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In previous work, we have introduced several fast algorithms for relaxed power
series multiplication (also known under the name on-line multiplication) up till
a given order n. The fastest currently known algorithm works over an effective base
field K with sufficiently many 2P-th roots of unity and has algebraic time complexity
O(nlogne?Vice2loeloeny Ty this note, we will generalize this algorithm to the cases
when K is replaced by an effective ring of positive characteristic or by an effec-
tive ring of characteristic zero, which is also torsion-free as a Z-module and comes
with an additional algorithm for partial division by integers. We will also present
an asymptotically faster algorithm for relaxed multiplication of p-adic numbers.

KEYWORDS: power series, multiplication, on-line algorithm, FFT, computer algebra
A.M.S. SUBJECT CLASSIFICATION: 68W 30, 30B10, 68W25, 33F05, 11Y55, 42-04

1. INTRODUCTION

1.1. Relaxed resolution of recursive equations

Let A be an effective (possibly non commutative) ring. That is, we assume data structures
for representing the elements of A and algorithms for performing the ring operations 4, —
and x. The aim of algebraic complexity theory is to study the cost of basic or more complex
algebraic operations over A (such as the multiplication of polynomials or matrices) in terms
of the number of operations in A.

The algebraic complexity usually does not coincide with the bit complexity, which
also takes into account the potential growth of the actual coefficients in A. Neverthe-
less, understanding the algebraic complexity usually constitutes a first useful step towards
understanding the bit complexity. Of course, in the special case when A is a finite field,
both complexities coincide up to a constant factor.

One of the most central operations is polynomial multiplication. We will denote by
Ma(n) the number of operations required to multiply two polynomials of degrees <n in
Alz]. If A admits primitive 2P-th roots of unity for all p, then we have Ma(z) =O(nlogn)
using FFT multiplication, which is based on the fast Fourier transform [CT65|. In general,
it has been shown [SS71, CK91]| that Ma(n) = O(n log n log log n). The complexities
of most other operations (division, Taylor shift, extended g.c.d., multipoint evaluation,
interpolation, etc.) can be expressed in terms of Ma(n). Often, the cost of such other
operations is simply O(Ma(n)) = O(n), where O(T(n)) stands for O(T(n) (log n)°M);
see [AHUT74, BP94, GGO02| for some classical results along these lines.
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2 FASTER RELAXED MULTIPLICATION

The complexity of polynomial multiplication is fundamental for studying the cost of
operations on formal power series in A[[z]] up to a given truncation order n. Clearly, it
is possible to perform the multiplication up to order n in time O(Ma(n)): it suffices to
multiply the truncated power series at order n and truncate the result. Using Newton’s
method, and assuming that Q C A, it is also possible to compute exp, sin, etc. up to order n
in time O(Ma(n)). More generally, it has been shown in [BK78, Hoe02, Sed01, Hoel0| that
the power series solutions of algebraic differential equations with coefficients in A[[z]] can
be computed up to order n in time O(Mpa(n)). However, in this case, the “O” hides a non
trivial constant factor which depends on the size of the equation that one wants to solve.

The relaxed approach for computations with formal power series makes it possible
to solve equations in quasi-optimal time with respect to the sparse size of the equations.
The idea is to consider power series f € A[[z]] as streams of coefficients fy, f1, ... and to
require that all operations are performed “without delay” on these streams. For instance,
when multiplying h = f ¢ two power series f, g € A[[z]], we require that h,, is computed as
soon as fo, 9o, ---, fn, gn are known. Any algorithm which has this property will be called
a relazed or on-line algorithm for multiplication.

Given a relaxed algorithm for multiplication, it is possible to let the later coefficients
fn+1s In+1s fnt2, gnt2, ... of the input depend on the known coefficients hy, ..., hy of the
output. For instance, given a power series f € K[z] with fo=0, we may compute g =exp f

using the formula
g = / fg. (1)

Indeed, extraction of the coefficient of 2™ in g and [ f’ g yields

1
gn = E (f/g)nflv

and (f’ g)n—1 only depends on g, ..., gn—1. More generally, we define an equation of the
form

f= ) (2)

to be recursive, if ®( f), only depends on fy,..., fn—1. Replacing A by A", we notice that
the same terminology applies to systems of r equations. In the case of an implicit equation,
special rewriting techniques can be implied in order transform the input equation into
a recursive equation [Hoell, Hoe09, BL11].

