) oo'. Then W) = Wooo oy !oo~! whence W) =
Wy as on Line [2] of Algorithm [§] we enumerate only one representative of each orbit of
S r—t+1/GL(K™) x GL(K™). Thus, 0oy~ too’~! € Stab(W;). Still by construction, there
exists {®g, ..., Pr_1} and {Pp,..., ) _,} C Wy such that

{<I>0,...,<I)k_1}oa = {g’o,...,@k_1}

and
{@6, ey ;{:71} OO'/ = {‘110, ey \I’k_]_}.
Then,

{D),...,®_1}={Tg,..., 01 oo ' ={Tg,..., U 1}oy oo ={dy,...,®p_1} 000y oo}

and {®g,...,Px_1} is in the same orbit as {®, ..., P} _,} under the action of Stab(Wy),
which is contradictory with the definition of the quotient on Line [3]

O

On Line [3] of Algorithm [§] we select all tuples of size k of elements ®@,...,®,_; such that
rk(®;) = rk(¥;) for any i € {0,...,k — 1}. The different tuples are enumerated up to the action
of Stab(TW). We proceed like described in Algorithm EnumerateTuples. We use a backtracking
algorithm, similar to BDEZ, for which the recursive depth is bounded by k.

The number of recursive calls is bounded by #W for this algorithm. Consequently, the
complexity is bounded by (#W)*, without taking into account the gain due to the use of RP-
automorphisms. The algorithms described in [33] allows one to compute the orbits on Line[6] In
our applications, k and dim(W) are small.

Testing the predicate of Lineof Algorithmis a problem generalizing the problem of [12] Ch.
19] and [36]: given two pairs (Mg, M;) and (No, N1) of (M,,.)?, determine whether there exists
two invertible matrices X and Y such that (XTMyY, XTM;Y) = (No, N1). This can be done by
computing a Weierstrass-Kronecker canonical form for (M, M7). When we consider more than 2
matrices, for example 3 matrices (Mg, M7, Ms) sent on (N, N1, N3), we compute (X,Y) such that
(Mg, My) is sent on (Ny, N7) and we compose it with elements of (Stab My N Stab M1)/Stab M,
computed with the algorithms proposed in [33] for example. The complexity for finding all the
RP-automorphisms o in IntermediateSetViaQuotientComputation is bounded by the cardinality of
r—o4k (which is comparable to BDEZ) by construction, and is hard to estimate more precisely.
In our applications, it appears to be negligible compared to BDEZ.
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Algorithm 9 EnumerateTuples
Input: k, W, Stab(W), ¥y, ..., Up_4
Output: One representative per orbit of {{®o, ..., Px_1} C W | V¢, tk(®;) = rk(‘l’t)}/Stab(W)

function RecursiveEnumeration(®,C,,U) > C is a partition of the non zero elements of W, U
is a subgroup of Stab(W)

if i = k then
return
else
S«
C' < Uoec {O/U}
for j € {0,...,#C' — 1} do >C' ={0y] j€[0,#C" —1]}

®[i] < Representative(O,)
if rk(®[i]) = rk(¥;) then
S < S U RecursiveEnumeration(t,{Oj,...,Oxc/—1},i+ 1,U N Stab(®[d]))
end if
end for
return S
end if
end function
C+—{{PeW|D#£0}}
P+ () > Empty vector of size k
return RecursiveEnumeration(®, C, 0, Stab(W))
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Chapter 4

Application to examples of bilinear
maps

An implementation in Magma V2.21-3 [J] of the algorithms BDEZ, BDEZStab and the new
method has been done and is available at the address

http://karancode.gforge.inria.fr.

We provide in this section the stems corresponding to certain bilinear maps and we compare
the timings obtained for them, using different algorithms. Our Magma implementation of the
algorithm is clearly slower than the original C version described in [2]. However, since we
are interested in the speed-up obtained from our work, we need a fair approach. We show
in particular that Algorithm BDEZStab, although it has not been written in a multi-threaded
version and in C, improves considerably on the timings estimated in [2]. The new algorithm
described in Chapter [3|is denoted by CoveringSetsMethod: compared to Algorithm BDEZStab, it
constitutes a huge speed-up on particular instances of the bilinear rank problem. All the timings
presented in this section have been done on a single core 3.3 GHz Intel Core 15-4590.

We need a few notations to denote the various bilinear maps we are interested in:

e MatProd, , ) denotes the product of matrices p x ¢ by ¢ x r,
e ShProd; denotes the product of polynomials modulo X*,
e CircProd, the product of polynomials modulo X* — 1.

We describe in Table [£.1] timings for various bilinear maps and the implementations of BDEZ
and BDEZStab. The number of tests represents the number of calls to HasRankOneBasis.

It is possible to estimate the time it would take to obtain a result for a bilinear rank problem
out of reach for BDEZ or BDEZStab. We denote by N; the number of calls to HasRankOneBasis
in these algorithms when the input r is equal to £ 4 t. (¢ is the dimension of the vector space T
corresponding to the bilinear map). Since when r is too large, BDEZ is too expensive, there is a
practical limit on the known values of N}, ¢ being a positive integer. We consider the ratio [ Njﬁ -
to estimate A;y1. Assuming that this ratio decreases with ¢, which seems to hold empirically,

we have

Nisr < W] N (4.1)
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t being a positive integer of {1,...,r — £}.

Thus, we are able to predict timings for bilinear maps indicated in Table via to this
assumption, which allows us to compare Algorithm BDEZ to other approaches for problems of
larger sizes. We estimate the number of tests by computing

./\/t r—{—t
et

N |

where r — ¢ is the difference rk(7T") — dim(7') for T representing a bilinear map and ¢ is the
largest integer for which we are able to compute N;. The time can be estimated with a similar
technique. We observe that the speed-up seems to match with # Stab(T), as expected. The
estimated values in Table relying on BDEZStab have not been effectively done because the
implementation of CoveringSetsMethod allowed us to obtain more results, more efficiently. The
estimations rely on the heuristic given by the Inequality In the global strategy, we were
increasing progressively the lower bound r on the rank, before running BDEZ, BDEZStab or
CoveringSetsMethod. For r < rk(T'), the time spent in those algorithms is negligible, because of
the exponential growth of their complexity.

It is not clear how to estimate timings for our approach CoveringSetsMethod beyond what
has been done and reported in Table However, for the set of bilinear maps for which Cov-
eringSetsMethod allows one to compute all the optimal formulas, we observe a clear speed-up
compared to BDEZStab. For example, in order to compute the bilinear rank of bilinear maps of
larger degrees using this method, we need to be able to compute and store all the elements of

Z10/GL(K'0) x GL(K'0)

for ShProdg (and even more for other bilinear maps), which has not been done yet and requires an
optimized implementation of the algorithm described in Chapter[5], combined with a classification
of its orbits.

Henceforth, we describe how we computed optimal formulas for bilinear maps given in Ta-
ble via our approach. We provide some technical details, specific to each bilinear map,
necessary for an implementation.

4.1 Application to the short product

4.1.1 Structure of the short product

Let £ be a positive integer, let ® be the bilinear map ® € L(K* K*; K*) defined by the short
product

ag bo Co

ag—1 b1 Co—1

such that > ), , ;X1 = (XCgcicr aiX) (X gice ti X717 mod X*. Let T be the sub-
space of L(K [,K ¢: K) spanned by the ¢ bilinear forms that are the coordinates of ®, denoted
by ®g,...,Ps_1.

The matrix representing the element ZO<i<Z m;®; € T, where m; € K, is
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bilinear map ‘ rank ‘ algorithm nb. of tests ‘ time (s)
BDEZ 5.9 - 102 1.4-1071
ShProds 5
BDEZStab 3.4-10 0.0
BDEZ 5.2 - 107 4.3-10°
ShProd, 8 BDEZStab 3.1-10° 2.7-10
CoveringSetsMethod 2.8 102 3.0
BDEZ 1.8-10% (est.) | 5.7-10'2 (est.)
ShProd; 11 BDEZStab 6.9 - 10! (est.) | 2.2-10% (est.)
CoveringSetsMethod 6.3 - 106 2.4-103
BDEZ 3.9-10% (est.) | 4.7-10%3 (est.
ShProds 14 (est.) (est.)
BDEZStab 2.0-10% (est.) | 2.7-10'6 (est.)
BDEZ 0.
CircProds 4 56 0
BDEZStab 6 0.1-1072
BDEZ 5.2-107 4.3-10°
CircPrody 8
BDEZStab 3.1-10° 2.7-10
BDEZ 4.0- 103 (est.) | 1.2- 100 (est.)
CircProds 10 BDEZStab 1.0- 1019 (est.) | 3.5-106 (est.)
CoveringSetsMethod 8.8-108 5.4-103
BDEZ 1.0-10%° (est.) | 1.3- 107 (est.
CircProdg 12 0-10 . (est.) 3-107" (est)
BDEZStab 1.1-10%° (est.) | 1.5-1012 (est.)
BDEZ 1.05 - 106 8.5-10
MatPl’Od(gyg’Q) 7 -
BDEZStab 6.8 103 5.0-107!
BDEZ 9.2-10 (est.) | 1.1-10'7 (est.
MatProd(&g 3) 15 (65 ) (eb )
’ BDEZStab 2.6 - 1013 (est.) | 3.4-100 (est.)
CoveringSetsMethod 1.6-10° 8.5-10°
BDEZ 2.3-10% (est.) | 2.7- 1020 (est.)
MatProd( 30y | 11 BDEZStab 4.6 -10'® (est.) | 5.4-10% (est.)
CoveringSetsMethod 6.3 -101° 4.1-10°

Table 4.1: Number of tests and timings obtained with Algorithms BDEZ, BDEZStab

and CoveringSetsMethod for various bilinear maps over K = 5.
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mo M- M

0 .
M(mog,...,mp_1) = m |

0 0 my

in the canonical basis. This matrix is an upper triangular Toeplitz matrix.
Let N be the matrix M (0,...,1,0). The matrix N is a nilpotent matrix such that
Vje{0,...,6—1}, M(0,...,0,1,0,...,0) = N*~177,
——
j zeros
and N* = 0. The elements of the algebra K[N] are the upper triangular Toeplitz matrices and

K[N] = K[X]/(X").
We provide in Theorem a useful property describing the action of Stab(T") on T

Theorem 4.1. Let any integer £ > 2:

1. the orbit of the identity matriz I = N° for the action of Stab(T) is the set of invertible
matrices of T';

2. the orbit of N for the action of Stab(T) N Stab(I) is the set of nilpotent matrices of
T.

7

3. for any pair (U, ') of elements of T such that tk(¥) = ¢ and rk(¥') = £ — 1, there
exists o € Stab(T) such that

(Poo,¥oc)=(I,N);

4. we have Stab(I)NStab(N) C Stab(T') and the cardinality of Stab(T') is (#K )3 ~4(# K —
1)3.

Proof. e First, we prove that, for any element M € T of rank ¢, there exists R € K[X] a
polynomial of degree at most £ — 1 such that R(0) # 0 and R(N) = M, and that

AN, € Stab(T), T-N; = R(N).

Any element in the orbit of I has rank ¢ and any element of rank ¢ in T is associated to
a polynomial R € K[X] evaluated in N of degree £ — 1 such that R(0) # 0. It remains
to prove that the orbit of I corresponds exactly to the set of rank-¢ elements. Given
R € K[X] such that R(0) # 0, we denote by Ni(R) the element (I, R(N)). This element
is in Stab(T") because, for any S, we have R(N)S(N) = (RS mod X*)(N), which is a
polynomial evaluated in N of degree at most £ — 1. We have:

I-Ny(R)=)"-I-R(N)=R(N).

e We prove that, for any element M € T of rank ¢ — 1, there exists R € K[X] a polynomial
of degree at most £ — 1 such that R(0) =0, R'(0) # 0 and R(N) = M, and that

AN, € Stab(I) N Stab(T), N - Ny = R(N).
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An element of the orbit of N is an element of rank ¢ — 1 and an element of rank / — 1 in T’
is associated to a polynomial R € K[X] evaluated in N of degree at most ¢ — 1 such that
R(0) = 0 and R/(0) # 0. It remains to prove that N can mapped to any element of rank
£ — 1 via the action of Stab(I) N Stab(T).

Let e be the vector (0, --- ,0, 1), such that R(N)-e; corresponds to the last colum of R(N).
We have R(N)*~'e; # 0. Thus, let P(N) be the matrix whose columns are given by the
tuple (R(N)“"1 - ep, RUIN) =2 - ¢4,...,R(N) - eg,e;). We have R(N)P(N) = (0, R(N)*~!.
ey, R(N)?-es, R(N)-¢¢) = R(N) and P(N)N = (0, R(N)*~L-ep, R(N)*~2-¢q,..., R(N)-
e¢). Consequently, we have R(N)P(N) = P(N)N and P(N)"'R(N)P(N) = N. We take
Na(R) = (P(N)", P(N)~1):

N - Ny(R) = R(N) and Na(R) € Stab(I) N Stab(T).

Let (¥, ¥') be a couple of elements of T such that rk(¥) = £ and rk(¥’) = £—1. Let (P, P’)
be the corresponding matrices. According to the previous points, there exist N1 € Stab(T)
such that I-N; = P and Ny € Stab(T)NStab(I) such that N-Ny = P'-N;!. Consequently,
we have

(I,N)=(P-N;*'-N;' P -N;bNGH.

We prove that we have Stab(I) N Stab(N) C Stab(T") and that, for any N3 € Stab(I) N
Stab(N), there exists R € K[X] a polynomial of degree at most £ — 1 such that R(0) # 0

and
N3 = (R(N)™))", R(N)).

Let N3 € Stab(I) N Stab(NN). Since N3 € Stab([), there exists P € GL; such that N3 =
((P_l)T,P) and, since N3 € Stab(N), P"!NP = N. We have PN = NP.

Multiplying a matrix by N on the left shifts the rows upward and multiplying N on the
right shifts the columns on the right. Therefore, denoting by p;; the coeflicients of P, with
poo # 0 and p;o = 0 for ¢ > 1, we have

V(i,j) € {1,.... 0 =1} x{0,....0 =1}, pij = Pit1,j+1.
More particularly, P is equal to the evaluation in N of a polynomial R such that R(0) # 0,
from which we deduce that

Ny = ((R(N)™)"

,R(N)) and N3 € Stab(T).

Given the form of the elements of Stab(I) N Stab(NV), its cardinality is equal to the number
of polynomials R of degree at most £ — 1 such that R(0) # 0, which is #K*~1(K — 1).
Combining with the fact that there are #K* "1 (K — 1) - #K*"2(K — 1) couples (¥, ¥’) of
elements of T such that rk(¥) = £ and rk(¥’) = £— 1, we have # Stab(T) = #K3'~4(#K —
1)3.

O

4.1.2 Stem of the short product

We consider in this section the example of the short product

ag_1bg + -+ + agbp_1

®,:(A,B)— A-Bmod X* = :
albo+aob1

apbg



42 Chapter 4. Application to examples of bilinear maps

we denote by @, ..., Py_; the bilinear forms such that

Vi Z O, (pZ(A, B) = Z ajbj+i
7€{0,...,0—1—1}

and by T the subspace Span(®,...,Py_1).
In order to produce a covering of the vector spaces W satisfying T @ W € .7,.(T) that we
compute with CoveringSetsMethod, we need a stem of T'. This stem is given in Proposition

Proposition 4.2 (Stem of short product). Let ¢ and r > £. The set {Span(®g, P1)}is a
stem of T: for any basis B of T, there exists o € Stab(T) and U C B of cardinality 2 such
that

Span(U) o o = Span(Pg, P1).

Proof. We first observe that for any ® € Span(®y_1_;,...,Ps—1), rk(®) < i+ 1. Therefore, any
element of rank ¢ in T has a nonzero coordinate over ®( in its decomposition over the basis
(Do, ..., Py_1) and, reciprocally, any element having a nonzero coordinate over ®, has rank Z.
Thus, a basis B of T necessarily contains an element of rank ¢ denoted by ¥. The element ¥ has
a nonzero coordinate over @, when we decompose it over {®@q, ..., Py_1}. Similarly, there exist
U’ € B and A € K for which ¥/ — AU has rank ¢ — 1.

We then use Theorem [4.1| to find an element o € Stab(T") such that

(oo, oc0)= (P, ®1) or (Poo,(¥—AV)oog)= (D, P),
which concludes. O

We give in Table the cardinality of coverings of .#,.(T") given by Proposition for the
example T"

’ set ‘ cardinality ‘
’ S (Span(d)) = 7 ‘ 980 ‘
| yg(span(cpo)) | 28 |
| Zi(Span(®o, ®1)) | 6 |

Table 4.2: Comparison of the cardinality for £ = 3 of three coverings of T' for K = 5.

We recall that we need to compute the set Q = .7, _g4o({®o, ®1}) for a given integer r. If
we take ¢ = 3, we can represent ¢y and ®; by the matrices

1 00 010
I=(0 1 0JandN=]0 0 1
0 0 1 0 0 O

Thus, for a given couple (My, M7) of matrices representing bilinear forms of a subspace W &€
yr—@—&-Q/GL(Ke) x GL(K*) , we are looking for invertible matrices X and Y such that

XTMyY =1 and XTMY =N,
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Algorithm 10 IntermediateSetViaQuotientComputation (Short product)
Input: % —¢+2/GL(K*) x GL(K")
Output: One representative per orbit of Q, defined as above

1: Q — @

2. for W € Z0,0,r—042/GL(K*) x GL(K*) do

3 for U e{® €W | tk(®) = £}/Stab(W) do

4 Let o such that Voo =1 > We obtain o via a Gauss reduction
5: W «—Woo

6: for W e {® € W' | 1k(®) = £ — 1}/Stab(W’) N Stab(I) do

7: if 30’ € Stab(I), ¥' oo’ = N then > Using that N and ¥’ are similar
8 Q«+ QU{Woooo'}

9: end if

10: end for

11: end for

12: end for
13: return Q

which is done in Algorithm As it is precised on Line [ of Algorithm we find X and Y
such that XTMyY = I via Gauss reduction. Then, we need to check whether XTAMY and N
are similar or not ((XTM;Y)* should be the null matrix for this purpose), as done on Line |7| of
Algorithm

Once we have computed O, it remains to compute the left transversal
£ =Stab({I, N})/Stab(T) N Stab({I, N})

and to_compute Q o £. According to Theorem 4.1, we have #£ = 1, which means that Algo-
rithm |10 actually returns .7 _s2({I, N}) o L.

In terms of complexity, we do not have explicit bounds. However, we can state that the com-
plexity depends linearly on #%r—¢+2/GL(K*) x GL(K*) and on the number of pairs of bilinear
forms (®, ) per element of -%;—¢+2/GL(K*) x GL(K*) such that rk(®) = ¢ and rk(¥) = ¢ — 1.

We managed to obtain all the elements of .7,.(T"), where T is the vector space generated by
the bilinear forms associated to ShProd, for £ = 4 and ¢ =5 and r = rk(T)).

map F #S({F}) tests step 1 (s) | step 2 (s) | step 3 (s) | sol.
ShPrody | {®o, ®1} 2.8-10% | 2.8-10? 2.8 1.0-107%2 | 2.0-1072 | 83
ShProds | {®g,®:} 6.3-10° | 6.3-10° | 1.8-103 3.9 2.8-10% | 3,168

Table 4.3: Short product analysis

We observe in Table that the cost of Step 2 and Step 3 grows linearly with the number
of tests. The cost of Step 2 is indeed negligible for ShProds. For ShPrody, it seems less clear: it
is probably not precise enough for this magnitude.
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map total solutions | equivalence classes
ShPrody 1,440 220
ShProds 146,944 11,424

Table 4.4: Vector spaces found for the short product

The last column of Table describes the number of equivalence classes of vector spaces in
(T, with respect to the group Stab(T).

Example 4.3 (Example of a minimal set of non-scalar products for the short product
modulo X®). The matrices
101 10 0 00 0O 10 0 00
101 10 10 010 0 00 0O
00 0O0O0O[,J]0O0OOOTGO],]J]0O 0 O0OO0O0],
101 10 10 010 0 00 0O
00 0 0O 0 00 0O 0 00 0O
0 0 0 01 0 00 0O 01 100
0 00 0O 0 00 0O 0 00 0O
00 o0O0O0O,J]O0O0O0OOTO],JO 1 10 0},
0 00 0O 0 00 0O 0 00 0O
0 0 0 0O 10 0 00 0 00 0O
01 0 0O 0 00 0O 1 01 00
01 0 0O 110 00 0 00 0O
0o o0o0®O0O,J]0 0 O0OTG O], 010 0],
0 00 0O 0 00 0O 1 01 00
0 0 0 0O 0 00 0O 0 00 0O
00 0 0O 0 00 0O
00 0 0O 0 00 0O
1110 0],{0 0 0 0 O
0 0 0 0O 01110
00 0 0O 0 00 0O
generate, in the canonical basis, the coefficients of ®
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4.2 A stem of the optimal decompositions for the circulant
product modulo (X° — 1)

We present in this section how to find, with our approach, optimal decompositions of the poly-
nomial product modulo (X® — 1) over F. We denote by T the target space spanned by the
coefficients ®; of the bilinear map

D asby + azbz + azbs + a1by + aobo
@, agby + azbs + azbs + arbo + agby
®:(A,B)— A-Bmod (X° —1) = | @ | = | asbs + asby + asby + a1bs + agbs
D3 asby + azbo + az2by + a1bz + aobs
Dy asbo + azby + azba + a1bs + apby

The subspace T has the following structure:
T = Span(¢) ® H,

where ¢ = &g + &1 + P + P34+ P4 and H is a hyperplane containing all the bilinear forms of T
of rank 4. For any ¢ € H such that v # 0, we have rk(i) + @) = 5.

Moreover, the action of Stab(T") on H — {0} is transitive (observed empirically), which means
that all the elements of rank 4 are in the same orbit. Consequently, it is also transitive on
Span(¢) @ H and all the elements of rank 5 are in the same orbit.

Proposition 4.4 (Stem of the circulant product). The set {Span({®4}), H} is a stem of
T: for any basis B of T, there exists U C B and o € Stab(T') such that

Span(U) oo = Span(®4)

or
Span(U) = H.

We deduce from Proposition [£.4] that we need algorithms to compute the following sets:
o Y (Span(®,)) and
o S(H).
Of course, using the stabilizer of T', we reduce our problem to the computation of
o Z({®,}) and
o Z9(H)/Stab(H) (any element V € &; satisfies T C V + Span(¢) € #).

The particularity of our strategy for the circulant product is that, in order to compute &7,
we propose a stem of H.

Proposition 4.5 (Stem of H). The set {(Pg + @1 + $3 + P3)} is a stem of H: for any
basis B of H, there exists U C B of cardinality 1 and o € Stab(H) = Stab(T') such that

Span(U) oo = Span(P®y + @1 + P + D3).
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L |

Proof. Any non zero element of H has rank 4 and is in the orbit of &3 4+ ®; + ®5 + P53 for the
action of Stab(H). O

Thus, we deduce the set yg(H)/Stab(H) from the enumeration of

Fs({®o + By + Py + D3}).