Let Ra(n) denote the cost of performing a relaxed multiplication up to order n. If ® is
an expression which involves s multiplications and ¢ other “linear time” operations (addi-
tions, integrations, etc.), then it follows that (2) can be solved up to order m in time
O(sRa(n)+tn). If we had Ra(n) =0O(Ma(n)), then this would yield an optimal algorithm
for solving (2) in the sense that the computation of the solution would essentially require
the same time as its verification.

1.2. Known algorithms for relaxed multiplication
The naive O(n?) algorithm for computing h = fg, based on the formula
hn = fogn+ f1gn—1+-+ fn g0,

is clearly relaxed. Unfortunately, FFT multiplication is not relaxed, since hy, ..., h, are
computed simultaneously as a function of fq go, ..., fn gn, in this case.
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In [Hoe97, Hoe02| it was remarked that Karatsuba’s O(nbg 3/ 1°g2) algorithm [KO63| for
multiplying polynomials can be rewritten in a relaxed manner. For small n, Karatsuba mul-
tiplication and relaxed multiplication thus require exactly the same number of operations.
In [Hoe97, Hoe02], an additional fast relaxed algorithm was presented with time complexity

Ra(n) = O(Ma(n)logn). (3)

We were recently made aware of the fact that a similar algorithm was first published
in [FS74]. However, this early paper was presented in a different context of on-line (relaxed)
multiplication of integers (instead of power series), and without the application to the
resolution of recursive equations (which is quite crucial from our perspective).

An interesting question remained: can the bound (3) be lowered further, be it by
a constant factor? In [Hoe03|, it was first noticed that an approximate factor of two can
be gained if one of the multiplicands is known beforehand. For instance, if we want to
compute g=exp f for a known series f with fo=0, then the coefficients of f’ are already
known in the product f’ g in (1), so only one of the inputs depends on the output. An
algorithm for the computation of h= fg¢ is said to be semi-relaxed, if h,, is written to the
output as soon as fy, ..., fn are known, but all coefficients of g are known beforehand. We
will denote by Sa(n) the complexity of semi-relaxed multiplication. We recall from [Hoe07]
(see also section 3) that relaxed multiplication reduces to semi-relaxed multiplication

Ra(n) = O(Sa(n)).

The first reduction of (3) by a non constant factor was published in [Hoe07], and uses the
technique of FFT blocking (which has also been used for the multiplication of multivariate
polynomials and power series in [Hoe02, Section 6.3], and for speeding up Newton iterations
in [Ber00, Hoel0]). Under the assumption that A admits primitive 2P-th roots of unity for
all p (or at least for all p with 2P <n), we showed that

Ra(n) = O(nlogne?Vvics2loglogn) (4)

Since this complexity will play a central role in the remainder of this paper, it will be
convenient to abbreviate

R*(TL) — n log n e%/longoglogn.

The function e?V1982loglogn }aq slower growth than any strictly positive power of logn. It

will also be convenient to write F'(n) = O°(T(n)) whenever F(n)=O(T(n) (logn)®) for all
a > 0. In particular, it follows that

Ri(n) = O’(nlogn).

In section 3, we will recall the main ideas from [Hoe07| which lead to the complexity
bound (4).

1.3. Improved complexity bounds

We recall that the characteristic of a ring A is the integer k € IN such that the canonical
ring homomorphism 7Z — A has kernel Z/k Z. If A is torsion-free as a Z-module, then we
will say that A admits an effective partial division by integers if there exists an algorithm
which takes k € Z* and x € k A on input and which returns the unique y € A with x=ky
on output. The main result of this paper is:
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THEOREM 1. Assume that one of the following two holds:

e A is an effective ring of characteristic zero, which is torsion-free as a Z-module,
and which admits an effective partial division by integers.

e A is an effective ring of positive characteristic.

Then we have

Ra(n) = O°(nlogn). (5)

We notice that the theorem holds in particular if A is an effective field. In Section 7, we
will also consider the relaxed multiplication of p-adic numbers, with p € N and p>2. If we
denote by I(k) the bit complexity of multiplying two k-bit integers, then [F'S74| essentially
provided an algorithm of bit complexity O(l(n) log n) for the relaxed multiplication of
2-adic numbers at order O(2"). Various algorithms and benchmarks for more general
p were presented in [BHL11|. It is also well known [Too63, Coo66, SS71, Fiir07] that
I(n) =0"(nlogn). Let Ry(n) denote the bit complexity of the relaxed multiplication of two
p-adic numbers modulo p™. In Section 7, we will prove the following new result:

THEOREM 2. Let p € N with p>2. Then we have

Ry(n) = O°(nlognlog ploglog p).