F d | #7.({F}) tests | step 1 (s) | step 2 (s) | step 3 (s) | sol.
{®o} 6| 52.10 |87-10°] 6.9-10 3.7 31-10° | 0
{D0<ica®i} [ 6] 2.0-10° | 6.7-10° | 6.7-10 5.0-10 | 1.9-10* | 264

Table 4.5: Circulant product

We have in Table the timings the procedure described in Section The set .#10(T")
contains 2,025 elements divided in 9 equivalence classes of solutions. Interestingly, the set {®g}
does not correspond to any element of .#0(T"). It means that, for a basis B of bilinear forms of
rank one containing ¢ and generating a subspace of .#9(T'), the coordinate of the elements of
rank 4 on ¢ is zero.

4.3 Application to matrix products

We denote by ®,, , . the bilinear map corresponding to the p x ¢ by ¢ x r matrix product:

Pyt Mpg(K) x Myo(K) — My, (K)
(A, B) — A-B

We denote by ®; ; the bilinear forms such that ®; ;(A, B) is the coefficient (i, j) of ®, , (A, B)
fori € {0,...,p—1},7 € {0,...,r — 1}. The elements &, ; satisfy ®; ;(A, B) = > <, @i,nbn, ;-
The bilinear map ®, ., is represented by a subspace of L(K?4, K7"; K) denoted by

Tp,q,r = Span((®; ;)i ;)-

In order to represent the elements of T}, 4, in terms of matrices of My 4, We need an order
on the a;p’s and by, ;’s.

e For the a;p’s, we fix the following order: a;, < ay s if i <4’ or i =4 and h < &/, which
is the row-major order.

e For the by, ;’s, we fix the following order: by, ; < by ;s if j < j' or j = j" and h < ', which
is the column-major order.

Then, in the bases of M,, ; and M, given by the a; ;’s and by, ;’s ordered as above, the elements
of T}, 4.» can be represented as matrices of M, 4 divided in blocks of size ¢ x ¢ equal to I, the
identity matrix of M, ,. Consequently, this space is isomorphic to M,, , ® I, and all the elements
of T, 4~ have a rank which is multiple of g.
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Example 4.6 (Matrix representation of elements of T522). The elements of Th oo are
represented by matrices of My 4 spanned by

1000 00 10 000 0 00 0 0
01 00 0001 0000 000 0
0000l [oo0oo0ool|t0o0o0[|J]OoO0OT1O0]|
00 0 0 000 0 01 00 0001

corresponding to the coefficients ag,0bo,0 + a0,101,0, @o,0b0,1 + @0,1b1,1, @1,000,0 + a1,1b1,0 and
a1,0bo,1 + a1,1b1,1, respectively. The previous matrices can also be expressed as

1 0 0 1 0 O 0 0
® I, ® I, ® I, ® I,
0 0 0 0 1 0 0 1

Let (e;), (fn) and (g;) be the canonical bases of K?, K9 and K". The subspace T},
can be easily characterized with the tensor notation: it is generated by the vectors, for i €

{0,...,p—1},5€{0,...,r =1},

D, = Z € @ frn® frn®gj.
0<h<gq

respectively.

Theorem 4.7. Stabilizer of the matriz product For the group action M -(X,Y) — XTMY,
the subgroup stabilizing the vector space T, 4, can be described as the group given by the
pairs (P ® RY,Q @ (R™1)) for P € GL,, R € GL,, and Q € GL,..

Proof. We denote by T, 4. the vector space given by the product of matrices p x ¢ by ¢ x r,
which is isomorphic to M, , ® I, (we do not use the canonical basis for this representation).
For the group action M - (X,Y) — XTMY, we want to prove that the subgroup stabilizing the
vector space T} 4., is isomorphic to Stab(M,, ) ® Stab(I,).

Let (X,Y) be a pair of invertible matrices such that XT7T,,,Y = T,,,. For any i €
{0,...,p—1} and j € {0,...,q — 1}, we denote by M, ; the matrix X - (e; ;) - Y, where €, ; is
the canonical basis of M, .. Denoting by X; ;, the ¢ x g blocks of X and Y} ; the ¢ x g blocks of
Y, we have M; ; = (X; 4Y;¢)ne for any i and j. Consequently, since X' - (e; ;) - Y € Tp 4., we
have

Vi,j, h’7 67 Xi,h}/j,f S Span({lq}) (42)
Let (i, h) such that X; ;, is not null and j any integer in {0,...,q — 1}. We have the inclusion
Xin-Span({Yj,...,Yjq-1}) C Span({y})

and, since Y is invertible, we even have the equality. Thus, for any (i, h) such that X, is not
null, we have shown that X j is invertible. We have the same property for the blocks of Y.

Combining the fact that the blocks of X and Y that are not null are invertible and Equa-
tion , we can conclude that the stabilizer of T, 4 » is generated by matrices (X,Y") such that
there exists g € GL, satisfying

XT e GL,®g and Y € GL, ®g*.
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O

Corollary 4.8. The elements of T}, 4. of a given rank lie in the same orbit under the action
of Stab(Tp q.r)-

Example 4.9 (Action of the stabilizer of T5 2 2). The stabilizer of Tz 2 2 is generated by the
following elements of GL(K*) x GL(K*):

1 010\ /1000 00 10 1000
01 0 1 0100 0001 0100
00 10| (oo 1ol |]tooofloo1o0]|]
000 1 00 0 1 0100 000 1
1 100 1100 0100 0100
0100 0100 1000 1000
0011 foo 1 1|] []looo1l'[fooo 1|]|
00 0 1 00 0 1 00 10 0010
1 000 1010 1000 0010
0100 01 01 0100 000 1
0010 [oo1of] []loo1o0]l[1 000
000 1 00 0 1 0001/ \o1o0o0

~

The vector space of Ts 2 2 s isomorphic to Mg o ®
0, 2 or4.
Via the action of Stab(T% 22), all the elements of rank 2 can all be mapped to the element

2. Thus the elements of T5 2 o have rank

0
0
0
0

o o o =
o O = O
oS O O O

Similarly, via the action of Stab(T2,2.2), all the elements of rank 4 can all be mapped to the
element

0
0
1
0

o o o =
oS O = O
_ o O O
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4.3.1 Decomposition of the matrix product (3,2, 3)

The rank of this bilinear map is known [34]: it has rank 15. However, all the optimal formulas
are not known. The target subspace of L(K®, K% K) considered is denoted by

The elements of T' can be represented as matrices of Mg ¢ divided in blocks of size 2 x 2 equal to

5 0
,0 € K.
0 9

We produce a stem of T' given by five subspaces of T.

Proposition 4.10 (Stem of the matrix product). The set
C = {Span({®o,0+P1,1+P2,2}), Span({Po 0+P1,1, Po1+P2,2}), Span({Po o+P1,1, P1,1+P22})

Span({®o,0 + P1,1, P22}), Span({Po,0, 1,1, P22})}
is a stem of T: for any basis B of T, there exists U C B and o € Stab(T') such that

Span(U)oo € C.

Proof. Let B be a basis of T'.

o If there exists an element ® of rank 6 in B, then there exists o € Stab(T) such that
Do+ P11 + P22 € Boo. Otherwise, any element ® of B has rank smaller or equal to 4
and we have to distinguish two cases.

o If there exists an element ® of rank 4, there exists o such that ®q9 + ®;; € Boo and,
consequently, there exists another element ® € B of rank 2 or 4 whose coordinate over
®, 5 in the basis (®;;);,; is not null: we need to look at the possible orbits in which @’
is included under the action of the subgroup of Stab(7T) preserving the fact that ® is in
the orbit of ®g 9 + ®;,1. We can prove that there exist 3 such orbits and that there exists
o € Stab(T) and U C B of cardinality 2 such that

{®o0+ P11, P01 + P2}
or

Uoo =< { Do+ P11, P11 + Paa}
or

{®o,0+ P11, D22}

e All the elements of B have rank 2 and there exists & C B and o € Stab(T') such that

Uoo = {Pg0, P11, P22}

In conclusion, we consider 5 intermediate sets:

° 5’77({4)0@ +®11+P22}), set of subspaces containing the diagonal element ®g o+ P11+ P2 2,
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,528({@)0,0 + @11, P01 + Pa2}), set of subspaces containing ®g o + P11 and P 1 + a9,

528({@0,0 + ®@11,P11 + Pa2}), set of subspaces containing ®g o + P11 and P; 1 + a9,

jg({@o’(] + @11, P22}), set of subspaces containing ®g o + P11 and Do 9,

jg({@o’o, @, 1,Py2}), set of subspaces containing @ g, ¢1,1 and Pq 5.

Moreover, being able to decompose a matrix product of larger dimensions requires to improve
on the theoretical aspect of our strategy, since the size of the required set

Z15/GL(K?) x GL(K?)

is expected to be too large, based on the apparent exponential growth of the progression of the
sets described in Table
As described in Section [3:3] we need to precompute the quotients

Fo+k/GL(KH*) x GL(K%)

for k € {1,2,3}, and we prove that we can restrict ourselves to subspaces containing at least one
element of rank 6. The techniques for computing theses subsets are described in Chapter

The sets returned by IntermediateSetViaQuotientComputation in Section are computed in
1.6 - 10° seconds. They are defined as the following sets: We describe in Ta how we apply
our method to the sets

{®o,0 + P11+ P22},
{®o0+ P11, P01 + Pao},
{®o0+ P11, P11 + Pao},

{®o0+ P11, P22}

F #S({F}) tests | step 1 (s) | step 2 (s) | step 3 (s) sol.
Po0 + P11 8.8-10 1.2-108 2.7 2.8-10% 2.0-10° 5
+®5 5
Do+ P11, 7.5-10° 2.2.107 1.2-10% 1.2-10* 3.3.10° 13
Do 1+ Pao
Do+ P11, 1.0 - 10% 2.8-10° 9.3 - 102 9.9 4.1-102 1
D1+ P
{%,O + <I>1,17} 2.7-10° | 59-10% | 53-102 | 4.9-10* | 9.1-10° 46
Dy

Instead of computing .%o ({®g.0, P11, P22}), we actually compute a subset £ given by a special

Table 4.6: Matrix product analysis

trick described in Section [£.3.2]
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F d #E' tests step 1 (s) | step 2 (s) | step 3 (s) | sol.
{®0,0, P11, P22} | 9] 25-107 | 9.1-10% | 1.5-10° | 4.1-10% | 1.3-10° 2

Table 4.7: Timings for &£’

In conclusion, we are able to decompose ®3 23 over [F; and to give all the possible opti-
mal decompositions. We have a speed-up of 10* compared to our implementation of Algo-
rithm BDEZStab. Although the rank of this bilinear map was already known thanks to Hopcroft
and Kerr [34], determining all the possible optimal decompositions was not a well studied prob-
lem to our knowledge. Furthermore, we obtain an alternative proof over K = Fy of the fact that
the bilinear rank of ®3 5 3 is 15.

We prove with our algorithm that there is only one class of equivalence of vector spaces
W € S 6,15 containing T, for the group action induced by Stab(T"). It is interesting to note
that this is also the case for 752 5. We do not have this kind of result for the short product for
example.

The matrices

000000 000010 000000
111100 000000 000000
000000 000010 000000
111100 fooooooffoo110 o0l
000000 000010 000000
000000 000000 001100
001101 101101 000000
000000 101101 111101
000000 000000 000000
00011 1| lt 0110 1|1 1110 1]
000000 000000 111101
000111 000000 000000
001 111 000000 000000
000000 000001 000000
000000 000000 000000
00000O0|fooooo1[looooo0o0]’
000000 000000 010101
000000 000001 010101
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101000 00010 1 000000
101000 000101 000000
101000 000000 000000
101000 foooooo0|llooooool
000000 000000 111111
000000 000000 000000
000000 000000 000000
000000 000000 000000
000000 000000 001000
01110 1f'lo1ooo1]foo1000
01110 1 000000 001000
01110 1 000000 001000

form a set of non-scalar products leading to optimal formulas for the matrix product. We retrieve
all the subspaces of .#5(T) via the action of the group Stab(T).

4.3.2 Using the Hamming weight for the matrix product

We describe in this section a trick allowing one to speed-up the execution of our approach for
the matrix product. However, this part is technical and can be skipped on a first read.

We still denote by T the subspace of L(K®, K% K) corresponding to the coefficients of the
product of 3 x 2 by 2 x 3 matrices. We remind the stem of 7" that we consider: the set

C = {Span({®o,0+P1,1+P22}), Span({Po,0+P1,1, o1 +P22}), Span({Po o+ P11, P11+ P22 }),
Span({®o,0 + P1,1, P22}), Span({Po,0, 1,1, P22}) }-
We define the following sets:

o & = Span(®g o + @11 + D22)),

o & = S(Span(Po,0 + P11, Po,1 + P22)),

7 (Span(

(Span(

o & = S3(Span(Po o + P11, P11 + P22)),

o & = S5(Span(®g,0 + P11, P22)) and
(Span(

o &y = Sy(Span(Pg g, P11, P2 2)).

In theory, we have to enumerate the elements of the sets j7({<1>0 0+ P11+ DPagl}), jg({@o o+
P11, Po,1+Po2}), 5”8({4’0 0+ @11, P11+ P22}), Fs({Poo+Pr1, P2o}) and Fo({Po0, P11, Pao}),

denoted by &y, &1, &, &5 and &,, respectively. However, one should notice that, given V € S15(T)
such that

IW € &, 0 € Stab({®g 9, P11, Pap}), V=T+Woo,
it may happen that there exists W’ C V such that

V=T+W
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and
5’7(Span(<1>0,0 —+ (I)l,l —+ (1)2,2))
or

Z3(Span(Po,0 + P1,1,Po,1 + P2y2))
Jo € Stab(T), W oo = or

Fs(Span(Po,0 + P1,1, P11 + D22))
or
Z3(Span(Po,o + P11, P22))

In other terms, the V’s corresponding to the 5 sets to enumerate do not form a partition of
S15(T).
Thus, we propose, if possible, to enumerate a subset of £4, rather than the whole set, without

losing exhaustivity. The strategy that is proposed is related to the notion of Hamming weight of
the elements @070, (1)171 and @272.

Definition 4.11 (Hamming weight for .%;). Let W € 4 and B = (Yo, ...,%4—1) a basis
of rank-one bilinear forms of W. Any x € W has a unique decomposition over B:

I'ZZ)\t'wt-
t

We define its Hamming weight over B as
Hy(x) = #{t € {0,...,d— 1} | A #0}.
We can extend the definition of the Hamming weight to any subset S of W:

Hp(S) = min({#I | I C{0,...,d = 1},8 C Span((¢1)ier)})-

The Hamming weight over some basis has a useful property related to the bilinear rank stated
in Lemma

Lemma 4.12. Let W € .%; and B a basis of W composed of rank-one bilinear forms. For any
subset S of W, we have

rk(Span(S)) < Hg(S).

Proof. Clear from the definition of the rank of a set S given in Definition [I.12] O

We describe in Theorem what is the subset of 54 that we consider.

Theorem 4.13. Let W be a subspace such that W € <~§4 and T+ W € S5 and let B be~a
basis of W composed of rank-one bilinear forms. Let £ be the subset of elements W € &,

such that
Hp(Po,0 + P11 + P22) = Hp(Poo) + Hp(P1,1) + Hp(Pa2) and Hp(Pg o+ P11+ P22) > 6.

We obtain all the elements of 15(T) via the enumeration of Eo, &1, &, E5 and E'.

We prove Theorem within 2 steps:



54 Chapter 4. Application to examples of bilinear maps

1. We prove in Lemma that if Hg(®o,0 + P1,1 + Po.2) # Hp(Po,0) + Hp(P1,1) +Hp(P22),
a subspace V obtained as V' = T + W o ¢ can also be obtained as V =T + W' o o, with
W' e 80, & or &s.

2. Otherwise, if Hg(®o,0+ P1,1+P2,2) = Hp(Po o) +Hp(P1,1) +Hp(Ps,2), it remains to prove
that we do not lose in generality if we assume that Hg(®g o + @11 + $2,2) > 6, which is
done in Lemma [A.15]

Lemma 4.14. Let W € % and let V. = T + W. We assume that T + W € 15(T) and
Span({®g,0, P11, P22}) C W. Let B be a basis of rank-one bilinear forms of W. If Hg(®g,0 +
D11+ Do) # Hp(Poo) +Hg(P11) +Hp (Do), there exists W C W such that V =T+ W' and
there exists o’ € Stab(T') such that W' oo’ € &y,&1 or Es.

Proof. We have by hypothesis Hg(®o,0 + ®1,1 + P22) < Hg(Po,0) + Hp(P1,1) + Hg(P22). Thus,
there exist two elements ¥ € B and ® € {®g g, P11, P22} such that the coordinate of ® on ¥
is not zero and the coordinates of ® o + P11 + P22 on ¥ is zero. By considering the vector
space W’ = Span(B — {U}), we have W’ € .#5. Moreover, we have W = Span({¥}) @ W' =
Span({®}) W’ and T+ (Span({®})@W') =C T+W’. Thus, dim(T+W’) = dim(T+W) = 15.
Consequently, dim(T N W') = 2.

If there exists in T'N W’ two elements ®; and ®, of rank smaller or equal to 4 such that
D1 4+ Py = Do+ P11 + Poo, then

Fs(Span(P®o,0 + P11, Po1 + P2.2))
Jdo € Stab(T), W oo € or
3(Span(®o 0 + P11, P2 2))

Otherwise, there exists W C W’ such that
Jo € Stab(T'), W" oo € . (Span(®oo + P11 + P222))

and T + W" € 5, which concludes. O

Lemma 4.15. Let V € A5(T). The subspace V satisfies hypotheses H1 and HZ2 state as
follows.

H1: For any W C V such that there exists o € Stab(T') satisfying Woo € Fo(Span(Po,0, 1,1, P2,2))
and T + W € S5, we have, for any basis B of rank-one bilinear forms of W,

Hp(Poo + P11 + P22) = Hr(Poo) + Hp(P1,1) + Hp(Pa2).

H2: There do not exist W C V and o € Stab(T) such that W oo € &,&1, & or & and
V =T+ W (in other terms, V' can not be obtained via the enumeration of &y, &, & or

Es).
Then, there exists W' CV and o’ € Stab(T) such that W' o o’ € Z5(Span(®Po0, P11, P22)),
T+ W' e S5, and W' has a basis B’ of rank-one bilinear forms such that

Hp oo (P00 + P11 + P2,2) > 6.

Proof. Let W € % be such that T ® W € ¥5. Take a basis W of W, and complete it into a
basis B of T @ W using 9 rank-one bilinear forms, denoted by {t;}o<i<g. For all i € {0,...,8},
write ¢; = ®; + ¥, with &; € T and ¥; € W. The ®;’s form a basis of T. In our context, we
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are concerned by the case rk(®;) = 2 for any ¢ (otherwise H2 is not satisfied). Since we assume
Hypothesis H1, it is enough to prove that there exists ¢ such that Hp(®;) > 2.
There is necessarily a couple (®;, ®;/) such that

Hg(q)i + (I)i’) < HB(CI)Z’) + Hg(q)i/).

Otherwise, we would have #8 > 2-9 = 18 # 15 = rk(T)).
If Hp(®;) = 2 and Hp(P;/) = 2, then

Hp({®, @i }) <3

and, by Lemma rk({®;, ®;}) < 3. Henceforth, we prove that this is contradictory, because
rk({®;, ®; }) = 4. Indeed, there are two cases.

o If &, + &, has rank 4, the conclusion follows.

o If Span(®;, ®;/) is isomorphic to T5 2 1, whose rank is equal to 4: T5 21 and T5 1 2 have the
same rank according to [22] and T5 ;2 is a vector space of dimension one generated by a
bilinear form of rank 4.

Consequently, Hg(®;) > 2 or Hg(®;/) > 2. O
4.3.3 Matrix product (2,3,2)
We denote by ®; 35 the bilinear map

Do30: Mas(Fo) x M3 a(Fy) — Mayo(Fo)
(A, B) — A-B

and ®; ; its coefficients. We denote by T' the corresponding vector space.

Proposition 4.16 (Stem of the matrix product 2 x 3 by 3 x 2). The set
C = {Span({®o,0 + P1,1, Po,0 + Po,1 + P1,0}), Span({Po,0 + P11, Poo})}
is a stem of T: for any basis B of T', there exists U C B and o € Stab(T) such that

Span(U) oo € C.

Proof. Let B be a basis of T'. We have to distinguish 2 cases:
e there exists an element of rank 6 in B;
e any element of B has rank 3.

In the first case, there exists o € Stab(T') such that Boo = (®g 0+ ®1,1, V1, Vs, ¥3). We can
assume that the coordinates of ¥y in the basis (®g g, P11, Po,1, P1,0) have the following shape:

(1, 0, /\2, )\3) or (O, 1, )\2, )\3),

because otherwise every element of the basis B would have coordinates of the shape (Ao, Ao, A2, A3).
Up to the action of Stab(®g,0 + ®1,1) N Stab(T'), we can assume that we are in the first case.



56 Chapter 4. Application to examples of bilinear maps

e If Uy has rank three, using the action of Stab(®¢ o + ®1,1) N Stab(T), we are brought to
one possibility satisfying the good shape: ¥ = @q .

o If ¥, has rank 6, because of its shape, it is necessarily equal to ®9 o+ P91 + P10

In the second case, there exists o € Stab(T) such that Boo = (®¢,0, U1, Us, ¥3). There
exists ¢ € {1,...,3} such that the coordinates of ¥; in the basis (®g,0, P1,1, Po,1, P1,0) have the
following shape:

(AO7 17 )\Zu )\3)

We can assume that ¢ = 1. Then, there exists ¢’ € Stab(T") such that Boo’ = (®g o, P11, U2, ¥3).

It may seem that we have a stem of 3 sets given by .4 (Span(®g,0+®1,1, Po,0)), Lo (Span(Po,0+
D11, D00 + P19 + Po,1)) and H(Span(Pg g, P1,1)). Actually the first and the third sets are
equal. O

Thus, we compute the following sets, corresponding to the quotient Q computed with Inter-
mediateSetViaQuotientComputation in Section [3.3}

. 5;9({‘1’0,0 + @11, P00+ Do + Pio}),

o ﬂ)({@o,o + @11, Po,0}).