The main idea which allows for the present generalizations is quite straightforward.
In our original algorithm from [Hoe07], the presence of sufficiently many primitive 2P-th
roots of unity in A gives rise to an quasi-optimal evaluation-interpolation strategy for the
multiplication of polynomials. More precisely, given two polynomials of degrees <n, their
FFT-multiplication only requires O(n) evaluation and interpolation points, and both the
evaluation and interpolation steps can be performed fast, using only O(n logn) operations.
Now it has recently been shown [BS05] that quasi-optimal evaluation-interpolation strate-
gies still exist if we evaluate and interpolate at points in geometric progressions instead
of roots of unity. This result is the key to our new complexity bounds, although further
technical details have to be dealt with in order to make things work for various types of
effective rings A. We also notice that the main novelty of [BS05| concerns the interpolation
step. Fast evaluation at geometric progressions was possible before using the so called chirp
transform [RSR69, Blu70]. For effective rings of small characteristic A, this would actually
have been sufficient for the proving the bound (5).

Our paper is structured as follows. Since the algorithms of [BS05] were presented in
the case when A is an effective field, Section 2 starts with their generalization to more
general effective rings A. These generalizations are purely formal and contain no essentially
new ideas. In Section 3, we give a short survey of the algorithm from [Hoe07], but we
recommentd the reader to download the original paper from our webpage for full technical
details. In Section 4, we prove Theorem 1 in the case when A has characteristic zero. In
Section 5, we turn our attention to the case when A has prime characteristic p. If the
characteristic is sufficiently large, then we may find sufficiently large geometric progressions
in ANZ in order to generalize the results from Section 4. Otherwise, we have to work over
A ®T . for some sufficiently large k. In Section 6, we complete the prove of Theorem 1; the
case when p is a prime power is a refinement of the result from Section 5. The remaining
case is done via Chinese remaindering. In Section 7, we will prove Theorem (2.
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2. MULTIPOINT EVALUATION AND INTERPOLATION

Let A be an effective integral domain and let KK be its quotient field. Assume that K has
characteristic zero. Let M be an effective torsion-free A-module and V=K ® M. Elements
of K and V are fractions /s with € A (resp. x € M) and s € A*, and the operations —,
+, X on such fractions are as usual:

_r o _ T
s_ts

T,y _ trtsy

5+t_ st
ry _ *Y
st st

For z/s € K*, we also have (z/s)~'=s/x. It follows that K and V are effective fields and
vector spaces. Moreover, all field operations in K (and all vector space operations in V)
can be performed using only O(1) operations in A (resp. A or M).

We will say that M admits an effective partial division, if for every s € A* and x € s M,
we can compute the unique y € M with x =sy. From now on, we will assume that this is
the case, and we will count any division of the above kind as one operation in M. Given
n € N, we define

M[z], = {PeM][z]:degP <n}.

Given P € Alz],, and Q € M[z],, we will denote by Mpg(n) the number of operations in A
and M which are needed in order to compute the product PQ € M][z].

LEMMA 3. Let A be an effective and commutative integral domain and M an effective
torsion-free A-module with an effective partial division. There exists a constant K, such
that the following holds: for any n >0, P € M[z], and ¢ € A* such that 1,q,...,q" ! are
pairwise distinct, we have:

a) We may compute P(1),..., P(¢" 1) from P using K Mp(n) operations in A and M.

b) We may reconstruct P from P(1), ..., P(¢"~ ') using K Mp(n) operations in A
and M.

Proof. In the case when A =1IK is a field of characteristic zero and M=V =K, this result
was first proven in [BS05]. More precisely, the conversions can be done using the algo-
rithms NewtonEvalGeom, NewtonInterpGeom, NewtonToMonomialGeom and
MonomialToNewtonGeom in that paper. Examining these algorithms, we observe that
general elements in A are only multiplied with elements in [¢] and divided by elements of
the set {q,q—1,¢>—1,...,¢" ! —1}. In particular, the algorithms can still be applied in
the more general case when A =IK is a field of characteristic zero and M=V a vector space.