F d | #S3{F}) tests step 1 (s) | step 2 (s) | step 3 (s) sol.
Do o+ Py 1,
0.0 T 9 139 50-10% | 84-10* | 3.2-107' | 7.3-10 44
D0+ Po1
+®10
{‘1>070+‘1’1717} 9| 38-10% |6.3-10°] 1.0-10° | 1.0-10® | 3.7-10° | 5,614
Do.0

Table 4.8: Product of 2 x 3 by 3 x 2 matrices analysis

We obtained a speed-up of 10° compared to our implementation of BDEZStab, and we found
1,096,452 elements of #1(T), divided in 196 equivalence classes of solutions with respect to the
action of Stab(T). The computations described in Table used an improved Step 3 for the
family {®g o+ P1,1, Po,o}: we select a subset of the transversal that is applied. This improvement
takes into account two facts. First, the quotient Stab({®g o, @1,1})/Stab(T) N Stab({®o0, P1,1})
can be represented by the set of representatives given by the pairs of the form

PT 0 P10
o 1)\ o 1))
P € GL3. In particular, we know the action of such a pair on a matrix M € Mg composed of
four block M0,0, MLO’ ]\40717 M171 giVGS

PM(),()Pil PMOJ
M'l,olD*1 M 1 .
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Second, given a subspace W of jg({@o’o +®1.1,Po,0}), there exists two elements ¢, 1 € T+ W
of rank one such that T+ W = W @ Span({¢o, #1}). Thus, we have two non zero elements ¥,
and Uy in T such that there exist ¥(, ¥} € W satisfying

Uy = ¢o + ¥y and ¥y = ¢y + V.
The elements ¥ and ¥, have a non zero coordinate at ®$¢ ; or ®¢ ; over the basis
{®0,0, 1,0, Po,1, P11}

Thus, we keep the elements W oo such that W € jg({(b()’o + ®11,P00}) and o € Stab(T) N
Stab({®g 0 + P1,1,Po,o}) for which there exist ®g, P; € W oo for which their matrix represen-
tation in Mg is composed of four blocks My o, M0, Mo 1, M1,1 such that rk(Mgpp) < 1 and
I‘k(MLl) S 1.
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Chapter 5

Algorithm for the precomputation
required in the new method

In this section, we propose an approach for computing the set ym,n,d/GL(Km) x GL(K™), re-
quired by the algorithm described in Section Its cost is at least exponential in d, m and n
and difficult to estimate precisely.

Notation 5.1. We denote by Qq the quotient ¥4,d,4/GL(K?) x GL(K®) for any d > 1.

5.1 Representation of elements of (),

First, we describe how we represent elements of .#;,, , 4 and we prove that, given the knowledge
of Q4, we can deduce the elements of ym,n,d/GL(Km) x GL(K™) for any m and n from this
precomputation.

Let W be an element of .7, , 4. There exist d rank-one bilinear forms ¢, : (a,b) — o (a) -
B:(b) such that W = Span ((¢t)te{0,...,d—1})~ In the canonical basis of K™ and K™, we represent
oy and B as matrices of My, and M;,. Thus, there exist two matrices U € Mg, and
V € Mg, whose rows are given by the linear forms oy and f3; respectively, and W can be
represented by the pair (U, V). Such a representation is not unique (for example, any permutation
of the rows of (U, V) gives a valid representation). In particular, for a pair of matrices (U, V)
representing some vector space W, there exists o = p x v in GL(K™) x GL(K™) such that the
pair of matrices U’, V', such that (U’, V') = (U o pu,V o v) represents W o o, are the reduced
column echelon form of the matrices U and V', respectively.

Example 5.2. Let us consider the vector space W of 346 generated by the rank-one
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bilinear forms represented by

0
My=1]0 0 0 0|,Mo=]0 0 0 0], M3=(1 0 0 0],
0
0 0 0
My=(0 1 0 0|,Ms=]0 0 1 0|,Mg=1]0 0 0 1
0 00 0 0 0O 0 0 0 O

The couple of matrices (U, V') associated to W is

o O O O o =
_ = = = OO
o O O O = O
O O o=
S O = O O =
o = O O O O
_ o O O O O

Assuming that we have a representation of the elements ofyd,d,d/GL(Kd) x GL(K?) in terms
of pairs of matrices (U,V) € Mgq x Mg, in reduced column echelon form, we obtain all the
elements of

<ymn,d/(}I.:(.KvWL) X GL(K”)

by considering the subset Q) of Q¢ = F4,4,4/GL(K?) x GL(K%) of elements represented by
matrices (U, V) in reduced column echelon form such that rk(U) < min(m,d) and rk(V) <
min(n, d). Given m and n, a set of representatives for

Zmnd/GL(K™) x GL(K™)

can be seen as matrices (U, V') € My X My, in reduced column echelon form and for which
there exists matrices (U, V) € Mfi’ 4> Tepresenting an element of €2/}, obtained by adding d —m an
d — n zero columns to U’ and V', respectively, or by removing zero columns if d < m or d < n.

5.2 Method for the computation of a set of representatives
of the quotient

Our strategy consists in deducing €4 from the computation of Q4_1. Algorithm describes
this strategy: for each vector space W of 41, we extend it to a vector space of L(K¢ K¢ K)
by adding a zero-column to the corresponding U and V matrices, and we consider the vector
spaces W @ Span(¢) that can be obtained by adding an element ¢ of rank one. We remove from
the set of W @ Span(¢) the vector spaces that are RP-isomorphic via an isomorphism test. We
determine whether two vector spaces W’ and W are RP-isomorphic if there exists a basis of W’
of rank-one bilinear forms such that the corresponding couple of matrices (U’, V') in reduced
column echelon form is equal to (U, V). The complexity of this approach depends on the number



5.2. Method for the computation of a set of representatives of the quotient 61

of bases of rank-one bilinear forms of W, which, compared to d, is not large generically. However,
there are degenerate cases for which the nomber of bases is very large (exponential in d?). These
cases require specific code to recognize them and to treat them separately.

We denote by Extend the algorithm transforming a set of subspaces of £L(K9~1, K91 K) into
subspaces of L(K?, K% K) with zero-padding.

Algorithm 11 lterativeQuotientsComputation

Input: Q4 1, a set G of rank-one bilinear forms
Output: Q4

1: Qq-1 « Extend(Q4-1) > We compute extensions of elements of Q4_; in L(K?, K% K)
2 L0 N

3: for W € Q41 do

4 H +G/Stab W

5: for h € H do

6 L+~ LU{W @& Span(h)}

7 end for

8: end for

9: return ﬁ/GL(Kd) x GL(Kd) > We remove RP-isomorphic vector spaces in £

The naive algorithm which checks for each pair of elements of the set £ whether or not
they are RP-isomorphic, computed in Line [9] of Algorithm can be improved. Indeed, we
propose to compute invariants for the group action induced by GL(K?) x GL(K?) and to compare
subspaces having the same invariants. For example, for W € % 4 4, we consider the polynomial
Py =3 gcicqpws X" such that

Vt >0, pwy = #{p € W| 1k(¢) = t}.

Therefore, for any o € GL(K?) x GL(K?), Py, = Py .

In Algorithm [I1] we regroup the vector spaces of £ which have the same invariants. For two
subspaces W and W’ having the same invariants, we need to explain how we decide whether
they are RP-isomorphic or not. We describe the procedure in Algorithm IsomorphismTest.

Algorithm 12 IsomorphismTest
Input: W and W’ in .
Output: true if and only if W and W’ are RP-isomorphic

1: We represent W’ by a pair (U’, V') in column echelon form
2: for B C W, basis of rank-one bilinear forms do

3: We represent W by a pair (U, V) in column echelon form given by the basis B

4: for 0 € 6,4 do > &, are the row permutations of Mg 4
5: if The column echelon form of (U o0,V o0) is equal to (U, V') then

6: return true

7: end if

8: end for

9: end for

10: return false

Thus, for a vector space W € ; and H C W the set of rank-one bilinear forms in W, the

complexity of IsomorphismTest is given by (#;{), an approximation of the number of possible
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bases of rank-one bilinear forms, times d! times the cost of a Gauss reduction of two matrices of
M.q. If #H is too large, we apply the idea given in Section

5.3 Improvement to the strategy using classification of vec-
tor spaces

This section is dedicated to a classification of the elements of 2; which allows one to improve
the isomorphism test and the computation of a stabilizer depending on the type.

Proposition 5.3. Let d > 1. There exists W € Qg such that there are # GL(d, K) free
families B = (¢o, . .., pa—1) with rk(¢;) =1 for any j, and such that W = Span(B5).

Proof. Let eq,...,eq—1 be a basis of K% We consider o; € L(K?; K) such that a;(ey) = 0 for
k # j and aj(e;) = 1, and B € L(K? K) such that 3(eg) = 1 and B(ex) = 0 for k > 1. Let
W = Span(ag - 8,1 - B, ...,aq-1-5). Any ¢ € W of rank one can be decomposed with a linear
form o €€ L£(K9; K) and the linear form already defined 3: ¢ = « - v.

Thus, we have all the possible bases by considering («agoo)s, (a1 00)v,...,(ag—100)p for
o€ GL(d, K). O

According to Section the complexity of testing whether two vector spaces W and W'
are RP-isomorphic depends on the number of bases of W of bilinear forms of rank one. The
proposition [5.3] implies that by using the procedure described in Section [5.1} we possibly have to
enumerate # GL(d, K) bases, which is too large for our applications.

However, it appears that the number of bases per W € (), is, in general, smaller than
#GL(d, K) by an order of magnitude. Moreover, we can deduce directly that a vector space
having # GL(d, K) bases has a stabilizer RP-isomorphic to GL(d, K), given as a set of generators.
Thus, it is possible to adapt our strategy to vector spaces having a lot of bases and to compute
directly a set of generators.

Definition 5.4. Let W € Qq4, E a subspace of W and H be the set of elements of W of
rank one.
We say that E is a left (respectively right) degenerate space if

e it is generated by elements h € H,

o there exists a € L(K%; K) (respectively B) such that for any ® € H N E, there evists
B € LK% K) (respectively ) such that ®(a,b) = a(a) - B(b),

e its dimension is mazimal over all subspaces having the two previous properties.

The definition of a degenerate space permits to restrict the number of bases considered,
since two left (or right) degenerate spaces of the same dimension are trivially RP-isomorphic.
Therefore, in order to check the existence of a transformation o such that W = W/ oo for W
and W’ two elements of % 4 4, it is interesting to check for a o mapping a degenerate space onto
another degenerate space.

Proposition 5.5. Let W and W' two elements of Qq. If there exists a unique left (respec-
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tively right) degenerate space E € W and if W and W' are RP-isomorphic, then there exists
a unique left (respectively right) degenerate space E' € W' such that dim E' = dim E.

Thus, by using the proposition [5.5] we can restrict the search of a o mapping a vector space
W onto another one W’ by considering the elements sending the unique degenerate space of W
(if it is unique) on the unique degenerate space of W”.

It should be possible to take into account the case of several degenerate spaces. However,
trying to establish the optimal strategy in that case goes beyond the scope of the current work.

Example 5.6. We give here an example of two vector spaces W and W' of L(K?3, K*; K)
containing a left degenerate space of dimension 4. The vector space W is generated by the
bilinear forms represented by the matrices

1000 0 0 O 0 0 O
My=({0 0 0 0]|,M = 1 0 0f,M= 0 0 0f,
0 0 0 0 00 0 00
0 0 O 0 0 O 0 0 O
Mz3=|[0 0 0 0|,M4=1]0 0 O Of,Ms=]0 0 0 O
1

and the vector space W' is generated by

1 1 0 0 0 0 O
No=10 0 , N1 = 0 0 ,No = 0 0 ,
0 0 0 0 0 0 O

0 0 0 0 0 0 O
Ns=10 1 s Ny = 0 1 , N5 = 0 0
0 0 0 0 0 0 O

These vector spaces are RP-isomorphic and any isomorphism o such that Woo = W'
satisfies
Span(Ma, M3, M4, Ms) o 0 = Span(Na2, N3, Ny, N5).

The vector spaces Span(May, M3, My, Ms) and Span(Na, N3, Ny, N5) are degenerate spaces
of dimension 4.

We improve on the algorithm given by IsomorphismTest for vector spaces W and W' contain-
ing degenerate spaces E and E’, respectively, such that E’ is the unique degenerate space of
dimension dim(FE) of W’.
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Algorithm 13 IsomorphismTestDegenerate

Input: W and W’ in .%,;, E and E’ degenerate spaces of W and W’ respectively
Output: true if and only if W and W' are RP-isomorphic
1: We represent W' by a pair (U’, V') in column echelon form such that the dim(FE) first rows
of U and V form a basis of E’
2: for B C W, basis of rank-one bilinear forms containing a basis of £ do

3: We represent W by a pair (U, V) in column echelon form given by the basis B such that
the dim(F) first rows of U and V form a basis of E

4 for 0 € 64(dimE,...,d—1) do > Permutations of the d — dim(F) last rows

5 if The column echelon form of (U o 0,V o o) is equal to (U’, V') then

6: return true

7: end if

8 end for

9: end for

10: return false

Since we fixed the dim(F) first rows of U and V in IsomorphismTestDegenerate, if #H is the
set of rank-one bilinear forms of W, the complexity is reduced to ( dﬁﬁ:n{( E)) times (d — dim(E))!
times the cost of a Gauss reduction.

5.4 Experimental results

We have been able to compute Qg4 for ¢ € {1,...,8} and K = Fy with an implementation in
Magma V2.21-3 [9[}
We observe in Table[5.1]that it is more likely that a vector space 4 has d bilinear forms of rank

d
in the second one: the most common scenario is the nicer one in terms of computation. This is
why it is interesting to consider the notion of degenerate space introduced in Section which
allows one to have a specific strategy for the rare cases where the number of possible basis is too
large.

In Table we give the time required to compute each 2; with our method, its cardinality,
and we compare it with a theoretical upper bound. We observe that an upper bound on #Q4
with the good order of magnitude is hard to obtain. Indeed, we are only able to say that #,
is bounded by the quantity

24 -1
one rather than 2¢ — 1, although we have d! possible bases in the first scenario and d! - ( )

HKY—1
(B

2
) ' #Qdflv

corresponding to the number of possible rank-one bilinear forms that we add to elements of Q44
to obtain an element of ;. This formula leads recursively to the following bound:

2

1
#Qa < g (#K'—1)
(#K N l)d te{g.,d}

This upper bound differs by a huge factor from the true cardinality of €2; and cannot consequently
be used in a complexity analysis.

IThe code of this implementation can be found at the address http://karancode.gforge.inria.fr


http://karancode.gforge.inria.fr

5.4. Experimental results

#eltsof Qo | N | #eltsof Qg | N | #eltsof Q7 | N
1 2 262 6 3315 7
2 3 295 7 3569 8

#elts of Q3 | N 150 8 1993 9
4 3 7 9 818 10
2 4 63 10 593 11
1 5 44 11 383 12
2 7 17 12 226 13

#eltsof Q4 | N 16 13 7 14
10 4 6 14 84 15
8 5 6 15 26 16
4 6 11 17 24 17
2 7 6 18 47 18
2 8 4 19 42 19
3 9 6 21 14 20
2 15 2 32 23 21

#elts of Q5 | N 2 33 10 22
38 5 2 63 8 23
43 6 6 25
21 7 3 29
6 8 8 33
13 9 6 34
7 10 4 35
4 11 4 37
3 13 2 64
2 16 2 65
2 17 2 127
2 31

65

Table 5.1: Number of elements of Q4 over K = Fy having N bilinear forms of rank one, when
this number is not zero.
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Figure 5.1: Partially ordered structure of the Q4 for d < 3 and K = Fs.

set Q| Q Q3 Oy Qs Qg QO Qg
cardinality | 1 | 3 9 31 141 969 11,289 | 265,577
upper bound | 1 | 9 | 4.4-10% | 9.9-10* | 9.5-107 | 3.8-10'" | 6.1-10'° | 4.0-10%°
time (s) 0 | 0.0 0.0 1.8-107¢ 1.5 1.8-10 | 4.7-10% | 1.8-10*

Table 5.2: Timings for our approach to compute the sets 2; over K = F5 on a single core of a
3.3 GHz Intel Core 15-4590.

We provide in Figure how subspaces of 23 over Fy are related to 2o and Q1 by using its
poset structure. We represent an element of Q4 by a couple of matrices (U, V') of Mi d
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Asymptotic multiplication
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m(x,q,7)
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Notations

bit-length of the integers multiplied
length of the polynomials multiplied
primes

root of unity

natural logarithm

i-th iterate of the log function

log in radix two

iterated logarithm function (defined in Section
z [y o

generalized Fermat number r2 41
set of primes smaller than x

number of primes < x congruent to r mod ¢

cost of multiplying a € R by b € R, with no auxiliary inputs
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Chapter 6

Fast Fourier Transform

In this chapter, we describe the paradigm used to multiply large integers. This paradigm relies on
the evaluation-interpolation scheme. The methods described in this chapter imply transforming
integers into polynomials and, then, multiplying polynomials. We have some freedom about the
choice of the ring of the coefficients of the polynomials and on their degrees.

6.1 Integers to polynomials

Let a and b be non negative integers to be multiplied. Let n be an upper bound on the bit-length
of these integers. Standard substitution techniques (see e.g. [6]) allow one to compute ¢ via
the computation of the product C(x) = A(z)B(x), where A and B are univariate polynomials
related to a and b. Polynomials are taken over some well-chosen ring R. (In this chapter, we do
not explicitly fix a choice for R.)

We obtain the polynomials A and B using the representation of ¢ and b. Assuming that we
have their radix-2 representation, a and b can be seen as sequences of elements in {0,1}. We

have _ _
a= Z a;2" and b = Z b;2".
0<i<n 0<i<n

Let 7 = 2! be a power of two. We have

a= Z Z ait+j2j n' and b= Z Z bit+j2j .

0<i<[n/t] \0<j<t 0<i<[n/t] \0<j<t

Via zero-padding on a and b, we can assume that there is no constraint on ¢ = log, 7 except
to be less than n. Denoting by a; and b; the integers ZO<j<t ait+527 and ZO<j<t bity;27, we
consider the polynomials

AX)= > aX'and BX)= >  bX"
0<i<n/t 0<i<n/t

A procedure allowing one to multiply the polynomials A, B € Z[X] produces a polynomial
C = A - B satisfying

C(n)=A(m)-B(n) =a-b=c.
The length of A and B is [n/t]. Thus, the length of C is 2[n/t] — 1.

71
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We denote by N the smallest power of two such that 2[n/t] —1 < N. The integer N is an
upper bound on the length of the polynomial C'. In practice it may be interesting to consider that
N is not a power of two, as it has been studied for example in [568]. From an asymptotic point
of view in the deterministic multi-tape Turing model, we are allowed to restrict the problem to
the case where N is a power of two. Assuming that the coefficients of C' are represented in radix
2, we have a procedure computing a radix-2 representation of ¢ from that of C'in O(n).

A procedure to multiply the polynomials A and B is required. We see A and B as elements
of R[X] for some ring R for which the elements have a finite representation on a binary machine.
For example, the ring R can be Z/2*7, for some positive integer k, or C, the complex field, with
finite precision. The main constraint on R is to allow one to represent correctly the coefficients
of C. For the example given by the ring Z/2k7, it is required for 2¥ to be larger than all the
coefficients of C'. This constraint can be summarized via the following inequality:

psNiln
We prefer to use the inequality
28 > Nn?, (6.1)

which is allowed because N is a power of two.

Reciprocally, Kronecker and Schénhage proposed in [39, [51] to multiply polynomials by trans-
forming them into integers. Thus, the complexity of multiplication of polynomials is related to
the complexity of the multiplication of integers. We refer to this method as “Kronecker substi-
tution”.

We can describe the algorithm as follows. Let A and B be polynomials of Z[X] of length
N/2, with coefficients bounded by n = 2¢. Then, we consider the integers a and b such that
a = A(2F) and b = B(2%), where 28 = N - 2. We compute ¢ = a - b. We read the coefficients of
C from c by splitting c into pieces of bit-length k.

For example, if we multiply 14+ X by X 4+ X2, we obtain, in radix two with the least significant
bit at the left, the integers

(100010000000) and (000010001000),
since k = 2 + logy 4 = 4. The product c is represented by
(00001000010010000000).
When we split ¢ into pieces of bit-length four, we obtain a polynomial C' equal to

C = (0000) + (1000)X 4+ (0100)X? + (1000) X3 4 (0000)X* = X +2X? + X3,

6.2 Evaluation-Interpolation

We describe how to compute the product of two polynomials A, B € R[X]. For large degrees, we
use the evaluation-interpolation scheme. The principle is to use the fact that for two sequences
(x;) and (y;) of N elements of R, such that the x;’s are distinct, there exists exactly one poly-
nomial C' of degree at most N — 1 such that C(x;) = y; (by hypothesis, the ring R contains N
distinct elements). This polynomial C' can be obtained via the Lagrange interpolation. Using
this fact, a polynomial C such that C = A - B can be computed via 3 steps:
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1. compute the evaluation of A and B on N points z;;
2. compute the point-wise products A(x;) - B(x;);
3. compute C as the unique polynomial such that C(z;) = A(z;) - B(x;).

This general strategy used to multiply polynomials is called the evaluation-interpolation
scheme. Such a strategy is described in Algorithm [I4] where we highlight the possibility of
computing the product C(z) = A(z)B(z) by multipoint evaluation and interpolation if the ring
R in which computations take place provides a nice and sufficiently large set of interpolation
points.

Algorithm 14 Multiply in Z via multipoint evaluation of polynomials

1: Input: a, b two integers to be multiplied; we let n > max(log, |a|, log, [0])

2: 1 a power of two; we let N = [2n/log, 7]

3: R a ring such that there exists an injective function mapping integers below Nn? to R
4: § C R a set of N evaluation points

5: Qutput: c=a-b

6: function MultiplylntegersViaMultipointEvaluation(a, b, 7, R)

7: Let A(x) € Z[X] with positive coefficients less than i and such that A(n) =a
8: Let B(x) € Z[X] with positive coeflicients less than 1 and such that B(n) =b
9: A and B are seen as elements of R[X]

10: A < MultiEvaluation(A, S); define B likewise.

11: C + PointwiseProduct(A, B).

12: C + Interpolation(C, S)

13: Reinterpret C' as a polynomial in Z.

14: return ¢ = C(n).
15: end function

The procedure followed by Algorithm [T4] is in fact quite general, and can be applied to a
wider range of bilinear operations than just integer multiplication. For example, one can adapt
this algorithm to multiply polynomials or power series in various rings, or to compute other
operations such as middle products or dot products. The last example of the dot product is
archetypal of the situation where results of the MultiEvaluation step (as e.g. Ain Algorithm
are used more than once. The conditions on R that are used to guard against possible overflow
must be adjusted accordingly. For example, if R is chosen with the form Z/9™7, the bound given
by the inequality implies that 2™ should be larger than Nn2.

6.3 Discrete Fourier Transform

We now discuss how multi-evaluation can be performed efficiently. This depends first and fore-
most on the number of evaluation points N and on the ring R. FFT algorithms are special-
purpose algorithms adapted to evaluation points chosen among roots of unity in R. In order to
allow R to be a non-integral ring, we need the following definition.

Definition 6.1. Let N > 1 be an integer, and R be a ring of characteristic zero or char-
acteristic coprime to N, containing an N-th root of unity w. We say that w is a principal
N-th root of unity if Vi € [1, N — 1], Z;-\!Ol wh = 0.
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The notion of principal root of unity is stricter than the classical notion of primitive root, and
provides the suitable generalization to non-integral rings. For example in C x C, the element
(1,4) is a primitive 4-th root of unity but not a principal 4-th root of unity.

Using the set of powers of w as a set of evaluation points, we define the discrete Fourier
transform (DFT) as follows.

Definition 6.2 (Discrete Fourier Transform (DFT)). Let R be a ring with w a principal
N-th root of unity. The DFT of length N and base oot w over R is the ring morphism
DFET N, defined as:

RIX)/(xN ~1) —
P (P(1),PW),...,PN™1)).

We customarily write a DFT of length N of a polynomial P as the polynomial P of degree
less than IV — 1 defined as

P =DFTy,(P)=P(1) 4+ P(w)X + -+ PV HxN1,

The DFT of a polynomial P can be understood as the product of a Vandermonde matrix

1 1 1 e 1

1 w w? e whV—1

1 w? w? e Ww2(N-1)
Viw) = :

1 WwN-2 2(N-2) Ww(N=2)(N-1)

1 WwN-1 2(N-1) WwN=1)(N-1)

with the vector

given by the coefficients of P.
The discrete Fourier Transform is convenient because the inverse of a DFT is also a DFT
scaled by 1/N (see e.g. [59, §8]).

Proposition 6.3. Let P be a polynomial with coefficients in R and w a principal root of
unity of R. We have DFT ,—1(DFTy o (P)) = N - P.

Proof. Let M be the matrix V(w™') - V(w). The coefficient (i, ) of M is 3,y w " % By
definition of a principal root of unity, if ¢ # j, this coefficient is zero. Otherwise, it is equal to
N. Thus, M is a diagonal matrix equal to N times the identity matrix. O
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Corollary 6.4. The morphism DF Ty, is, in fact, a ring isomorphism.

Proof. The integer N is supposed to be invertible in the ring R. Consequently, DFTy, is
invertible. [

Thus, the task of interpolating a polynomial A from its multi-evaluation A can be done with
essentially the same algorithm.

The isomorphism given by the DFT of a polynomial of length N is an isomorphism between
R[X]/(xN —1) and RY. In our applications, it is also useful to have an isomorphism between
RIX ]/(XN +1) and RN. Thus, we define the Half-DFT, which is an isomorphism derived from
the one given by the DFT.

Definition 6.5 (Half discrete Fourier Transform (DFT)). Let R be a ring with w a prin-
cipal 2N -th root of unity. The Half-DFT of length N and base root w over R is the ring
isomorphism Half-DF Ty, defined as:

RIX]/(X —w) x RIXJ/(X — w3) x -+ x RIX]/(X — w2N-1)
(P(w), P(w3), ..., P(w?N=1)).

The fact that (XN 4 1) = [Jo<, .y (X — w**) follows from

(-1 = I (x-w)

0<i<2N

and

x¥-1= ] &X-uw*).

0<i<N

Half-DFTs are used for polynomial products modulo X~ + 1, as opposed to X~ — 1. Such
convolutions are called negacyclic. The half-DFT of a polynomial A is related to the DFT of the
polynomial A(wX) via

Half-DF Ty, (A(X)) = DFT y 2 (A(wX)).

Thus, an algorithm computing a DFT can be used to compute a half-DFT, with N additional
multiplications involved in the computation of the polynomial A(wX).

6.4 Cooley-Tukey FFT

Cooley and Tukey showed in [I7] how a DFT of composite order N = N3 N5 can be computed.
This algorithm is also sometimes called “matrix Fourier algorithm”, alluding to the fact that it
performs Ny “column-wise” transforms of length Ny, followed by N “row-wise” transforms of
length Ns. It is described in Algorithm

The notation DFT ., denotes a mathematical object rather than an algorithm. Therefore,
we need to detail how recursive computations of DFTy, ., are handled in Algorithm [I5 Two
approaches are rather typical instantiations of the Cooley-Tukey algorithm when the length N
is a power of two:
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Algorithm 15 General Cooley-Tukey FFT of order N = N3Ny

1: Input: A = Zf\!olaiXi € R[X]/(XN —1) and w a principal N-th root of unity. Let

w1 = w2 and wy = WM.

2: Output: A =DFTy,(A) = A(1) + A(W)X 4 - + A(WN "1 XN-1
3: function LargeRadixCooleyTukeyFFT(A,N1,No,w)

10:
11:
12:
13:

5
6
7
8
9

Let (B;(X)); € R[X]™? be such that A(X) =3
for j €{0,...,N, — 1} do
B; «+ DFTy, o, (B;) > w; = wV? is a principal Nj-st root
Bj «— .éj (ij)
end for
Let (S;(Y)); € R[Y]™ be such that > B;(X)Y7 =3, S;(Y)X? > Vi, degS; < N
for i€ {0,...,N; — 1} do
Si(Y) ¢ DF Ty, ., (S:) > wy = w™ is a principal No-nd root
end for
return

Bj(XN2)Xj DVj, degBj SNl

J<N2

<Ny gl (XNI )XZ

14: end function

e “radix-two FFT”: For a length N = 2* compute Ny = 2 transforms of length N; =

2F=1 (often called “butterflies”), then recurse with two transforms of length 2. We use
the notation RadixTwoCooleyTukeyFFT (N, w, A) for this algorithm. The radix-two Cooley
Tukey has a particular form, described in Algorithm using the fact that w™N/2 = —1.

e “large-radix FFT": More generally, for a length N = 249" with r < u, and ¢ > 0, compute

Ny = N/2% transforms of length N; = 2%, then recurse with transforms of length Ny =
N/2*. When all recursive calls are unrolled, we see that the computation is based on
transforms of length 2% (or 2" at the very end of the recursion). Those are done with
RadixTwoCooley TukeyFFT. We use the notation LargeRadixCooley TukeyFFT (A, N,w,2%) for
this algorithm.

It is clear that the latter approach specializes to the former when u = 1.
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Algorithm 16 Radix-two Cooley-Tukey FFT of order N = 2%

1: Input: 4 = Zf\!ol a; X" € R[X]/(XN —1) and w a principal N-th root of unity.
2: Output: A=DFTy,(A) = A1) + A(W)X + - 4+ AN X N1

3: function RadixTwoCooleyTukeyFFT(A,N w)

4: if N =2 then

5: return ag + a1 + (ag — a1)X

6: else

7: Boea0+a2X+~-+aN_2XN/271

8: By +— a1 +(13X+"'+GN,1XN/271

9: By + RadixTwoCooley TukeyFFT(By, N/2, w?)

10: B, + RadixTwoCooleyTukeyFFT (B, N/2,w?)

11: Bl < Bl (wX)

12: Let (Si(Y)); € R[Y]Y/2 be such that Bo(X) + Bi(X)Y = Yo,y /5 8i(Y) X
13: for 0 <i < N/2 do -
14: S;(Y) + RadixTwoCooley TukeyFFT(S;, 2, —1)

15: end for

16: return Zo§i<N/2Si(XN/2)Xi

17: end if

18: end function

For N = 16, we can illustrate RadixTwoCooleyTukeyFFT by a butterfly diagram given in Fig-
ure We order the A;’s in the bitreverse order, which is the order obtained in RadixTwoCoo-
leyTukeyFFT after the reordering obtained by the successive application of lines |7 and

The complexity of Algorithm [16] requires to count:
e the additions and subtractions,
e the multiplications,
e the memory accesses.

Denoting by L(N) the additions and subtractions in RadixTwoCooleyTukeyFFT, we have
L(N)= N +2L(N/2)

if N > 2, and L(2) = 2. The resolution of the recursive equation leads to L(N) = N log, N.
Denoting by C(N) the multiplications in RadixTwoCooleyTukeyFFT, we have

C(N) = N/2+ 2C(N/2)

if N > 2, corresponding to computation of By (wX) on Line|11|of RadixTwoCooleyTukeyFFT (B1
being a polynomial of degree N/2), and C'(2) = 0. The resolution of the recursive equation leads
to C(N) = ¥ (logy N — 1).

In RadixTwoCooleyTukeyFFT, the algorithmic aspects related to the storage of the roots of
unity are not detailed. If we store the powers of w in an array of length IV, depending on how this
storage is done, the distance between roots of unity may impact the complexity. Since transforms
of sizes 2 or 4 imply less than 1 multiplication by a root of unity on a multitape Turing machine,
we go to transforms of size 8 to give an example. We compute N/8 transforms of size 8. A
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Figure 6.1: Butterfly of a 16-point FFT
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transform of size 8 implies to have access to 8-th roots of unity. If the distance between two 8-th
roots of unity is O(N/8), then we have an additional cost of the order O(N?). Thus, we have
to store the roots of unity so that the distance between high powers of a root of unity should be
small. Two solutions are possible.

e We store them in an array of length N. For each recursive call, we assume that we construct
an array of length N/2 containing the powers of w?.

e Alternatively, we precompute an array of size N + N/2 + N/4 + --- + 2 containing the N
powers of w, then the N/2 powers of w?, ..., the two powers of —1.

In both cases, the cost of the memory accesses is O(N log, N), because the cost of enumerating
the N/2*-th roots of unity, for some k < log, N, is equal to O(2%).

6.5 Complexity of integer multiplication

Notation 6.6. We denote by M(n) the cost of the multiplication of two n-bit integers in
the deterministic multitape Turing model [J7], also called bit complexity.

By combining the evaluation-interpolation scheme of with FFT-based multi-evaluation
and interpolation as in we obtain quasi-linear integer multiplication algorithms. We identify
several tasks whose costs contribute to the bit complexity of such algorithms.

e conversion of the input integers to polynomials in R[X];
e multiplications by roots of unity in the FFT computation;
e linear operations in the FFT computation (additions, etc);

e point-wise products of elements of R. Recursive calls to the integer multiplication algorithm
are of course possible;

e recovery of the resulting integer from the computed polynomial.

Algorithm [I4] chooses n a power of two so that the first and last steps above have linear
complexity (at least provided that elements in R are represented in a straightforward way). If
we go into more detail, M(n) then expresses as M(n) = O(C(N) - Kppr(R)) + O(N - Kpw(R)),
with the following notations.

e Kppr(R) denotes the cost for the multiplications by powers of w in R that occur within
the FFT computation.

e Kpw(R) denotes the binary cost for the point-wise products in R.

The costs Kpw(R) and Krpr(R) are not necessarily equal.

6.6 Choice of the base ring

Depending on R, the bit complexity estimates of can be made more precise. Some rings have
special principal roots of unity that allow faster operations (multiplication in R) than others.
Several choices for R are discussed in [52]. We describe their important characteristics when the
goal is to multiply two n-bit integers.

We denote by log™ the iterated logarithm function, defined recursively by log* x = 0 for any
real number z < 1, and by log" z = 1 + log”(log z) for z > 1.
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6.6.1 Complex FFT

The choice R = C might seem natural because roots of unity are plenty. For a polynomial of
length N, we can use the principal root of unity w = ¢#*/N. For any k such that k and N are
coprime, w¥ is an N-th principal root of unity.

The precision required calls for some analysis. The asymptotic complexity depends on the
best choice for this precision. A precision of ¢ = O(log, n) bits is compatible with a transform
length N where N is the smallest power of two larger than (log’; —) (see [52} §3]), in the sense that
the polynomials that we multiply can be represented on tN bits and the product would not be
correct if ¢ were smaller (thus, t = O(log, n) is optimal). We represent the elements of C as linear
polynomials with coefficients in Z. Using the Kronecker substitution for the multiplications, we
are led to store the elements of C on 4¢ 4 2 = O(¢) bits. The 4¢ + 2 bits include the zero padding
due to the Kronecker substitution.

Assuming that we use RadixTwoCooleyTukeyFFT, we have N log, N additions and subtrac-
tions in C, whose cost is O(t) each. Thus, the binary cost of the additions and subtractions is
O(Ntlogy N) = O(nlogy n).

We have N log, N memory accesses to elements of size O(¢t). Thus, the binary cost of the
memory accesses is also O(nlog, n).

Finally, we have O(N log, N) multiplications of integers of size O(t). Thus, the recursive
equation corresponding to the FFT over the complex field is:

M(n) = (3N logy, N + N)M(t) + O(nlog, n).

We simplify the equation by considering that nlogsn < N(log, N)M(t): we use the fact that
M(t) is more expensive than the cost of an addition, which is linear in ¢. Thus, we have

M(n) = O(Nlogy N - M(logyn)) = O(n - M(logy n)),

so that
M(n) = 2008z ) .y . logy - 10g§2) n- logé‘n’) n-...,

where the number of recursive calls is log; n + O(1).

6.6.2 Schonhage-Strassen algorithm

Schonhage and Strassen proposed in [52] and in [51] two recursive algorithms to multiply elements
of a ring of the form Z/(Qm +1)Z, where m is a power of two. Note that, in particular, the
Schonhage-Strassen algorithms can be used to compute the product of n-bit integers for any
n < . We describe these algorithms in the following paragraphs.

These algorithms are parametrized by integers ¢, k£ and e, depending on m. We split the
m-bit elements of Z/(Qm + 1)Z into pieces of size t, obtaining polynomials of length denoted by
N = m/t. We consider that the coefficients of these polynomials live in R = Z/(Q’C (2¢ + 1)) Z,
with e chosen such that N divides e and k “negligible”, compared to m (say k = logy m).

We multiply elements of R using Chinese remainder theorem (CRT), which states that

R ~7/2k7, x Z/(Qe +1)Z.

e To muliply polynomials of length N over Z/2%7, we use Kronecker substitution and any
subquadratic algorithm to multiply integers.

e In Z/(Qe +1)Z, we use the fact that, since 2 is a 2e-th principal root of unity in Zj(2¢ + 1)Z
and N divides e, 2¢/N is also a 2N-th principal root of unity in Z)(2¢ +1)Z. Thus, we
perform an FFT for the multiplication of polynomials of length N over Z/(2¢ + 1)Z.
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During the FFT, the cost of linear operations such as additions, subtractions or memory accesses
is
O(Ntlogy, N) = O(mlog,m).
Since 22¢/N is a principal 2N-th principal root of unity in Z/(Qe + 1)Z, all the multiplications in
RadixTwoCooleyTukeyFFT are multiplications by powers of two: on a binary machine, this cost
is linear. Thus, the cost of the multiplications during the FFT is also O(mlog, m). The difficult
part is concentrated in the point-wise product of the evaluation-interpolation scheme.
We can summarize the procedure as follows.

1. Two elements 2 and y of R are decomposed in Z/2F7, and Z/(2¢ 4- 1)Z: we obtain polyno-
mials to multiply over two different rings;

2. we compute the products in Z/2k7, using Karatsuba’s algorithm: since k = log, m, we
multiply polynomials of length N and whose coefficients have bit-length k, which has a
cost O(y/mlog, m)©823 = o(mlog,m) if we use Kronecker-substitution and Karatsuba’s
algorithm;

3. we compute the products in Z/(2¢ 4-1)Z by calling recursively the Schénhage-Strassen
algorithm;

4. we recompose the two products in R.
The cost of the decomposition and the recomposition is linear, using the Bézout identity
(2¢ +1) —2F .27k = 1.

We precise in the following how to choose the parameters ¢, k and e such that the complexity
of the product modulo (2™ + 1) is O(mlog mlog'® m).

e In [52], the parameters are chosen as follows:
— t is the largest power of two such that ¢ < \/m;
— k =logy N,
— e =2t

R =Z/(24(2¢ + 1)) Z.

First, note that N = m/t > \/m and that N | 2t. Second, since N (22! + 1) > N - 2% all
the coefficients of the product modulo X~ + 1 of two polynomials of length N and whose
coefficients have bit-length at most ¢ can be represented in the ring R.

Denoting by C(m) the complexity of the multiplication of two elements of Z/(2™ 4 1)Z,
this leads to the equation

C(m) = O(mlogym) + NC(2t).
For m > 4, there exists a constant d such that

C(m) <d C(2t) <d @) _ Q4 C(2t) . 6.2)
mlog, m tlog, m 2tlogyt (2tlog, 2t) (1 _ logl 2t)
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First, we have the following intermediate bound on %:
C(m) C(2¢) log®
Ym>4, ——— <d+2——"—=0(27% ") =0(l . 6.3
e mlogym — 2tlog, 2t ( ) (log; m) (6-3)
For m < 4, we have mchgg;)m = O(1), which means that we have the bound above for any
m.
Returning to Equation (6.2)), we have for m > 4,
C C(2t C(2t C(2t 2
1(m) Sd+t1( ) Sd+ = 1 §d+2“( )2t<1 1 2t>'
mlog, m 0gy M (2t log, 2t) (1 - Qt) 08 08

Thus, reusing the intermediate bound obtained in Equation (6.3)), there exists a constant

d’ such that
Clm) . C21)

mlogom ~ 2tlogy 2t
By developing the recursive equation, we have
C
U 10g? m)
mlogym

and we obtain the complexity C(m) = O(m -log, m - log(22) m). It follows that the multipli-
cation of two n-bit integers, for n < %, using the Schénhage-Strassen algorithm has cost
of O(n -logyn - loggQ) ).

In [51], Schonhage proposes an alternative avoiding the use of the CRT. We can summarize
the choice for the parameters as follows:

t is the largest power of two such that ¢t < y/mlog, m;
— k=0;
— e is the least integer such that 2¢ > N22t and that N | e;
- R=2Z/(2¢+1)Z.

Note that we have e < 2t + N +log, N < 2t 4+ 2N.

Still denoting by C(m) the complexity of the multiplication of two elements of Z/(2™ 4- 1)Z,
we have the equation
C(m) = O(mlogy m) + NC(e).

For m > 4, there exists a constant d such that

2 N)log, 2 N
Cm)__ 4, €0 _ . Clo) (A4 Nlog2e s Ny o
mlogym tlogam elogy e tlogam
We have
2(t+N)log22(t+N)_2log2t 2log2(2+2N/t) 2Nlog2t 2N10g2(2+2N/t)
tlogam ~ Tlogy,m logy m tlogy m tlogom

log, t 1
—282° 4 ¢ ( )
logy m logy, m

log(z) m
=1+0|=2"].
logy m
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We obtain the following equation:

C C log!?
(m) gy SO (1 o(lem) ) (6.5)
mlogym elogy e logy m
2
There exists mg such that for m > mg, O (kl)fgi 7;") < 1. We obtain the following inter-
mediate bound:
C(m) C(e) log®
——— <d+2 <0279 ™) = O] . 6.6
mlogom — + elogse — ( ) (log; m) (6:6)
We inject the bound of Equation into Equation (6.5]):
C C logs? C
_C(m) <d+ _Cle) 1+0 08y m — O(loggz) m) + ﬁ_ (6.7)
mlogym elog, e logy m elogy e

By developping the previous inequality, we obtain

C(m) 2 2
——— < 0(l .
mlogym — (logg™ m)

By injecting again the bound obtained for mck()g;)m into Equation (6.5)), we obtain the

wanted result.
e It is often considered, as in [27], that it is sufficient to take
— N the largest power of two such that N < /m;
— k=0;
— e minimal such that e > 2t 4 logy N and that N | e;
R =7Z/(2° +1) Z.

For practical implementations, these parameters can be chosen. However, they do not
correspond to an algorithm with an asymptotic complexity equal to the complexity of
Schonhage-Strassen algorithm. Indeed, since N divides e and, consequently, 2t, we have
e =2t+N > 2t+t = 3t. We denote by C(m) the complexity of the multiplication algorithm
using recursively these parameters to multiply m-bit integers. There exists a constant d
such that

C(m) > dmlog, m + NC(3t).

We denote by L(m) the solution of
L(m) = dmlogy, m + NL(3t).

L(m) is a lower bound on the cost C(m) of the algorithm multiplying integers without CRT.
We have

log(22>m
L(m) > dmlogy m + ;dmlog2m+~~+ <2) dm log, m.

There exists d’ such that L(m) > d’m(log, m)*°82(2) | which is not the correct complexity.
In the literature [27, [59, [38], this detail is not covered.
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Chapter 7

Furer-like algorithms

Fiirer proposed two distinct algorithms: one in [25] and, some 20 years later, in [26]. The scheme
proposed in [25] relies on the assumption that there exist infinitely many Fermat primes, which
is unfortunately widely believed to be wrong.

7.1 Fiirer’s algorithm in a complex modular ring

In this section, we describe an improved version of the algorithm developed in [26]. In particular,
the ring R, described in [26], Section 4], is a complex ring of the form (C[LE]/(x2A +1). We prove
here that we can work in a real ring of the form R[m]/(gc2A +1).

Fiirer’s algorithm combines the advantages of the complex field C and of the modular ring
Z/(2¢ + 1)Z, for a multiplication of n-bit integers. These rings have orthogonal advantages and
drawbacks.

e In the modular ring, there exists a particular root of unity, namely 2, for which the multi-
plications by its powers are linear in e, because they are equivalent to negacyclic shifts. In
this ring, e = /n.

e In the complex field, there exists a particular power of the roots of unity for which the
multiplications are also “easy” to compute: these roots are the powers of . This can be
used in a radix-4 FFT: the transforms of size 4 involve multiplications by powers of i,
which are linear. Although there are fewer particular powers of roots of unity, the bit-
length of the multiplications is approximately log, n which is less than /n, by an order
of magnitude. Thus, the recursive calls are done on smaller sizes, but the quantity of
expensive multiplications is larger.

Fiirer proposed in [26] to use the ring R = C[I]/(;p?A + 1), which has a natural principal 2*™!-th
root of unity, namely z. Let ( = exp(in/2*) and R; = (C[x]/(g; — CQJ'H). The ring R is isomorphic
to Hog j<2» Rj. For any integer N which is a multiple of 2**! (and in particular for powers of
two of higher order), we define wy as the unique element of R that maps to exp(2(2j + 1)in/N)
in R;. Lagrange interpolation can be used to compute wy explicitly. We verify easily that:

e wy is a principal N-th root of unity;

. N2 1
e by construction, w N/

R.

A
maps to = exp((2j + 1)in/2*) in R;, so that wx/Q Y —zin
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The latter point implies that among powers of wy, some enjoy particularly easy operations.
When N is clear from the context, wy is simply denoted by w.

We consider a radix-2*T! Cooley-Tukey FFT described by Algorithm |17, The key observation
is that the “inner” transforms of length 2**! that are computed on Line [14| within the recursion
involve multiplications by roots of unity which are then multiplications by powers of w® =z € R,
and therefore inexpensive, since they can done via negacyclic shifts. We can count the few
remaining expensive multiplications that occur within the recursion when N > 2*+1 Those
correspond to the scaling operation By, < By (w¥X) on Line |15 of Algorithm Their count
E(N) satisfies

E(N)=2'FE (2?;) + N, (7.1)

because we have K = N/2**! polynomials of degree J = 2**! that are composed with a power
of w (K -J = N multiplications) followed by J “outer” transforms of size K on Line[19] It follows
that E(N) = N(|—10g2>\+1 N1 — 1).

Algorithm 17 Radix-2**! Cooley-Tukey FFT of order N, a power of two

1: Input: A = Z?;Bl a; X" € RIX]/(XN —1) and w a principal N-th root of unity.
2: Output: A =DFTy,(A) = A(1) + A(W)X 4 -+ A(WN -1 XN-1
3: function LargerRadixCooleyTukeyFFT(A,N \,w)

4: if N <2 then

5: return ag + a1 + (ag — a1)X

6: else

7 J <+ 2

8: if N > 2**1 then

9: J ¢ 2t

10: end if

11: K+ N/J

12: for 0 <k < K do

13: Let By, be the polynomial given by the coefficients (ajx+k)o<j<J
14: By, + RadixTwoCooleyTukeyFFT (B, J,wX)

15: Bk — Bk(ka)

16: end for

17: Let (S;(Y)); € R[Y]’ be such that > g, Be(X)Y* =3, S;(YV)XI
18: for 0 <j<Jdo

19: S;(Y) « LargerRadixCooleyTukeyFFT(S;, K, \, w”)

20: end for

21: return > o, _; S;(X7)XI

22: end if

23: end function

We describe elements of C with a fixed precision. To multiply n-bit integers, Fiirer selects
A= flogéz) n| and proves that precision O(log, n) is sufficient for the coefficients of the elements
of R that occur in the computation. The integers to be multiplied are split into pieces of 2221
bits. Each piece of 22*~! bits is then transformed into a polynomial of length 2*~! whose
coefficients are encoded on 2* bits. These polynomials are seen as elements of R. Moreover, the
transform length is N = 4n/(log, n)?. Since we need to have 2**! | 2N, we should have n > 210.
This decomposition is described in Algorithm [18| (FurerComplexMul).
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Algorithm 18 Multiplication of integers with Fiirer’s algorithm

1: Input: a and b two n-bit integers, where n is a power of two and n > 21°
2: Output: a-b mod (22" +1)=a-b
3: function FurerComplexMul(a,b,n)

4: Let A = ﬂogg) nl,n= 2277 N = 2n/logy n = 2n /22271,

Let R = (C[:IS]/(gg?A +1), and w = wan as in 11

Let Ag(X) € Z[X] with non negative coefficients less than n be such that Ag(n) = a;
define By(X) likewise.

7: Let A(X,z) € C[X,z] be such that A(X, 22A) = Ay(X). Define B likewise.

8: Map A and B to polynomials A and B in RIXI/(XN +1)

9: A « LargerRadixCooley TukeyFFT(A(wX), N, \, w?) > computes Half-DF Ty, (A)
10: B « LargerRadixCooley TukeyFFT(B(wX), N, \,w?)) > computes Half-DFTy ., (B)
11: C + PointwiseProduct(A, B)

12: C «+ %LargerRadixCooIeyTukeyFFT(C’(w’1X), N,\,w™%) > computes Half—IFTN,w(CA')
13 Lift C to C € C[X, z]

14: return C(n,2")

15: end function

7.2 Precision of the modular ring and complexity analysis

We show in this section that there exists in R = (C[:IS]/(gg2A + 1) a principal root of unity w(x)
such that the coefficients of w are all in R, when A > 1. Consequently, we can represent, using
this principal root of unity, all the coefficients of the elements of R used in Fiirer’s algorithm
assuming that they live in R. When A = 0, the proposed construction does not work. We
describe the precision required to store elements of R assuming that the coefficients are in R and
we describe the complexity analysis given by Fiirer in [26].

7.2.1 From a complex ring to real ring

First, we need an explicit expression of a polynomial obtained by Lagrange interpolation at the
points (¢% +1)0§ j<2r- Therefore, we give the expression of the corresponding Lagrange basis.

Lemma 7.1. The Lagrange polynomial basis (£j)o<;<2x corresponding to the evaluation
points (C*11))g< <o (i.e., evaluation in the R;’s) is given by

1 221 " t
EjZQTZ (C2j+1) :
t=0

Proof. For any j € {O, 2N — 1},
_ f(@)
(G (@ = ¢

with f(z) = [[g (& — ¢2FY) = 22" 1 1.
Note that (¢2+1)2" = ((2")2+1 = (=1)%+1 = —1. Thus, we have

¢

_ 2* T 2 12541y 2*
flx)=1+2" =1- T and f'(¢C )77W.
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Therefore,

d z 22 —1
1 \aer) —1 ¢
b= X z 2,\ Z <2g+1 :

CUFT
O

We suppose that we have N such that 2* | N. Let ¢ = exp(im/N) € C: it is a principal

2N-th root of unity and ¢ = oN/2" Let w € R such that w maps to o2+1-2" iy R;. In other

words,
0.23+1

22 7

w(C2j+1) = <72j+1_2A =

o

Then, w is a 2N-th principal root of unity if and only if 1 —2* is odd, since w” = 1 if and only if
if 1 —2* is odd. We want to show that the coefficients of w are real. For this purpose, we compute
2j+1-2%y

Js

explicitly these coefficients. Using Lagrange interpolation to compute w =" j<ar O
we have an explicit expression of its coefficients with the lemma above.

Proposition 7.2. For A > 1, the w € R is a principal 2N -th root of unity and, for all
ke Z,
(_x)k’ (— 1)k’+[k /2] k' mod 2* if k= k’N/2>‘, and

wk _ 1 221 n(k}%\)]\ﬂ')
— otherwise.
=0 sin (W — T)
Proof. e Since w maps to a principal 2N-th root of unity in each R, then w is also a principal

2N-th root of unity in R = H2 IR

e Assume k = k’N/2*. Then, in each R, we have

. k / NN k'
w<<2f+1>’f=(“;f1) =<("N 2]32”1) = (= = (—2)* (mod & — (Y,

g

Therefore, in R, we have wk = (—2)F = (=1)F'zk = (—1)F+K/2 gk mod 2% ng 02 — 1

e If k is not divisible by N/2*, we compute w* by Lagrange interpolation:

221 221 p(2;
j+1)
k_ 2j+1\kp _ g )
w”® = E w(¢ )°L; = E R ¢
Jj=0 j=0

22 —12*—1 2j+1 1 221 ok (7 -1
t _ . t
2A01c2A > 2 (Ct> TT g > (Ct) T
t=0

j=0 t=0

where the last equality comes from the fact that (0% /¢*)% # 1, for all 0 < ¢ < 2*.

Indeed, let us assume that there exists 0 < ¢t < 2* such that (¢*/¢*)? = 1. Then, since

¢ = O'N/Q)\, we have o26—2tN/2* — 1 As o is a principal 2N-th root of unity, we obtain
2k = 2tN/2* (mod 2N), whence k = tN/2* (mod N) and, finally, £ = 0 (mod N/2*),
which contradicts the assumption that k is not divisible by N/2*.
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Finally, since ¢ is a 2*T1-st root of unity, we can rewrite w* as

221 A1 221 A oA
kN k2 _1 1 k2 k2

t

1 o -0
k t
w = — — —_—X = — _— T
A k22 Z < t) N\ 2 A o\ —1
2 g 2 =0 C ((2’:) _1 2 —0 (o’k) _ (ak)
A

221 kQA 221 gip [ k2°x

t—0 Im

- Im(o _ 1 ni
ox Z (gt) oA : (lm m)

Given the expression of w”, we observe that its coefficients are all real.

Corollary 7.3. For all k € Z, w* € R[z]/(z¥ +1).

7.2.2 Norm
In this section, we compute the L;-norm of the roots of unity w” defined in Section

Definition 7.4. The Ly-norm of an element A = Zj ajz! € R[aﬁ]/(ggzA + 1) is defined as

1Al =D lal-

0<j<2>

This norm is used to determine how many bits of precision are required to represent the coef-
ficients of the roots of unity that we consider. In Fiirer’s article, the norm that is used is the
Lo-norm and it is bounded by 2*.

Lemma 7.5. For all A € Rlz]/(22" + 1), [|A- 2|1 = || A]x.

. 221 221 A 2% -1
Proof. ertlng A=%, ,wehave A-x =3 | a1zt tagn 12* =3, 1 apixt —ag g,

since 22° = —1. Therefore, [|A- 2] = X257 |as] = | A1 O

Consider w defined as in Section We want to bound the Lj-norm of the w”’s. We use the
previous proposition to reduce the problem to the set of w®’s for which k € {0, oo, NJ2A — 1}.

Proposition 7.6. For all k € Z, let kg = k mod (N/2*), with 0 < kg < N/2*. Then,

1 if ko =0, and
ol = [lwho s = { 1 2=) sin (L2
> therwi
—_— - T otherwise.
2* =0 S (%"’él)

Proof. Let k € Z. Write k = k1 N/2* + ko, with k; = [k2*/N| and ko = k mod (N/2*) =
k — k1 N/2*. Then, according to Proposition [7.2} w* = (~1)"w*® and, by Lemmal7.5] we obtain

1 if kg =0, and
(M)
sin (4 — )

*olly = 2l

lwk |l = [lw
otherwise.

to\
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Since 0 < ko < N/2* by construction, sin(ko2*7/N) > 0. Furthermore, for all ¢ € {1, 2 — 1},
we have —1 < ko/N —t/2* < 0, and

in koj_tl = sin tl_kol = sin (2 —t)r +]€077T
ALY A el Y X N

Additionally, for ¢t = 0, we have
sin ko—ﬂ- — t—ﬂ- = sin ko—ﬂ
N 22 ) N )’

Finally, the result follows from the fact that, for ky # 0,

22 —1 2 —1 22 —1

k T\ Z . ¢ - k kow T
— |sin(fF = %) = sin (%4—%) sin (%7 = sin (57 + 5%)

Proposition 7.7. Let N > 1. For A > 1, we denote by n(\) the mazimum

k
max  ([lw"|l1).
0<k<N/2X

We have n(A) = 2Xlog2 + O(1).

Proof. In the following, we assume that A > 1. First, we show that the root of unity having the

largest Li-norm is the one for which k = 2ﬁ1. We group the terms of index j and 2* — 1 — j.
; 1 1

We want the k for which the sum (T ) + S (TEDE gy

For t € {0, 2N = 1}7 we define the function f;(u) for —% <u< % as

is maximal.

cos(um) cos(um)

T G s +a &) (Gt -w5)

Then, for all 0 < ky < N/2*, we have

. I A
ot = 5 3 5 (B 3)-
t=0
We let g; be
= cos(um)

U .

P s () )
We have

fe(u) = gi(u) + gi(—u).
1

Thus, f; is an even function and f/(0) = 0. We will prove that it is the only zero for u €] — 3, %]

and that it is a maximum. We restrict the problem to the interval |0, 2[ by using the fact that
ft is an even function.
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We want to prove that, for u €]0, %[, we have

2 cos(um) cos(g—k)sin2 ((t+ 2 ) —2 (sin2 (t+3) ) - sin? (1))
s (14 3+ 0) ) sin (E+ £ —w) ) oin ((L+ ) )

02> fi(u) — fi(0) =

Denoting by h; the function

A
he :u— cos(mr)cos(z)\)-i- m b

we have

Fu(u) — f,(0) = 2sin” (¢ + 5)12%) he(u)
2

s (5w ) (£ ) ) sn (5 3) )

and, therefore, we only need to prove that for u €]0, 5[, h¢(u) < 0. Since sine is an increasing
function on ]0,7/2[, we have hi(u) < ho(u) for any u G]O 1/2].

We observe that ho(0) = 0 and hy(1/2) = 0. Thus, if we prove that the sign of hg is constant
on ]0,1/2[ and that it is increasing on ]1/2 — ¢, 1/2[, we prove that it is negative on this interval.
To do that, we prove that h{ has at most one zero in this interval, which implies that hg has no
zero in the same interval.

We have
. um T . [um 27 cos (5% ) sin (5%
Vu €]0,1/2[, hi(u) = —msin(ur) cos (2>‘) ox sin (2—)\> cos(um) + & iz; 22;11()2 ) .

Thus,

et = n (5 on () (o250 - 520 B )

sin (4%) 2> cos (%) 2% sin? (%=

The functions = S_in((if:)) and x — €3 are both decreasing functions on ]0,1/2[. Conse-
sin 2} COoSs| —

2
quently, h{, has at most one zero on ]0,1/2[.
Moreover, we have h{(1/2) > 0, since

2-2"sin (3557 ) > 0.

Consequently, ho(u) < 0 on ]0,1/2].
Thus, the power of w having the largest L; norm is the 2i\%—th power. We have

221

1

[Zesdk

[\

d
—
v

)
=
=]
PaN
—_
-+
3
S~—

L Ly 1 L1 1
o2l & sin(—yﬁl—&—;—&r) 22=1 gin (7 /22+1)°

We use the fact that the function sin(x) grows with x for « € [0;7/2] to compare the sum with
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an integral:

22 —1 2211

P N T oy (S W
- M s uTm u _ .
= 2% Sin((tﬁ)” — 5agT) 221 = Ji—1 sin( gt + 5%) 221 gin(m /22 1)

1 7r/2—7r/2>‘+1 2)\ 1 1
< 5t d
- QA_l/ﬂ/?“l msin(z) T sin(r/2A+1)
< 2 log [ f1osin(m/2 N (L [Lcos(m/2 ) ) |
T 1+ sin(m/22+1) 1+ cos(m /22 1)
1 1

221 gin (7 /22 1)

. 92 .
< 2 log sin (%1 (m/2 — w/27+1)) log sin? (7 /2)+2)
T cos? (3 (m/2 — m/2MH1)) cos?(m /22 2)
Ta——
2)\_1 %2)\7:»1

< % [log(tan(m/4)) + log(cos(m/2*2)) — log(sin(m/2°12)))] + 2

2
[Olog (77.2)“*‘1)} +2

Alog (2) + 2.

IA
Ao 3w

IN

O

The expression %)\ is a simple upper bound on the dominant term of the previous sum. Fiirer’s
bound of the Ly norm of the root of unity was 2*, which means that we have an exponentially
better bound.

7.2.3 Precision

We need to be able to estimate the number of bits required to store the elements of R and to
represent correctly the coefficients of the product C' of the polynomials A and B in Algorithm [T
We use the same error analysis as in [26]. As in [26], in a practical implementation, we can assume
that we use integer arithmetic and an appropriate scale with a power of two at each steps of the
FFT. More details about this appropriate scale are given below.

We compute fast Fourier transforms over the ring R = R[x}/(;c2A +1). We represent the
elements of R as polynomials with real coefficients with fixed precision. We want to determine
the numerical precision needed for these coefficients. First, we start with integer coefficients of
bit-length 2*. We apply two Half-DFTs, followed by a point-wise product, and then an inverse
Half-DFT. At the end, the absolute error should be less than 1/2 and the precision, denoted by
S, follows.

Thus, we do the computations with S bits of precision, where S has to be determined. The
coefficients are stored on S bits and we denote by V' the number of bits before the binary point.
The quantity S —V is the number of bits after the binary point. During the algorithm, V' varies.
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For a given step of Fiirer’s algorithm, V is uniform for the set of elements that are involved
in the following computations, except for the principal roots of unity. Thus, V can be thought
as a static data at each step of Fiirer’s algorithm (each level of the FFT butterflies, point-wise
product, first step of Half-DFT, last step of inverse of Hal-DFT).

As it has been said, we suppose that we use integer arithmetic. For an element Z € Z, we
denote its representation on a binary machine by Z and we let the error be

e(2)=27Z- 2.

Elements Z € R are represented as Z = mz2 ¥2, where my € Z is such that my < 25 and
FEz € Nis such that S — Ez is the number of bits before the binary point. We have the following
arithmetic, for elements Z and Z’ such that E; = Ey for the addition:

Z+7 = {mz + mZ/J 9~ Fztl
2

and
7.7 = {MJ 9—Ez—Ez+5,
28

We consider that an addition or subtraction doubles the absolute value and increases V' by one.
However, multiplications by powers of z do not introduce errors: the maximum of the absolute
values of the coefficients of A-z — A -z is the same as for A — A for any A € R.

The fact that the roots of unity in R have coefficients in R and that their L;-norm is bounded
by n(A) allows us to have a better precision than in [26]. Fiirer bounds the infinity norm of its
root of unity by one. We need the same result.

Lemma 7.8 (Ly-norm of roots of unity). The La-norm of w is ||w||2 = 1.

Proof. The proof is the same as in [26]:

e the value of w(z) at all the principal 2**+1-st roots of unity is a complex number of absolute
value one;

e the polynomial B € R whose coefficients are these values has La-norm equal to v2?;

e the coefficients of w(x) are obtained via Half—DFTQ_fC(B);

o V22X Half—DFTQ_A1 ¢ is a unitary matrix: it preserves the La-norm.

Corollary 7.9. We have ||w¥||o < 1 for any k > 0.

Fiirer shows in [26] that the precision S required to represent these coefficients is greater than

9+ 2M1 44X +1ogl? (2N) + 5logy N ~ 5logy N + 2>,
We do not prove this result because we obtain a better bound below: we obtain

log, n(A)

logy 2> )+)‘+2/\+1+10g2(L+1)+10g52)NN (2+0(1))logy N +2**1,
2

1+log, 15+1ogy N(243
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We use exactly the same error analysis as Fiirer. However, whereas Fiirer used 2* as an
upper bound on the Li-norm of his principal roots of unity of C[xz]/ (;1;2A + 1), we use a more

precise bound, namely 7()), defined as the least power of two greater than or equal to n(\).
Furthermore, since he works over C, he has an additional factor two. We need to reexpress
the lemmas proved by Fiirer in [26] with 72()), over R. The bound that we obtain is a direct
consequence of this injection.

As in [26], we say that, at some stage of an algorithm, we have a value bound v and an error
bound e, if the coefficients r of elements of R involved in the computations of this stage satisfy

|r] < v and |e(r)] < e.

Given wF, according to Corollary 1 is a value bound on the coefficients of w* and 279 is an

error bound on the coefficients of w*.
The bounds that are used are always powers of two. If we have a value bound v, we do all
the computations with V' = log, v bits before the binary point.

Lemma 7.10 (Lemma 6.1 in [26]). Let C' € R be represented byfé, such that |Clle < ve

and ||C — Cllos < ec. Let k € {0,...,2N —1}. From C and w* we compute a machine
representation D of the product D = C - w*, such that vp is a value bound and ep is an
error bound on the coefficients of D. Then,

Up = ’fL()\)’UC

is a value bound and
ep = ’FL(/\)@C + 2>\1}02_S+1

is an error bound after the multiplication.

Proof. Let k be a non negative integer. We denote by wy; the coefficients of w®. We showed
that ), |wi,;| < (X). We have

221 [i—1 221
C-wk= E g Cjk,i—j g CiWkorio, | '
i=0 \j=0 =i

We represent the ¢;’s by ¢; + €(c;). We have the same decomposition for the coefficients of the
root of unity wy ; + €(w, ;). We decompose C' - @ into three parts:

2*— 2* 1
A = i
C-o= E g CjWhi—j — E CjWgorti—j | T
=0 7=0 Jj=1
221 [i-1 221
—
+ E E e(cj)wri—; — E €(cj)p iy | @
=0 7=0 Jj=1
221 fi-1 2*—1
i
+ E g e(wr,i—j) — E ci€(Wrorpiojg) | "
i=0 \j=0 j=i

The first sum is the theoretical polynomial to be approximated. We can bound it by #(A)ve,
where 7()) is an upper bound on the L;-norm of w*.
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The coeflicients of the second sum can be bounded in absolute value by eci()):
(@il < wi,il

because of the truncature and

i—1 22 —1 221
Ze(cj)wm_j - Z €(¢j)Trrtrioj| < ec Z |wg,
7=0 Jj=i Jj=0

We bound the coefficients of the third sum by 2*vc27% since the e(wy, ;)’s satisfy e(wy, ;) <
279, Moreover, we introduce a new error due to the rounding on each coefficient of the product.
Thus, we add vp2~° < 2 277 to the previous sum. 0

We do not prove the following lemmas, since the proofs are exactly the same as in [26], although
we have to take into account the fact that we work with reals and that we obtained new bounds
in Lemma [7.10

Lemma 7.11 (Lemma 6.2 in [26]). Let N be a power of two such that N > 2 and X be a non
negative integer. Let L = [(logy N)/(A+1)]—1 be the number of levels with computationally
intensive principal roots of unity in Firer FFT. If the input A of an N-point FFT has a
value bound va and an error bound ea, then the output B has a value bound

v = Nﬁ()\)Ll}A

and an error bound

_ - 22
ep = Nn(/\)L (6,4 + 0,275 <10g2N+ 2Lﬁ()\)>)

We need to estimate the error produced by the point-wise product. Thus, given C' and C’
elements of R with vc and ec their value bound and their error bound, the problem is to estimate
the error on the product.

Lemma 7.12 (Lemma 6.3 in [26]). Ifvc is a value bound and ec, such that ve2™° < e, is
an error bound for C and C' before their multiplications, then vp = 2)‘1% s a value bound
and ep = 2" 2vcec is an error bound on the coefficients of D = C - C'.

Lemma 7.13 (Lemma 6.4 in [26]). For A = [log(zz) n] and N = 2n/22*~1 precision S >
logy 15 + logy N (2 + 3%) +A+2M L logy (L +1) + logéz) N +1 is sufficient for the

multiplication of integers of bit-length n.

We summarize in Table the evolution of the value and error bounds, at different stages of
Fiirer’s algorithm. These stages are as follow:

1. Start;
2. After first level of Half-FFT;
3. After N-point FFT;
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4. After point-wise products;
5. After Inverse-FFT;

6. After last level of Inverse-Half-FFT.

Stage Value bound Absolute error bound
1 22" 0
2 fi(\)22" 22027 9=S+1
3 N#(A)L+192" Nia(X) 1227275 (log, N + 2(L + 1)2* /a()))
4 AN27(N)2EHD22 | 22 N2V 240927 9= (10, N + 2(L + 1)2* /(X))
5
6

(
1 P oA FT
PAN2[(A)BLH222" | A)BLH22ANZTT T 98 (510, N + (10L + 8)2* /i2(N))
PN D92 [ (N3N 95 (510g, N + (10L + 8)2) /(M)

Table 7.1: Value and error bounds.

In Fiirer’s article, the bound on the precision was
94+ 221 44X +1ogl? (2N) + 5logy N ~ 5logy N + 2M 1.

We proved that this bound can be actually taken as

)+logy 2X 422 log, (L+1)+logt? N ~ (240(1)) log, N+2 1.

1 A
1+log, 15+1log, N(2—|—30§27n(/\)

log, 2

Thus, we have improved this bound by a factor almost equal to 2, when looking the coefficient
of the dominant term log, V.

7.2.4 Complexity analysis

Some non-trivial multiplications by elements of R are needed in Algorithm 3E(N) multipli-
cations in recursive calls, and 4N multiplications by scaling factors (because of the negacyclic
convolution) and pointwise products. For these, we use Kronecker substitution: we encode el-
ements of R as integers of bit length O((logyn)?), and then call recursively FurerComplexMul.
Other multiplications by roots of unity are cheap. Their number is O(N log N), and their cost is
linear in the size of elements of R, that is O(2* logn). Additionally, all implicit rearrangement
costs of Algorithm [18] (see are also within this same bound. We get the following equation
for M(n):

M(n) = N(3[logyrs: N+ 1) - M(O(logn)?) + O(Nlog N - 2* logn). (7.2)

Fiirer proves by induction that this equation leads to M(n) < nlogn(2¢1°8" V™ — d) for some
constants ¢,d > 0, so that
M(n) = n - logn - 200" ™)

where log™ is the iterated logarithm function defined in Section This trick allows one to have
an exponent logh /n decreasing at each recursive call to the integer multiplication algorithm.
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We assume that there exists n, satisfying n > nj, > ng > 16, where ng is the bit-length below
which we apply a multiplication algorithm of worse asymptotic complexity. We suppose that
Fiirer’s assertion is true for any k € {2,...,n}. Then, we obtain from

M(n) < N(3[logor+1 1N + 1)M(a(logy N)?) 4 b(N (logy N)?)
the relation
M(n) < 4N logyx 1 N'a(logy N)?log,(O(logy N)?) (260082 VOUoz2 M%) _ gy 1 p(N (log, N)?),

by induction.
We choose n{, such that {/(logy N)? < 1log, n. Then,

M(n) < 81L2 loggr+1 na(logs n)21og§)(20<1°g3<i l082)) _ 1) + 2bnlogy n
082
log(z)n c(log* Y
= 16anlog, nl(ygjwm (og3 ¥n=1) _ 4) 4 b2nlog, n.

We notice that logg) n<A+1< logéz) n+2<2 loggQ) n. By choosing ¢ and d such that 16a < 2°¢
and —8ad +2b < d (and ¢ sufficiently large to initialize the induction), we obtain the final result.
Compared to original Fiirer’s algorithm, using a polynomial ring with real coefficients and an
improved precision involves a different coefficient a. A modification of this coefficient a involves
a modification of the constant ¢ and hence the constant hidden in the term O(log™ n) of the final
complexity.

7.3 Modular ring

A modular version of Fiirer’s algorithm has been proposed in [2I]. Rather than considering the

ring C[z]/(22" + 1), the authors proposed the ring Z[z]/(p, 22" + 1) for a well-chosen prime p,

and a constant c¢. It can be understood as a p-adic version of Fiirer’s algorithm, with a fixed

precision. When they split the input integers a and b, they decompose them into N chunks,

where N is no longer N = O(j=25—): they choose N such that Nk =0 (%) for a constant
g5 1 (IOgQ n)

k that will be detailed later.

n k
Thus, they decompose a as a = ag + ... + aNk,12(W)(N -t

), from which they deduce a
k . .

k-variate polynomial A(Xy, ..., Xy) = Zf\io_l a; X7 X F, whgre (ik...11) is the decomposition of

i in radix N (to recover a, they evaluate the X;’s at 2(#)(]\, 71)). According to this decompo-

sition, they need to choose ¢ such that p¢ > Nk2222™"",

The ring Z/p°Z should contain a 2N-th principal root of unity. For this purpose, they have
to check that 2N | (p — 1). Thus, they are looking for a prime p in the set {1+ 2iN | i > 0}.
They reduce the search by using the following theorem.

Theorem 7.14 (Linnik’s theorem [44]). There exist constants I and L such that for d and
m coprime integers, the smallest prime p satisfying p = d mod m is less than Im®™.

Let now k be an integer greater than L. Since N* = o(n), N¥ = O(N*) = o(n). Thus, accord-
ing to Linnik’s theorem, they can find p = 1 mod 2N with a cost no larger than to O(N%) = o(n).
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It remains to find a 2N-th principal root of unity in Z/p°Z. For this purpose, it is necessary
to find a generator of F,,, which is a (p—1)-th root of unity in F,,, with a deterministic complexity
equal to O(p%“), according to [53], for any € > 0. One can deduce from it a (p — 1)-th root of
unity in Z/p°Z by using Hensel lifting.

Theorem 7.15 (Hensel Lifting). If ¢ is a (p — 1)-th principal root of unity in Z/p*7Z, then
there exists a (p— 1)-th principal root of unity ¢’ in Z/p* 17 satisfying ¢’ = ¢ mod p*. This

root of unity is given by (' = ( — f/((?) , where f(x) = 2P~ —1

Once the root of unity is obtained, it remains to apply the Lagrange interpolation used in Fiirer’s
version to get a root of unity w in Z[z]/(p¢, 22" + 1) such that w™/2"" =z

Thus, the authors use the same algorithm as Fiirer, although they work with k-variate poly-
nomials, where k& > 7 and ¢ > 5(k + 1), which implies to work in the ring (Z[z]/(p¢, 2¥ +
D)(X1,. .., Xk—1) = R(X1,...,Xk_1), but does not change radically the complexity. They use
several FFT: if the lengths are N1, Ns, ..., N, they compute N5 --- Ny FFT’s of length N7, then
NiNs3--- N FFT’s of length Ny, etc. They finish with Ny --- Ny_1 FFT’s of length V. Those

FFT’s use the ring Z[z]/(p°, 22+ 1)) and Fiirer’s strategy.

However, using k-variate polynomials instead of univariate polynomials introduce constants in
the term O(log™ n) of the final complexity, due to the fact that the number of nonzero coeflicients
of the product of k-variate polynomials is larger than the number of coefficients of these k-variate
polynomials (at most 2k times). These constants have a practical impact and can be improved
by considering that the computation of the prime p is a precomputation. Thus, rather than using
k-variate polynomials, one can determine randomly the prime p with a cost O(logg N). and work

in (Z[z]/(p°, a2 4 1)), but the algorithm is not deterministic anymore.

7.4 Bluestein’s chirp transform

Harvey, van der Hoeven and Lecerf in [32], and Harvey and van der Hoeven in [30] propose new
algorithms achieving complexity bounds similar to the one that Fiirer gets, and improve on the
constant hidden in O(logs n). Their improvement yields an asymptotic equation similar to the
improvement in this part. The algorithms in [32], [30] rely on Bluestein’s chirp transform [7].

Bluestein’s chirp transform allows one to compute an L-point DFT as a negacyclic product of
two polynomials A and B. Let A = Y o<i<L a; X" be a polynomial of length L in R and w € R
be an L-th principal root of unity. We assume that L is even and that there exists v € R such
that 2 = w. The authors have

AW = Z aiw™.

0<i<L
Using the identity
ik:—l(i—k)2+ﬁ+k—2
2 2 2’
they have

Awr) = y Z (aiu_i2> y(=i)*,

0<i<L

Thus, denoting by A and B the polynomials

0<i<L 0<i<L
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they compute C' = A - Bmod X% + 1 and they obtain A(w”) multiplying the k-th coefficient of
C by vk

Algorithm 19 DFT of polynomial with Bluestein’s chirp transform

: Input: A = Zf:_ol a; X" € R[X]/XT — 1, v a principal 2L-th root of unity and w = v/2.
. Output: A = DFTy (A) = A(1) + A(W)X + -+ + A(wE ) XLt
: function BluesteinTransform(A,L,v)

Let A be Yooy aiv™" X'

Let B be Ygeyop v X

Let C = A-Bmod X% +1 computed with Kronecker substitution

return A(1) + - + A(wE=1) XL~ by scaling the k-th coefficient of C' by vk
end function

o B S o v

The idea developed in [32] implies to use, instead of a radix-2* FFT, another method described
in Algorithm On Line [11] of Algorithm they use Bluestein’s chirp transform instead of

Algorithm 20 FFT of order a power of two IV using Bluestein’s chirp transform

1: Input: 4 = Zf\!ol a; X" € R[X]/XN — 1, v a principal 2L-th root of unity and w = v/2.
2: Output: A =DFTy,(A) = A(1) + A(W)X 4 - + A(wN -1 XN-1

3: function BluesteinFFT(A,N,\v)

4: if N <2 then

5: Compute A with BluesteinTransform and a Kronecker substitution

6: else

7 J 22

8: K« N/J

9: for 0 <k < K do

10: Let By, be the polynomial given by the coefficients (a;x+x);

11: By, + BluesteinTransform(By,, J, v %)

12: Bk — Bk(ka)

13: end for

14: Let (S;(Y)); € R[Y]’ be such that > g, Be(X)Y* =3, (V) X7
15: for 0<j < Jdo

16: S;(Y) < BluesteinFFT(S;, K, \, /) > Recursive call
17: end for

18: return >, Si(X7) X’

19: end if

20: end function

a radix-2 Cooley-Tukey FFT: they compute a negacyclic product of two polynomials with the
Kronecker substitution. In this version, the ring R can be any ring containing an N-th principal
root of unity (C for example) and A can be taken larger than in Fiirer’s algorithm: rather than
A= log(zz) n, they can choose it as A = (logéz) n)? + O(log(zz) n). Rather than concentrating the
expensive operations in the multiplications on Line there is a trade-off between the complexity

of the N multiplications in R on Line [12/and the N/2* multiplications in R[:U]/(gg2A +1).
In order to multiply two n-bit integers a and b, they split these integers into N/2 pieces of
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size s. Assuming that the precision required in C is p, the complexity equation is

log N Nlogy N

M(O(p))) +0 (WM(O(?\p))) + O(nlogyn).

M(n) = O (N

Using the radix-2 Cooley-Tukey algorithm, the second term in the equation is O(N logy, NM(O(p))).

Taking A = logyn logg) n+0(logy n), the first term is negligible and the second term is dominant.
They obtain O(nlog, n200°8: 1) a5 a solution of the recursive equation.



Chapter 8

(Generalized Fermat primes

This chapter defines admissible generalized Fermat numbers. Our main use case will be when
such numbers are prime, and we define a descending chain of such primes.

Definition 8.1. A generalized Fermat number is an integer of the form r2 4 1, where A
and r are two positive integers. We use the shorthand notation P(r,\) for such numbers.

For notational ease, throughout this chapter, whenever we mention a generalized Fermat
number p, we actually consider the pair (r, A) rather than the number p alone. For this reason, it
shall be understood without further mention that r and A are implicit data that is unequivocally
attached to p, which is underlined by the fact that we favor the expression “let p = P(r, \) be a
generalized Fermat number”.

8.1 Abundance of generalized Fermat primes

Asymptotically, the existence of generalized Fermat primes in integer intervals can be obtained
via the Bateman-Horn conjecture [4]. For real numbers A < B and an integer A > 1, we
let A(N, A, B) denote the number of integers r € [A4, B) such that p = P(r,\) = r? 41 s
a generalized Fermat prime. The following lemma captures the asymptotic behaviour of A in
specific intervals. However it will be of little use per se but to define some notations.

Lemma 8.2. Fiz an integer A > 1. Let a > 1 be a real number (possibly depending on \). If
the Bateman-Horn conjecture holds for the function f(x) = 22+ 1, then

A\ R, aR) ~ %(n(am —1i(R))

as R — 0o, where we used the notations:

¢ — A sroA+1 _
11(:1;):/2 LN | el Xk(p){2 i | p— 1,

logt’ 2 1-1/p 0  otherwise.

p prime
Proof. Bateman and Horn [4] define the constant C) as above, and conjecture that as R grows,

we have o o R
Aq. A
ANLER) ~ o2 MR ~ 535 00 R

101
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Let € > 0. Assuming the Bateman-Horn conjecture holds, we have for R large enough

A(\ R, aR) . 1+1(R)/li(aR)

& (li(aR) — li(R)) = T-(R)/T(aR)

Now since li(xz) ~ z/logz and o > 1, the right-hand side above converges to a positive constant
as R — oco. This proves the claim. O

We now go through several steps to provide heuristic arguments supporting the existence
of sufficiently many generalized Fermat primes in our ranges of interest. Our attention first
goes to the asymptotic estimate on the right-hand side in Lemma [8:2] and to how it evolves
as A — oo, for some specific choices of a and R. Table indicates some experimental values
for the constant C (the same data has also been collected by [23]). While the observation of
Table would support the empirical claim that C increases as A increases, a proof of such a
statement has eluded us. We prove Proposition [8:3] below, which is a much weaker statement.
We then choose a and R so that the estimate of Lemma [8:2) can be shown to tend to infinity
(Proposition [8.4)).

Proposition 8.3. Let C) be as in Lemma . We have + = O(C}).

Proof. We prove that there exists an absolute constant C' > 0 such that Cy > % for any A > 1,
where C), is defined as in Lemma [8.2]

The idea is to rely on the proof of the main theorem of [49, §2], and to use the main result
of [24] for arithmetic progressions with “powerful moduli”, since we consider arithmetic progres-
sions (q - k + r)x where ¢ is a power of two.

Let P(x) be the set of primes smaller than z, and extend the notation of Lemmato define

() = & 11 1-x®)/p

pepe TP

Throughout this proof, we use the shorthand notation ¢ = 2**1. Let 7(z, ¢,r) be the number
of primes < z congruent to r mod ¢q. Let G(z) = 7(z,q,1). We will use twice the Brun-
Titchmarsh inequality, which says that

G(x) =m(x,q,1) < 2(z/d(q))/log(z/q) = 4z /(qlog(x/q)).

Let now g(t) = G(t)—G(t—q). By construction, G and g are constant on intervals [1+qi, 14+qi+q)
for any integer ¢ > 0, and g(t) is equal to to 1 or 0 on that interval depending on whether 1+ gi
is prime or not. Hence

1 1+qi+q 1 1+qitq
g(1+qi) = 7/ g(t)dt and G(1+ qi) = 7/ g(t) dt.
qd J1+qi q.Jo

Let F(x) = —log(1 — 2*/x) = —log(1 — ¢/(2x)), which is a decreasing, convex, and non-
negative function defined for z > ¢/2. Furthermore, since A > 0, for x > 1 4 ¢/2 we have
F(z) <log2. Our goal is to find an asymptotic lower bound for the (logarithm of the) numera-
tor of C\(x) for large x (we impose x > 1+ 2¢ below). Equivalently, we seek an upper bound for
S(z) = N F(1 + ¢i)g(1 + gi), where we set N = |(z —1)/q|. Throughout the proof below,
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implicit constants O(1) are uniform on A —possibly for z larger than some bound that depends
on A, but that is not an issue since Cy = lim,_,o, Cy(z).

N N 1 1+qit+q
S(x) =Y F(1+qi)g(1+qi) = F(1+qi) /1 g(t)dt

i=1 i=1 9 J1+qi

1 ML pltaita

< - / F(t—q/2)g(t)dt (because F is convex)
4= J1+qi
1 reta 1+qN+q

<o Pe-aewas [ FG- a0
q J14q 4 Jz+q

o)

< Flx+q/2)G(x) — F(1+q/2)G(1+q) — /lw F'(t+q/2)G(t)dt + O(1).

Since F'(z +¢q/2) < 3¢ and G(z) < 4x/(qlogx/q)), the first summand is bounded by 2/log 2 for
x > 2q. Since G(1+q) <1 and G(t) =0 for ¢t < 2 we have:

S(x) < 0(1)+/$M dt.

T qr(t,q,1)
g0+ [

, 22

Elliott [24] proved a theorem that relates m(x, g, r) to its asymptotic estimate We state a very
weak form of it, namely that there exists an absolute constant K such that for any A > 0 and ¢
such that

min(t!/? exp(—(log log t)%), t*/% exp(—8loglogt)) > ¢,
we have

20 | _ Kt
qlogt| = q(logt)?

w(t,q,1) (8.1)

The condition above on ¢ can be simplified. There exists an absolute constant H such that
for any z > 1
min(z'/? exp(—(loglog z)%), z'/? exp(—8loglog z)) > (Hz)/*.
Thus, for t > ¢*/H, Equation (8.1 holds. We rewrite the upper bound on S(z):

‘14/H x
qr(t,q,1) / qr(t,q,1)
S(z) < 0(1 ERRNER L A D) gt
(z) = O )+/2 2t2 + o 20

To(X) I ()

For I4(\), by Brun-Titchmarsh we have

q°/H 92 q°/H )
Io( )\ S/ 7dt§/ ——du
N= ) T S, ulsw)

< 2loglog(q®/H) < 2log A + O(1).
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PN PN PN x| ooy x| oo
1] 137 5 | 3.61 9 | 7.49 13 | 847 17 | 11.00
2 | 2.68 6 | 3.94 10 | 8.02 14 | 801 18 | 13.01
3 | 2.09 7| 3.11 11 | 7.23 15 | 5.80 19 | 13.06
4| 3.67 8 | 7.43 12 | 8.43 16 | 11.20 20 | 14.45

Table 8.1: Approximations of the infinite product Cy, as defined by Lemma The
computation was done by enumerating all primes below 10!, with resulting values rounded to
nearest. Proposition shows that + = O(C)).

We use Elliott’s theorem to bound I (), x) (using the notations of Equation (8.1)):

v [ olal< [ K,
gt m tlogt q¢t/m t(logt)
K K
< — =0(1
— logzx * log(¢*/H) (1)
so that I;(\, z) < loglogz — loglog(¢*/H) + O(1)
<loglogx —log A+ O(1).

Combining the bounds on Iy and I;, we have obtained:

S(z) <loglogz +log A+ O(1).

The lower bound on C)(z) follows: indeed, we have

PEP(x) P
< (—y —loglogz + o(1)) 4+ (loglog x + log A + O(1))
log Cx(z) > O(1) — log A.

Hence Cy(x) > A/ for some absolute constant A, and x large enough. It follows that Cy > A/,
as claimed. We notice that the multiplier affecting log A above, and hence the exponent of A in
our lower bound, can be directly traced to the use of the Brun-Titchmarsh inequality in bounding

Io(\). O

Proposition 8.4. We use the same notations as in Lemma . Let a(\) be a real-valued
function such that a(\) > kA2t€ for two positive constants k,e. Then the asymptotic esti-
mate of Lemma when formulated for R = 2* and o = a()\) is such that, as X — oo:

Cx
2%

(li(a(N) - 2%) = 1i(2%)) — oc.
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Proof. A lower bound for (li(aeR) — li(R)) is (o — 1)R/log(aR). We have

O)\ . A o) CA H>\2+€—1 Ii/\e—l/>\2
— (1 -2 —1i(2 > . > A SA
o (li(a()-27%) ~1i(2Y) > 21og 2 A Ny
The claim follows, since 3+ = O(Cy) implies that AC\A® tends to co. O

Our heuristic claim is that for « = A\>® (which fulfills the conditions of Proposition [8.4), the
estimate of Lemma is accurate enough, as early as for R = 2.

Hypothesis 8.5. Let A > 2 be an integer. For any real number R such that 2) < R < 22},
we have A\, R,\2>°R) > 1. In other words, there exists a generalized Fermat prime p =
P(r,\) such that R <r < A\*R.

Both the constant C), as well as the accordance of the prime count A(\, 1, B) with the
asymptotic estimate given by the Bateman-Horn conjecture, have been studied by [23]. While the
experiments of [23] do support the validity of the Bateman-Horn conjecture even for primes not
very large, we provide independent experimental data to support Hypothesis We computed
numerically the value A(\, 2N )\2'52>‘), as well as the estimate given by Lemma We chose to
restrict the verification to R = 2* because this is empirically the hardest case.

To obtain A(), 2}, A2:92%), we used a simple primality proof algorithm based on Pocklington’s
theorem, in Las Vegas probabilistic time. The result of our experiments is given in Table
For each potential divisor ¢ of N — 1 = 2" and each prime divisor s of r, we prove that the
s-valuation of ¢ is exactly 2* times the s-valuation of 7, whence it follows eventually that N is
prime. The probabilistic time comes from the fact that we use random picks to find a generator
of the s-Sylow subgroup. Most computations were short, except for A = 12 where we had to
use some non-trivial amount of computing power. We reported the “total” number of candidate
values for r in Table 2. It is easy to filter out r’s that are roots of 22" + 1 mod smallish primes
congruent to 1 modulo 2+, With a small expense in computation time, we can roughly halve
the number of candidates. Yet we did not take this optimization into account when mentioning
the number of candidates.

Hypothesis is in fact stronger than what would be strictly necessary to reach the asymp-
totic complexity we claim in this thesis. Proposition led us to choose o as a polynomial
of degree at least two, and our particular choice & = A\??® has the advantage that the data in
Tablehas no corner cases for small values of A (in particular for A = 3). That factor could be
replaced by any polynomial in A, this would not affect the fact that the bounds used in Proposi-
tion have a numerator in O(log, \). We note, however, that using a polynomial with a more
rapid growth would invalidate some inequalities for small values of A, so that we would only be
able to state our algorithm for larger values of \.

Throughout the rest of the thesis, Hypothesis is tacitly assumed.

8.2 Chains of generalized Fermat primes

Some generalized Fermat numbers, defined below, play a key role in this thesis.

Definition 8.6 (Admissible generalized Fermat number). A generalized Fermat number
p= P(r,)\) is called admissible whenever A > 4 and r is such that 2* <r < 22A)\25,
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A | Candidates | Primes | Estimate A | Candidates | Primes | Estimate
1 0 0 0 7 8233 42 46
2 9 4 5 8 2.3e4 126 138
3 58 1 8 9 6.2e4 184 170
4 248 24 22 10 1.6e5 224 218
5 878 31 30 11 4.1eb 227 230
6 2789 57 45 12 1.0e6 > 307 312

Table 8.2: Number of generalized Fermat primes 12 41 with r € [R,\2°R) with R = 2* (only
even r are counted as candidates), compared to the asymptotic estimate of Lemma
Hypothesis asserts that the third column is never zero for A > 2.

Definition captures the primes whose existence is asserted by Hypothesis (it is easy to
observe that these are admissible when A > 4), as well as generalized Fermat numbers that are
subject to the same bounds.

The following proposition shows how from admissible generalized Fermat numbers (not nec-
essarily prime), we can build smaller generalized Fermat primes. For large enough inputs, these
smaller primes are in turn admissible, so that this construction can be used another time.

Proposition 8.7. Let A > 4, and let p = P(r,\) = 72" 4+ 1 be an admissible generalized
Fermat number. A smaller generalized Fermat prime denoted smallerprime(p) and an integer
batchsize(p) are defined as follows.

Let N = {log?) p—‘. Let ¢(k) = 25+l logy 7 + A — k. There exists a power of two 3 such
that the following conditions hold:

i. 0<log, 8 < N,
i. N2V < ¢(logy B) < 2M2V,
iii. Given R = 2000828)/2% " there exists an integer 1’ € [R,N*°R) such that p' =
)\/
P(r',XN) = " +1lisa generalized Fermat prime.

Given B and p' as above, we let smallerprime(p) = p’ and batchsize(p) = 8. Furthermore,
if N >4, then p’ is admissible too.

In anticipation for the proof of Proposition we prove the following bounds.
Lemma 8.8. Let A and X' be as in Proposition[8.7] We have
logy (A +1ogy ) < X < 3logo A —1 < A\
Proof. Since p is admissible, we have

2V > log, (2 log, ) > A+ logéz) r > A+ logy A
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A N A Y A Y
3<A<4 | 3 A=12 |45 28<A<56| 6
A=5 |34 13<A<26| 5 57<A<58]6,7
6<A<I11| 4 A=27 |56 59<N | >7

Table 8.3: Possible values for \' = [loggg) p—‘ for p = P(r,A\) an admissible generalized Fermat
number, using the bounds logy (A 4 logs A) < N <1+ 1ogg2)(1 + 222X + 2.51og, M)).

In the other direction, the condition on p being admissible gives the following uniform bound on
X (we first bound p by 2r2):

N < 1+1ogl (1 + 222X + 2.51og, V).

An unilluminating calculation shows that this right hand side is indeed bounded by 3log, A — 1
for all A > 3, and then by A for all A > 4. O

The lower bound given by Lemma [8.8]is most useful now, and gives in fact the correct order
of magnitude for \'. The upper bound is much coarser and will be used in Possible values
for )\ are given in Table In particular, A > 4 implies A’ > 3.

Proof of Proposition[8.7 The function ¢ is easily seen to satisfy ¢(k) < 2¢(k—1) for any integer
kE < XA+ 2. As a consequence, the intervals [¢(k),2¢(k)], for k ranging from 0 to ' — 1, form a
covering of the interval [¢(0), o(\)].

We prove ¢(0) < 2X'2% < ¢()\), which will directly entail that 2)'2)" is within one of the
above intervals that form a covering.

The bound 2X'2) < $(N) is a consequence of A > X:

p(N) > 22+ og, r > 2V FIN > 2N+

The proof that 2N 2N > ¢(0) is based on calculus. Lower and upper bounds for 2X'2) and
#(0) are

22V > 2(X + logy M) logy (A + logy A) > (A + logy A) log,y(36),
B(0) < X+ 2(2) + 2.5logy A) = 5(A + logy A).

We have proved that there exists an integer k such that 0 < k < X, and that ¢(k) < 2\2N <
2¢(k). Let B = 2*, so that (i) holds. We have that

$(log, )

! I
A< o <2)\.
$(log 8) , ,
This implies (ii). Finally, R" = 2~ 2 is such that 2" < R’ < 22%. Hypothesis then
implies (i), and concludes the proof. Admissibility of p’ follows from Definition O

The following technical lemma provides useful bounds for p’ = smallerprime(p).

Lemma 8.9. Let p = P(r,\) be as in Proposition . Let § = batchsize(p) and p’ =
smallerprime(p). We have
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4log, N
A,f 1 )

2). In particular loga b’ _ 9 4 o(1).

. ]og pl .
7. 1< 2 < min(1 + ) Flog, T

= 2Blog, v
. N +logy N < logé2) p <N +logy N +2.
Proof. We follow the notations of Proposition The lower bound in () is easy:
logyp' > 2V logy R' > ¢(log, B) > 28 log, 7
The upper bound requires more work. On the one hand, Lemma gives 2N > A, whence
2Blog, r+ 2" > ¢(logy B) > N2V
28logyr > (N —1)2V.
And on the other hand, we can bound log, p’ as follows.
logy p’ = logy((p' — 1) + 1) = logy(p’ — 1) +logy (1 + 1/(p" — 1))
< 2V log, ' +1 <2V log, R + 2" logy,(N>%) + 1
< ¢(logy B) + 2V logy(X*7) + 1 (8:2)

by the definition of R’. Using now Lemma and 2V > \ + logy A > A + 2 we have
log, p’ < 2Blogyr + (2)‘/ —-2)+ 2V logQ(A/2'5) +1
< 2Blogy 7 + 2" - min(4log, N, 5(X — 1)/2) since X' > 3.

The upper bound on the last line is obtained by calculus. We have thus proved ().
The lower bound in statement (i¢) is trivial. The upper bound is derived from inequality (8.2)

above. By (i7) in Proposition we have W < 2N, whence

logy p' < 2N 2% + 2 log, (V*%) + 1.
log®? p < log, (1 + 2V (2N + logQ()\'Z's)))
< X +1logy N + 2 since N > 3.

Again, this last upper bound is verified by calculus. O



Chapter 9

Integer multiplication algorithm
using generalized Fermat primes

We now see how we can design an asymptotically fast integer multiplication algorithm that uses
rings of integers modulo generalized Fermat primes.

Throughout this chapter, our preferred representation for elements of a ring R of integers
modulo a generalized Fermat number p = P(r,\) is the representation in radiz r. Namely,
a € R is represented as a 2*-uple (ag, . . ., asr_1) such that a = D i ajrd and 0 < aj < r. This
representation does not cover the case a = —1, and we need an ad hoc exceptional representation
for this case (possible representation choices are plenty — one extra bit is enough). Conversions
between binary representation and radix r representation can be done in linear time when r is a
power of two, but we also need to deal with the general case. Recursive base conversion algorithms
(see [10, §1.7.2]), do this in quasi-linear time O(AM(logp)) (this holds both for ways, both to
and from representation in radix r). Additions and subtractions in R using this representation
are linear. This chapter is concerned with the complexity of multiplication in R. We denote this
cost by Mz.

9.1 Preliminaries: transforms

The following definition extends concepts defined in Proposition and defines useful data for
our algorithms.

Definition 9.1 (smallerring(R)). Let A > 4. Letp = P(r,\) = 2" 41 be an admissible gen-
eralized Fermat number, and let R =Z/pZ. Following Proposition we let smallerring(R)
be the triple (R, N',w’) defined as follows:

o R =7Z/p'7, with p' = P(r',\') = smallerprime(p).
e N’ =2*/batchsize(p). (N’ is a power of two.)

o W' is a primitive 2N’-th root of unity in R’.

For the root w’ to be well defined above, we need the following property.

Lemma 9.2. Using the notations above, R’ has a primitive 2N’-th root of unity.

109
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)\/

Proof. Notice first that A’ > 3 so that p’ > 23'23, and that p’ = > + 1 is prime, so that in
particular 7’ is even. For 2N’ to divide p’ — 1, it suffices to check that 2N’ divides 22" | We have
log,(2N") =X+ 1 —log,

2N > A+ logg) T,

so that it is sufficient to check that logéz) r > 1, which holds as soon as A > 2. O

The algorithms described in the remainder of this chapter all assume that the sequences of
rings and auxiliary data defined by Definition [9.1] are computed in advance, for all levels of the
recursion. We assume that a tape of our Turing machine is devoted to that data, stored one level
after another. The size of the data smallerring(R’) is clearly O(logp’).

9.2 New algorithms

We now describe two new algorithms that are dependent on each other. Both aim at computing
products of elements of R.

e One algorithm that computes “transforms” of elements of R, denoting the transform of an
element a € R by Tr(a). Internally, this algorithm multiplies elements of R’.

e One algorithm that multiplies elements of R. This algorithm uses the transforms computed
by the previous algorithm.

We begin with Algorithm (TransformR), which computes transforms. We can state it
thanks to Lemma

Algorithm 21 Transform Tr(a) of a € R =Z/p7Z, with p = 2" + 1 admissible (not necessarily
prime), A > 4. (Algorithm without precomputations.)

1: function TransformR(a)

2 Input: a € R, represented in radix r.

3 Output: Tz (a), a vector of N’ elements of R', represented in radix r’

4: Let 8 = batchsize(p), and (R’, N',w’) = smallerring(R).

5: Let A(X) € Z[X] with positive coefficients below ? be such that A(rf) = a;
6:  Map Ato A e R[X]/(XN +1).

7 Rewrite coefficients of A in radix r’.

8: return Half-DFTy/ . (A) = LargerRadixCooley TukeyFFT(A(w'X), N, N, w'?).
9: end function

Our complexity analysis will need to reason on the set of transforms of roots of unity that
are used by Algorithm [2I] We define it as follows:

Definition 9.3 WW(R), vector of precomputed transforms useful for Tg). Fiz notations as
in Definition[9.1 We let W(R) denote the vector defined as:

128 . N’
W(R) = {Tr (>, i € [0, vt~
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where Tr: is defined as in Algorithm [21] (albeit using R’ as an input ring).

Complexity of Algorithm with or without precomputations
We define the following costs. The analysis of Mz and M/, will be done in

e Mgz : cost of multiplying a € R by b € R, with no auxiliary inputs.

o MZ%: cost of the same computation, with 7z (b) known.

e Tx: cost of computing Tz with Algorithm

o T%: cost of computing T with Algorithm [21] aided with the auxiliary knowledge of W(R).
e Wrx: cost of computing W(R).

We begin with Tx. Algorithm [2I] uses base conversions on lines [5] and [7] Both operations
perform N’ = 2}/ conversions, and the respective costs per conversion in each case are O(log 3-
M(Blogr)) and O(N - M(Blogr)) (in these complexity estimates, M(n) can be taken as the
complexity obtained for multiplying integers by the Schonhage-Strassen algorithm, for example).
By Proposition we have log 8 < ), and by Lemma we have logp’ = O(Slogr), so that
the overall base conversion costs in Algorithm [21| can be expressed as O(N'X - M(log p’)).

The computation of the Half-DFT on line [8| of Algorithm [21|involve N’log N’ multiplication
by roots of unity in R’, of which only (E(N') + N’) exceed a linear cost (using the notation of
Section . We have

Tr = (E(N')+ N )Mg/ + O (N'log N'logp’ + N'X" - M(logp’)) .

We now turn to the analysis of T%. If the vector W(R) = {Tr/ (w*T1), i € [0, 21\,’% - 1]}
is known, then the computation of Tz can be done a bit faster: the (E(N') + N’) “expensive”
multiplications by roots of unity in R’ do not need to recompute the transforms of the roots.
They may thus use a somewhat faster algorithm for multiplication in R’. We defined above its

cost as M/, and we have:
T = (E(N") 4+ N )M%, + O (N'log N'logp’ + N'X" - M(logp)) .

Finally, we give the cost Wg of computing W(R). Here, we do not recursively use W(R')
to compute the different elements. We do however use the knowledge of the root of unity w’
(it belongs to the precomputed data smallerring(R)). We use the fact that we can deduce the
transform of w’* from the binary decomposition of k& and the computation of the transforms
of the powers of the form w'?’, as in the fast exponentation algorithms. To compute W(R),
we first compute Tr/(w') and Tr/(w'?) , which cost 2Tr/. Then we do successive point-wise
multiplications by the vector Tz/(w') to obtain the transforms of the other roots. For each of
the N’/ 2V +1 _ 1 transforms to be inferred this way, we need N multiplications in R”, where
we temporarily set (R”, N” w") = smallerring(R’). Therefore we have

Wr <2Tgr' + (N//2/\/+1 — ].)N”MRN < N/TR/.

Without further detail, we also claim that the inverse transform 75 ! can be computed with
the same cost as 7.
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Algorithm 22 Multiplication in R =Z/pZz, with p = r2 + 1 admissible, A > 4.
p is not necessarily prime.
We use the notations 7z, Wx as in
function MulR(a,Tx (b))
: Input: a € R, represented in radix r; Tr(b) for some b € R.

1:

2

3 Output: a-b mod p, represented in radix r

4: Let 8 = batchsize(p), and (R’, N',w’) = smallerring(R).

5: Compute W = W(R) using Algorithm TransformR.

6 Compute Tr(a) using Algorithm TransformR and W as auxiliary data.

7 Compute v = Tr(a) * Tr(D) > point-wise products of elements of R'.
8 Compute ¢ = 75 *(7) as follows:

9: C < Half-IF Ty o (7) € R'[X]/(XN" 4+ 1) using W as auxiliary data.

10: Lift C to C' € Z[X] as follows:

11: for i € [0, N’ — 1] do

12: Lift coefficient of degree i to [—(N' — 1 —i)r?#, (i + 1)r?4[.

13: end for

14: Rewrite coefficients of C' as signed integers in radix 7.

15: Compute C(rf) = c. > The result is defined modulo (%)Y +1 = p.
16: return c

17: end function

9.3 Multiplication modulo generalized Fermat numbers

Using Algorithm [21| (TransformR), we can now state Algorithm [22| (MulR). Tts validity depends
on the following lemma;:

Lemma 9.4. Let notations be as in Algorithm . Let A, B be polynomials in Z[X] of degree less
than N’ and with positive coefficients below m° such that, A and B being their respective images
in R'[X]/(XN" +1), we have Tr(a) = HalEDFT . ./ (A) and Tr(b) = Hal-DF Ty . (B) on
line[7 of Algorithm[23

i. Both A and B are uniquely defined from Tr(a) and Tr(b).
1. The polynomial C is equal to A - B mod XN 41,
1. ¢ 1s equal to ab mod p.

Proof. We prove (i) for Tr(a), the same reasoning holds for Tz (b). The polynomial A €
R/[X]/(XN" 4 1) is uniquely defined because Half-DFT is an isomorphism. Now since T (a)
is computed from an element a of R, line [§] of Algorithm [2I] has unambiguously computed a
polynomial A, which meets the conditions. Since there is a unique lift of A to Z[X] that has
degree less than N’ and positive coefficients below p’, this lift is then necessarily the same as A.

Statement (#7) holds modulo p’ by construction, but we must make sure that the lift on
lines[I0}13] of Algorithm [22]computes the correct product over the integers. To do so, we compute
a bound for the coefficients of the product A - B mod X~ + 1. Both operands have at most N’
coefficients. The coefficient of degree i of their product modulo XV " 41 lies within the interval
[—(N' —1—14)(r%)2, (i + 1)(r?)?[ (actually with the lower endpoint open for i < N’ — 1), which
has width N’(r#)2. The base 2 logarithm of this latter value is 28 log, r + A —log, 8 = ¢(log, ),
following the notation of Proposition Now again following notations of Proposition we
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have p’ > R? > 2¢(08: /) > N'(r5)2. Thus, the coefficient ¢; of degree i of A- B mod XN +1

is lifted to a unique signed representative modulo p’ on line This proves the claimﬂ
Statement (iii) follows: by (i), we have that C = A- B mod XN + 1. By evaluating at 77,

we obtain the result ¢ = ab modulo ()N +1 = p. O

Complexity analysis of Algorithm

We first mention that the relative costs of multiplications and transforms, with or without pre-
computations, satisfy the following equations.

2T33§M;2§MR§M%+T’RSSM92 and Tgr < Mg.

(To get Mg < M, + T/, it suffices to first compute W(R), and then T (b).)

On line Algorithm [22| converts between representation in radix r’ and binary representa-
tion. On line [14] the conversion is between binary representation and representation in radix r.
As with Algorithm [21] we can do this in time O(N’) -M(log p’)). Point-wise products, on line
use a variation of Algorithm where there is no auxiliary input, recursively (thus exploiting
the fact that the coefficients of T (a) and Tx(b) are represented in radix ). And last but not
least, the most important aspect of the complexity of Algorithm [22] is that since we compute
W(R), the transforms 7% (a) and T '(7) can take advantage of it. We thus have:

" =Wg +2T% + N'Mgz, + O(N'X - M(logp’)) + O(log p).

We now use the various expressions obtained in §9.2] to rewrite this. We use the coarse bounds
TR’ S MR’ S %M{R’ We have

M, < N'Mgs + 2E(N")Mlg, + 2N'Mby, + N'Mg,
+O(N"- X -M(logp')) + O(N' -log N’ - log p) + O(log p)
< B5N'M%, + 2E(N")M%,
+O(N"- X -M(logp')) + O(N’ -log N - logp’) + O(log p)
< 2N’ (3 +1oggrs1 N') - MY,
+O(N"- X -M(logp')) + O(N' - log N - logp’) + O(log p)

where we used E(N') < N'logyx11 N’ and 5/2 < 3. Algorithm [22| also needs to move the head
of tape of precomputed data by the size of the current data smallerring(R). The corresponding
overhead O(logp’) is easily subsumed within the lower-order terms above.

9.4 Multiplication in Z using multiplication in R

We can build on Algorithm [22|to obtain an integer multiplication algorithm for n-bit integers a
and b.

Note however that we avoid the following simple approach because it does not work complexity-
wise: we do not multiply a and b by considering them as elements of Z/pz, for p an admissible
generalized Fermat number such that p > 227, There are two reasons for that. First, doing so

20n lines of Algorithm intervals depend on the degree so that we can do without a needlessly coarse
lower bound 2N’('rﬁ)2 < p’. Tt would be possible to adjust the definition of ¢ in Proposition as well as the
corresponding proofs, so that that coarser inequality holds.
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for p an admissible generalized Fermat prime is out of question: unless we consider that p is
given beforehand, computing it is likely to be more expensive than computing a product of bit
length log, p, and would therefore appear dominant, maybe prohibitive even for a precompu-
tation. Fortunately, Algorithm [22| (MulR) does not require that p be prime, and therefore this
difficulty can easily be circumvented. For example we may select A such that A2* > 2n, and then
set p = P(2*,\). The second issue is harder to deal with: in the ring R’ used by Algorithm
we need to find 2N'-th roots of unity, and for this we need a quadratic nonresidue in R’ (which
generates the 2-Sylow subgroup of R’). Alas, if our first (non-prime) modulus p is such that
log, p > 2n, then in Proposition we have \ = [loggs) p| > logg) n, so that the upper bound
on log, p’ that we obtain from Lemma m is at least as large as logyn - logg) n. If we can use
only deterministic exponential-time algorithms to search for a multiplicative generator for R’,
then the complexity of this search exceeds the overall complexity of integer multiplication.

Similar (but subtly different) issues were already encountered by Harvey, van der Hoeven and
Lecerf. The workarounds proposed in [32, §8] also apply here.

e Either we assume the generalized Riemann hypothesis, in which case a quadratic nonresidue
in R’ can be found in polynomial time.

e Or we do the top-level multiplication with one round of Fiirer’s algorithm. Multiplication
in the ring C[X]/Xx2" 4 1 that is used by Algorithm (FurerComplexMul) reduces to mul-
tiplication of integers of bit length ng = O((logn)?), with n denoting the bit length of the
integers a and b (see Equation ) These integers are then multiplied by Algorithm
(MulR), for a suitable modulus pg (not necessarily prime).

The latter strategy is given by Algorithm (MulZ). Note that since we build upon Algo-
rithm we force the bit length n to be rounded up to a power of two.

Algorithm 23 Multiplication of integers in Z

Input: a, b two positive n-bit integers, n being a power of two.
Output: c=a-b
function MulZ(a,b)

Let ng be such that all internal multiplications in FurerComplexMul(, -, n) may be done
by multiplying two no-bit integers. (As per the analysis of FurerComplexMul, we have ny =
O((1og, n)?).)

5: Let Ao be the smallest integer such that 2ng < A\g2*0.
Let py = P(2%, \) = 2202 4+ 1.
: return ¢ = FurerComplexMul(a, b,n), where all internal multiplications are done with
Algorithm [22| (MulR), in the ring Ry =Z/p,Z.
8: end function

It is easy to see that py in Algorithm[23]is an admissible generalized Fermat number. As for the
determination of prime moduli as well as the computation of primitive roots of unity of the desired
order in the recursive multiplication levels of Algorithm [22] we have that log, (smallerprime(pg))
is polynomial in loggQ) n. This is small enough so that simple algorithms are fit for the task of
testing smallerprime(pg) for primality, as well as for finding primitive roots. Thus the complete
chain of precomputed triples defined by smallerring in Definition 9.1 can be computed in advance
and stored on an auxiliary tape of the Turing machine, as suggested in

The complexity of computing n-bit products with Algorithm [23| (MulZ), which we denote by

Myew(n), can be expressed as follows. The equation below is naturally very similar to Equa-
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tion (|7.2)).
Muew (1) = N(3[loggrs1 N4 1) - Mg, + O(N log N - 2* log n);

9.5 Solution of the recursive complexity equations

9.5.1 Summary of the recursive complexity equations

In Algorithm [22| (MulR), multiplication in R uses (R’, N',w’) = smallerring(R). In turn, mul-
tiplication in R’ may use (R”, N”,w’) = smallerring(R’) if recursion is used again. We define
(Ri)izo as well as (Ni)i21 and (wi)i21 by:

Ro = as in Algorithm [23]
(Rit1, Niy1,wit1) = smallerring(R;) for ¢ > 0.
Likewise, we let p; be such that R; = Z/p,7, for i > 0. Of course, since Definition as well
as Algorithms and [22] are only valid for A; > 4, only a finite number of terms of the above
sequences are defined for a given input size n. Part of the work towards determining our final

complexity will be to determine this number of terms (the recursion depth). We briefly recall
the key equations for the complexity analysis:

M;%i <2Nip1-(3+ loggxiy+1 Nit1) - M;%
+ O(Nig1 - Aig1 - M(log pit1))
+ O(Niy1 - log Nit1 - logpit1)
+ O(log p;).

i+1

3
Muew(n) = N(3[logare+1 N1 +1) - Mz, + O(Nlog N - 2™ logn).
We first prove the following lemma that bounds the transform length N'.
Lemma 9.5. Using the notations as above, we have

4logy \it1 ) 7) ) log, p;

N-1§m1n<2<1—|— .
" Ait1 — 1 logy pit1

Proof. Let (3 = batchsize(p;). We have 2*i log, r; < log, p;, therefore

27)"' < logy pi <2 logy pi logy pit1 '
B~ Blogyri log, pit1 281ogy 1

Then (4) in Lemma allows to conclude. O

Ni+1 =

The following result plays a central role in the asymptotic analysis.

Proposition 9.6. We keep the above notations. Let i > 0 be such that p; is admissible. Let
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41ogy Nit1 _ 8logy A M%,
Ai

_ 2+4logy it
» €12 X,

, and €3; = . Let m; = o—- We have

€0,i = _—
s i1 log, pi-logy™ pi

Ait1

m; < 4- (1 + 60,2‘) (1+ 61’1') (1+ 62’1-) “ M1 + 0(1)

Proof. We first bound the second and third lines in the equation for M/R,-v and compare them to
log p; - log(g) pi. The third line uses Lemma We have

Nit1/logy pi < 7/logy pit1 = O(1)
which obviously also implies (logy N;t1)/ (logém p;) = O(1). Then

logy Nit1

Nii1logy Nit1logs it <

log, pi log’? p; T logd p;

=0(1).
For the second line, it suffices to assume that M(logp;+1) is bounded by the complexity of the
Schonhage-Strassen algorithm. We have

) (3)

pz;u logy™” pit1 —o().
lo ),
2o " Pi

Nit1iAix1M(log piy1) Aig1 10%52

2
log, pi logs p;

<7

In the expression above, we obtain the upper bound by bounding the numerator by a polynomial
in A;11 (because p;y1 is admissible), while the denominator is exponential in A;11.
The most important calculation for the analysis is the comparison of the first term of M%i

log, pi
log, pit+1

with log p; - 1og(2) p;. Lemma gives the bound N;41 < 2(1 + €) , and we also have

the coarse bound log, N;y1 = log,(2Yi/3;) < A;. This implies

log, pi Ai 108, piy1logs) piti
m; <A1 +e€0)7—— - < + > St +0(1)

log pit1 Aiy1 +1 log, pi log"?) p;
Ai log$? p;
<4(1+€0,) <3+ h\ Z+ 1> lg2(2§)1+1mz‘+1 +O(1)
itl 08s " Di

By Lemma we have (3 + +’\1i+1) < )\ij\-i—li)f?l i < )\11+§ }Jc:%z Ai - Furthermore by statement (1)

from Lemma m for ¢ > 0, we have logg) pi > A +1ogy As, so that

Ai +9logy A . logg) Dit1
Ai +1ogy A; Ait1
S 4. (1 + 60,1') . (1 + 6112') . (1 + 6271') M1 + 0(1)

mi; <4-(1+e,)- -mir1 + O(1)

where we used again Lemma to bound loggQ) pi+1. This proves our claim. O

It is easy to convince oneself that the three quantities € ;, €1,;, and e ; all tend to zero as A;
grows (that is, as we deal with larger and larger input numbers). The final asymptotic formula
needs the following stronger result, however.

Lemma 9.7. Let \g be an arbitrarily large integer. Let K be the first integer such that A < 4.
We have K =log™ \g + O(1). Furthermore, for j =0,1,2:

K-1
H (1+4¢€5:) <oo (independently of K)
=0
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Proof. The expression of K follows from the inequality A’ < 3log A — 1 proved in Lemma
To see that, let ®(\) = 3logy A — 1, defined for A > 4. Let ®*(x) be the function defined
similarly to log*, by ®*(z) = 0 for x < 4, and ®*(z) = 1 + ®*(P(x)) otherwise. It is clear that
K < ®*(\g). Now using the terminology defined in [32, §5], the function ®* is an iterator for the
logarithmically slow function ®. As such, it satisfies ®*(z) = log™ z + O(1), which corresponds

to our claim.
To bound the product, it suffices to bound Y, [e;4]. Let fo(z) = 22822 f,(z) = 219822 and

fo(z) = 2827 5o that ep; = fo(Nit1), €15 = fi(Ni), €25 = f2(Aip1). The functions f; are
decreasing for « > exp(1). In particular, we have €1; < f1(A;4+1). Consider the sequence of real
numbers defined by ug = 3, uy = 4, ug = 6, uz = 27, and uy1 = 2*+/3 for k > 3. This sequences
diverges to infinity. Independently of the starting value Ay, we have
A > 3 = ug,

Ak—1 >4 =u,

Ak—2 > 6 = uy by observing Table [8.3]

A —3 > 27 = usz again by Table

Aic_a > 253/ > 4, by Lemma [8:8]

)\K—k Z Uk for all k S K.

This yields

K-1 2 K-1 2 K-
D leial =D lejx—1-kl < Z fohr—k) + filhg—1-k) + fo(Ak—k))
i=0 j=0 k=0 j=0 k=0
K—1 2 -1 2 o 2
< fiAk—k) S ng )< DD filw).
k=0 j=0 k=0 j=0 k=0 j=0
The latter sum converges to an absolute constant. O

9.5.2 Complexity of integer multiplication

Theorem 9.8. The complexity M,en(n) of the algorithm presented in to multiply n-bit
integers is
Mpew(n) = O(n - logn - 4187 ™).

Proof. This theorem is a consequence of the results obtained thus far. Recall that in Algo-
rithm (18| (FurerComplexMul), we have N = O(n/(logyn)?) and 2* = O(log,n). The input size
of Algorithm [23| (MulZ) is ng = O((log, n)?) bits. We have

O(Nlog N - 2*logn) = O((n/(logy n)?)(log, n)3) = O(nlogn).

n IOan
N(3[logyrr1 N1 +1) - Mg, <O ((logzn)?> o (bg@)> e
Mz,
< O(nlogn)  ————.
< ( g ) n0(10g2 no)

We thus have, using logpg = O(no):

Mnew (n)
nlogn

M
7202> =0(1) +mg
1 log(?

082 Po 1085 ~ Po

:om+o<
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using the notation of Proposition Let now A be a constant bounding the O(1) in Propo-
sition [9.6] let C = A/3, and let e(i) = [[o<;j<o(1 + €;:). We have 4e(i) — 1 > 3 so that
A < (4e(i) — 1)C. Proposition [9.6] implies
m; < de(i)m;11 + (de(i) — 1)C
(m; + C) < de(i)(my1 + C),

so that we get mo = O(4'°8" ™) by Lemma Finally, this gives

Mnew (n)
nlogn

=048 ™).



Chapter 10

Practical considerations

While our algorithm is mostly of theoretical interest, several points are worth mentioning, as
an answer to the natural question of its practicality. Despite the title of this chapter, we are
not reporting data on an actual implementation of our algorithm, but rather measurements that
shed some light on its practical value.

10.1 Adaptation of the asymptotically fast algorithm to prac-
tical sizes

At the beginning of §9.4] we briefly alluded to a way to multiply two n-bit integers: pick a
generalized Fermat number (not a priori prime) of the form pg = P(2*°, \g), for A¢ such that
Xo2*° > 2n. Then use Algorithm (MulR). This does not work asymptotically because com-
puting roots of unity modulo p; = smallerprime(py) cannot be done deterministically with good
complexity. However, in practice, for say n < 264, Table and Lemmaimply that p; would
then be at most a 2048-bit prime, for which both the primality proof and the computation of
roots can reasonably be assumed to be done once and for all. Therefore, the stumbling blocks
that are relevant for the asymptotic analysis need not be considered as such for a practical im-
plementation. This implies in particular that resorting to Algorithm (FurerComplexMul), as
we do in Algorithm [23| (MulZ) for asymptotic reasons, is not needed in practice.

Going further in this direction, we may in fact consider as a practical instance of our algorithm
the more general procedure that follows Algorithm [14f with Ry =Z/p,7Z as a base ring, where p;
is a generalized Fermat prime. The aforementioned strategy can be regarded as Algorithm
with n = 2% N = 2% (still with A\g2*® > 2n), at least in the case where 3 = batchsize(py) = 1.

Another alteration that we wish to make in practice is that our top-level multiplication need
not use a negacyclic transform: whether we compute a product modulo 22" + 1 or 22" — 1 makes
no difference when both inputs are less than or equal to 2" — 1, which is the case on the top-level.
On the other hand, a “full” DFT of length IV instead of a Half-DF'T saves 3N multiplications in
the base ring, which is not entirely negligible. Since a product modulo 22" + 1 is done with a
Half-DFT, we prefer to compute the product modulo 22" — 1 on the top-level.

Finally, we note that for all sizes of practical interest, arithmetic in Ry =Z/p,7Z will not be
done with a Fourier-transform-based algorithm, because p; is only of very moderate size.

Taking into account all the remarks above, the only link that remains between the practical
procedure that we envision and the algorithms (in particular, Algorithm 22] (MulR)) described in
the second part of this thesis is that p; is a generalized Fermat prime. The developments in this

119
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part of the thesis show that computing with generalized Fermat prime is asymptotically feasible,
and yields a good complexity.

10.2 Parameter choices for various input sizes

In this section, we consider various input sizes n, and various candidate generalized Fermat
primes p; = r12A1 + 1. For combinations of these, we find values n and N (both powers of two)
such that Algorithm works. Let us briefly recall its structure: we write both n-bit integer
inputs @ and b in radix 7, or equivalently as the evaluations at 7 of two polynomials of degree
less than N/2. We multiply these polynomials in Rq[z]. For this, we compute full N-point
DFTs, then a point-wise product, and finally an inverse DFT. Arithmetic in R4, as in uses
representation in radix r1. For this procedure to correctly compute the integer product a - b, the
following conditions must hold:

Nn? <py (no overflow occurs in Ry),
22n <N — 1 (correct computation of the product of two n-bit integers),

Nip—1 (a principal N-th root of unity exists in Rq).

In particular, N is the smallest power of two above 2n/log, . When choosing 7 and N subject
to the conditions above, we have some freedom. Ultimately, we wish to minimize the number of
multiplications in R, because we expect those to form the largest part of the computation time.
More precisely, we wish to minimize the overall cost (3E(N)+N)Mg, of ezpensive multiplications
as introduced in §z (Mg, denotes the cost of one expensive multiplication in Ry; we add N
because of the point-wise products, and not 4N since here we do not use a half-DFT). Using the

n_logyn
Togs 7 T Mz, , therefore

expression of E(N), a rough estimate of the quantity to minimize is
for n constant we try to minimize
Q~ Y loo 7 '\le .
110gy 7
Thus, there is a trade-off to determine: when 7 grows, larger primes p; have to be used: Mz,
increases, while log12 T decreases. Since the cost Mg, is given by the bit length of the prime p,
the n that we choose should be the largest n for which p; is valid (as per the first of the three
conditions above). The number of expensive multiplications for various input sizes n and primes
p1 is reported in Table [I0.1} We added in Table the additional constraint that log,n be
a multiple of the machine word size, to the extent possible (since N must be a power of two
anyway, this constraint has no impact).

10.3 Cost of multiplications in the underlying ring

We now turn to the two last columns of Table Our goal is to obtain a coarse lower bound
on the time we expect our algorithm to take. Arithmetic in Ry, and in particular multiplica-
tion, is our main focus. Elements of R are represented in radix r;. We avoid the conversion
between radix r; and binary representation by using Kronecker substitution: an element of Rq,
represented as a 2*'-uple of integers in [0,71), is transformed into an integer of bit length

k= (2[logy 1] + A1) - 2M.

Multiplication in R, is then done by multiplying these integers modulo 2¥ + 1 (we deal with
signs in the same way as in Algorithm [22] (MulR)). We ignore the cost of converting this product
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bit length of both operands: 23°

1 n N 3E(N)+ N bit length of K.S. lower bound
98416 41 | 264 | 225 | 225.(16=3-5+1) | (2-10+4)-16 =384 | 2.68-10' s
198416 41 | 264 | 225 | 225.(16=3-5+1) (2:11+4)-16 =416 | 3.44-10's
401616 41 | 264 | 225 | 2%.(16=3-5+1) (2-12+4)-16 =448 | 3.44-10' s
44832 11 | 2128 | 224 | 224.(13=3-4+1) (2:9+5)-32=736 | 3.82-10's
88432 41 | 2128 | 224 | 224.(13=3-4+1) (2-10+5)-32=2800 | 4.45-10's
41204 41 | 2296 | 228 | 223.(13=3-4+1) (2:9+6)-64=1536 | 7.57-10' s
506128 41 | 2°12 | 222 | 222.(10=3-3+1) | (2-9+7)-128=3200 | 9.94-10' s

bit length of both operands: 24°

D1 n N 3E(N)+ N bit length of K.S. lower bound
98416 41 | 232 | 236 | 236.(25 =3.8+1) (2-10+4)-16 =384 | 8.57-10%s

198416 41 | 264 | 235 | 235.(22=3.7+1) | (2-11+4)-16 =416 | 4.84-10*s
401616 +1 | 264 | 235 | 235.(22=3.7+1) (2-12+4)-16 =448 | 4.84-10* s
44832 41 | 264 | 235 | 2%.(19=3.6+1) (2:9+5)-32=736 | 1.14-10° s
88432 41 | 2128 | 234 | 231.(19=3.6+1) (2-10+5)-32=2800 | 6.66-10%s
41264 41 | 2256 | 233 | 233.(16=3-5+1) (2:9+6)-64=1536 | 9.54-10*s
506128 1 | 2512 | 232 | 232.(13=3-4+1) | (2-9+7) 128 =3200 | 1.32-10° s

bit length of both operands: 2°°

D1 n N 3E(N)+ N bit length of K.S. lower bound
98416 41 | 232 | 246 | 246.(31=3.10+1) | (2-10+4)-16 =384 | 1.09-10% s

198416 +1 | 264 | 245 | 245.(28=3.9+1) | (2:11+4)-16 =416 | 6.31-107 s
401616 +1 | 264 | 245 | 295.(28 =3.9+1) (2:12+4)-16 =448 | 6.31-107 s
44832 41 | 264 | 2% | 2%5.(25 =3.8+1) (2:9+5)-32=736 | 1.54-10%s
88432 y 1 | 2128 | 2% | 24 . (25 =3.8+1) (2-10+5)-32=800 | 8.97-10" s
41204 41 | 2296 | 243 | 243.(22=3.7+1) (2:9+46)-64=1536 | 1.34-10% s

506128 +1 | 2512 | 242 | 292.(190=3.6+41) | (2-9+7)-128=3200 | 1.98-10%s

Table 10.1: Estimated lower bound for the total cost of expensive multiplications in our
algorithm depending on the prime used. Timings are based on the multiplication count and the
measured time for the Kronecker-Schénhage bit length in the fifth column, on an Intel Xeon

E7-4850v3 CPU (2.20GHz).
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back to radix r;. This is likely to be at the very least a significant source of inaccuracy in our
lower bounds.

The fifth column of Table reports the bit length %k introduced above, for the various
generalized Fermat primes chosen. Based on this bit length, we determined experimentally on a
target machine (Intel Xeon E7-4850v3 CPU clocked at 2.20GHz) the time taken by the function
mpn_mul in the GMP library [28], thereby giving a lower bound on the multiplication time in
R1. We multiplied this lower bound by the number of expensive multiplication reported on the
fourth column of Table from which we deduced a lower bound on the multiplication time
for n-bit integers using our algorithm.

The determination of the bit length above led us to restrict the set of generalized Fermat
primes to consider: two such primes that lead to identical bit length lead to an identical time
for internal multiplications. Therefore, we favor the largest generalized Fermat prime for each
value of the Kronecker-Schonhage bit length k& above. In our choice, we also favored primes such
that r; has largest 2-valuation among the candidate values (e.g. both 98416 + 1 and 10186 + 1
are primes, but we experimented with the former because the latter only allows a maximum
transform length of 216).

We deduce from Table that for realistic sizes, choosing the prime p; appropriately can
lead to a speed-up of the order of 2 to 4, with all the necessary words of caution: as mentioned
above, we deliberately omitted some conversion costs that are unlikely to be negligible in practice,
and also our measurements are done with all operands in cache memory, which is quite probably
optimistic.

10.4 Comparison with Schonhage-Strassen

Let us compare approximatively the cost of Schonhage-Strassen’s algorithm to our algorithm.
We can do two things. At least up to some size, we can run GMP’s implementation of the
Schonhage-Strassen algorithm, and obtain an actual computation time. Or we can do as we
did in Table count the number of small multiplications involved, and measure their cost.
We did both, because the latter approach, which inherently gives a lower bound, is a fairer
comparison given that a lower bound is all that we have in Table [10.1]

Roughly speaking, a Schénhage-Strassen multiplication of two 2"-bit integers involves 2L(*+1)/2]
multiplications of 2'+1("+1)/2I_hit modular integers. In truth, a well-tuned implementation of
the Schénhage-Strassen algorithm uses all sorts of optimizations that are well outside the scope
of this thesis (see e.g. [27]), so that this is a crude estimate.

In Table we report how our lower bound compares to the lower bound that we obtain
in this way on the running time of the Schonhage-Strassen algorithm. As we did in Table
the fourth column is computed by determining experimentally the individual cost of each of the
underlying multiplications. For this, we timed GMP’s internal routine mpn_mul_fft, as it is
called in the implementation. The fifth column of Table [I0.2] indicates the real computation
time, measured experimentally (we modified GMP’s internal mp_size_t type to go beyond 31
bits). Our measurements were limited by core memory, since the product of two 240-bit integers
took 1.3TB of RAM. The comparison with the previous column shows that our lower bound on
the Schonhage-Strassen time is within a factor of two of the real computation time, which is
acceptable.

We conclude from Table [10.2] that an implementation of our algorithm will unlikely beat
an implementation of the Schonhage-Strassen algorithm for sizes below 24°. Above 240, the
ratio of our lower bounds is only slightly more than two. We may speculate that an optimized
implementation could compensate this gap: by improving the arithmetic modulo a generalized
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Schonhage-Strassen algorithm 10.1
bit length zllztﬁélt:l biilgtliz Tgatlh lower bound | real time T’);EEE:;I prime bgrgtliz iilgatlh lower bound
230 215 ~ 217 9.73-10°s | 1.50-10' s 225. 16 98416 41 384 2.68- 10" s
235 218 ~ 219 3.70-10%s | 6.03-10% s 230. 19 98416 41 384 1.02-10% s
240 220 ~ 2% 1.63-10*s | 3.04-10*s 235. 22 198416 4+ 1 416 4.84-10% s
245 223 ~ 2% 7.90-10° s — 240 25 198416 +1 416 1.76 - 106 s
250 225 ~ 2%7 2.88-107 s — 245. 28 198416 4- 1 416 6.31-10" s
255 228 ~ 2% 1.05-10° s 25031 401616 + 1 448 2.23-10° s
200 230 ~ 232 3.44-10'0 s — 25534 40166 4 1 448 7.84-10%0 s

Table 10.2: Comparison of lower bounds on the running time of the Schénhage-Strassen
algorithm and the practical algorithm described in [I0.1] The right half is from Table
Timings measured on an Intel Xeon E7-4850v3 CPU (2.20GHz).

Fermat prime for example.

A direction to consider for optimization can be to improve on the time needed for internal
multiplications. Considering that multiplication in R; can be though as multiplications of poly-
nomials modulo X2 + 1, the idea is to use efficient algorithms to multiply polynomials modulo
XP + 1 where P is less than 2*t. For example, we may represent elements of R; in radix r?
instead of r1. For A\; = 2, we multiply

ag + a1ry + agrf + ag’f'il)) and by + b1ry + bgrf + bgrif
modulo 7{ 4+ 1. The conversion in radix r? leads to the computation and the multiplication of
(ao + alrl) + (ag =+ ang)T% and (bo + blTl) =+ (bg + bgrl)r%.

In some cases, it might lead to a smaller bit length, at the expense of some extra conversion
costs. For example for p; = 19846 + 1, working in radix 19842 leads to polynomials of length 8,
and a bit length of 8-48 = 384 bits, instead of 416 bits (see Table . Another possibility is to
use the multipoint Kronecker substitution proposed by Harvey in [29]. For this same example,
evaluating at +224 and —224, we can compute the product via two multiplications of two 192-bit
integers, which might be faster. For both ideas however, we have not taken into account the
conversion costs, and it seems difficult to be very confident about the induced benefit.
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Résumé

Depuis 1960 et le résultat fondateur de Karatsuba, on sait que la complexité de la multiplication
(d’entiers ou de polynomes) est sous-quadratique : étant donné un anneau R quelconque, le
produit sur R[X] des polyndémes ag + a1 X et by + b1 X, pour tous ag, a1, by et by dans R,
peut étre calculé en seulement trois et non pas quatre multiplications sur R : (ag + a1X)(bp +
b1 X) = mo + (mg — mg — m1)X + m1 X2, avec les trois produits mg = agbg, m1 = a1b; et
ma = (ag + a1)(bo + b1). De la méme maniére, lalgorithme de Strassen permet de multiplier
deux matrices 2n X 2n en seulement sept produits de matrices n x n.

Les deux exemples précédents tombent dans la catégorie des applications bilinéaires : des
fonctions de la forme ® : K™ x K™ — K*, pour un corps donné K, linéaires en chacune des deux
variables. Parmi les applications bilinéaires les plus classiques, on trouve ainsi la multiplication
de polynomes, de matrices, ou encore d’éléments d’extensions algébriques de corps finis. Etant
donnée une application bilinéaire ®, calculer le nombre minimal de multiplications nécessaires au
calcul de cette application est un probléme NP-difficile. L’objectif de cette thése est de proposer
des algorithmes minimisant ce nombre de multiplications. Deux angles d’attaques ont été suivis.

Un premier aspect de cette thése est ’étude du probléme du calcul de la complexité bilinéaire
sous l'angle de la reformulation de ce probléme en termes de recherche de sous-espaces vectoriels
de matrices de rang donné. Ce travail a donné lieu & un algorithme tenant compte de propriétés
intrinséques aux produits considérés tels que les produits matriciels ou polynomiaux sur des corps
finis. Cet algorithme a permis de trouver toutes les décompositions possibles, sur Fa, pour le
produit de polynémes modulo X° et le produit de matrices 3 x 2 par 2 x 3.

Un autre aspect de ma thése est celui du développement d’algorithmes asymptotiquement
rapides pour la multiplication entiére. Une famille particuliére d’algorithmes récents ont été
proposés suite a un article de Fiirer publié en 2007, qui proposait un premier algorithme, reposant
sur la transformée de Fourier rapide (FFT) permettant de multiplier des entiers de n bits en
@) (n log n - 20eg” ”)), oul log™ est la fonction logarithme itéré. Dans cette thése, un algorithme
dont la complexité dépend d’une conjecture de théorie des nombres est proposé, reposant sur
la FFT et l'utilisation de premiers généralisés de Fermat. Une analyse de complexité permet
d’obtenir une estimation en O(nlogn - 41°8" ™).

Mots-clés: multiplication, algorithme, complexité, rang, bilinéaire, entiers, matrices, polynémes,
FFT



Abstract

Since 1960 and the result of Karatsuba, we know that the complexity of the multiplication
(of integers or polynomials) is sub-quadratic: given a ring R, the product in R[X] of polynomials
ao + a1 X and by + b1 X, for any ag, a1, bg and b; in R, can be computed with three and not
four multiplications over R: (ag + a1 X)(bo + b1 X) = mq + (ma —mg — m1) X +m1 X2, with the
three multiplications mg = apbg, m1 = a1b1 et ma = (ag + a1)(bo + b1). In the same manner,
Strassen’s algorithm allows one to multiply two matrices 2n x 2n with only seven products of
matrices n X n.

The two previous examples fall in the category of bilinear maps: these are functions of
the form ® : K™ x K™ — K¢, given a field K, linear in each variable. Among the most
classical bilinear maps, we have the multiplication of polynomials, matrices, or even elements of
algebraic extension of finite fields. Given a bilinear map ®, computing the minimal number of
multiplications necessary to the evaluation of this map is a NP-hard problem. The purpose of
this thesis is to propose algorithms minimizing this number of multiplications. Two angles of
attack have been studied.

The first aspect of this thesis is to study the problem of the computation of the bilinear
complexity under the angle of the reformulation of this problem in terms of research of matrix
subspaces of a given rank. This work led to an algorithm taking into account intrinsic properties
of the considered products such as matrix or polynomial products over finite fields. This algo-
rithm allows one to find all the possible decompositions, over Fy, for the product of polynomials
modulo X? and the product of matrices 3 x 2 by 2 x 3.

Another aspect of this thesis was the development of fast asymptotic methods for the integer
multiplication. There is a particular family of algorithms that has been proposed after an article
by Fiirer published in 2007. This article proposed a first algorithm, relying on fast Fourier
transform (FFT), allowing one to multiply n-bit integers in O (nlogn - 200°8"™))  where log* is
the iterated logarithm function. In this thesis, an algorithm, relying on a number theoretical
conjecture, has been proposed, involving the use of FFT and generalized Fermat primes. With
a careful complexity analysis of this algorithm, we obtain a complexity in O(nlogn - glog” ).

Keywords: multiplication, algorithm, complexity, rank, bilinear, integers, matrix, polynomials,
FFT
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