If A is only an effective commutative integral domain of characteristic zero and M
an effective torsion-free A-module with an effective partial division, then we define the
effective field IK and the effective vector field V as above, and we may still apply the
generalized algorithms for multipoint evaluation and interpolation in V. In particular,
both multipoint evaluation and interpolation can still be done using O(My(n)) operations
in K and V, whence O(Mni(n)) operations in A and M. If we know that the end-results
of these algorithms are really in the subspace M" of V" (or in the subring M|z}, of V[z],),
then we use the partial division in M to replace their representations in V" (or V[z],) by
representations in M" (or M[z],). O
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LEMMA 4. Let A be an effective and commutative integral domain and M an effec-
tive A-module. There exists a constant K, such that the following holds: for any n >0,
PcM|z], and q € A such that 1, q, ..., ¢"~' are pairwise distinct and such that q and
g—1,¢°—1,...,¢" 1 —1 are all invertible in A, we have:

a) We may compute P(1),..., P(¢"~1) from P using K Mp(n) operations in A and M.
b) We may reconstruct P from P(1), ..., P(¢"~') using K Mn(n) operations in A
and M.

Proof. We again use straightforward generalizations of the algorithms in [BS05], using
the fact that we only divide by elements in the set {q,q¢—1,¢>—1,...,¢" "' —1}. U

3. SURVEY OF BLOCKWISE RELAXED MULTIPLICATION

Let A be an effective (possibly non commutative) ring and recall that
Alz]l, = {Pe€Alz]:degP <n}.
Given a power series f € A[[z]] and i < j, we will also use the notations
fij = fiz' ot fjoa 20!
fij = fott fjoa2 !
fii = fiz' ¥ fip1 2 e

The fast relaxed algorithms from [Hoe07| are all based on two main changes of representa-
tion: “blocking” and the fast Fourier transform. Let us briefly recall these transformations
and how to use them for the design of fast algorithms for relaxed multiplication.

Blocking and unblocking. Given a block size b > 0, the first operation of blocking
rewrites a power series f € A[[2]] as a series in y = 2 with coefficients in A[z],

Bf) = 3% syt € ALl
i j<b
Given f, g€ Al[z]], we may then compute fg using
g9 = By'(By(f) Belg)),
where By(f) By(g) € K[z]2[[y]] and

By Alelaslly]] — A[l] |
Z Pi(z)y" — Z Py(z) 2"

Discrete Fourier transforms. Assume now that A >1/2, that b€ {1,2,4,8, ...}, and
that A admits a primitive 2 b-th root of unity w =ws;. Then the discrete Fourier transform
provides us with an isomorphism

FFT,: Alz]op — A2
P — (P(1),P(w),...,P(w?~1),

and it is classical [CT65] that both FFT,, and FFT,' can be computed using O(b log b)
operations in A. The operations FFT,, and FFT,! extend naturally to A[z]a[[y]] via

FFTw(Z fy> — Y FFTL()
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This allows us to compute fg using the formula

fg = By '(FFT, (FFTu(By(f)) FFTu(Bu(9))))- (6)
The first kb coefficients of f g can be computed using at most 2 b Ma(k) + O(k blog b)
operations in A.

Relaxed multiplication. In formula (6) the k-th coefficient of the right hand side may
depend on the (k+b—1)-th coefficients of f and g. In order to make (6) suitable for relaxed
multiplication, we have to treat the first b coefficients of f and g apart. Indeed, the formula

f.g = fO;b.QO;b7L fO;b.gb; + fb; gO;bTL
B, (FFT,(FFT.,(Bu( fs.)) FFTu(Bu(gs,))))

allows for the relaxed computation of fg at order kb using at most
Ra(kb) < Ra(b)+2kSa(b)+2bRa(k)+ O(kblogb)
operations in A. Similarly, the formula
fg = fopg+By (FET, (FFT(By( fi;)) FFTw(Bs(g))))
allows for the semi-relaxed computation of fg at order kb using at most
Sa(kb) < kSa(b)+2bSa(k)+ O(kblogb)

operations in A. For a given expansion order n, one may take b= +/n, and use the above
formula in a recursive manner. This yields [Hoe07, Theorem 11]

Ra(n) = O(n (logn)"s3/°52).

Remark 5. Since the block size b is chosen as a function of n, the above method really
describes a relaxed algorithm for computing the product up to an order n. which is specified
in advance. In fact, such an algorithm automatically yields a genuine relaxed algorithm
with the same complexity (up to a constant factor), by doubling the order n. each time
when needed.

Reducing relaxed to semi-relaxed multiplication. In the above discussion, we both
provided bounds for Ra(n) and Sa(n). In fact, there exists a straightforward reduction
of relaxed multiplication to semi-relaxed multiplication. First of all, the relaxed multipli-
cation of two power series f, g € A[[z]] up to order O(2") clearly reduces to the relaxed
multiplication of the two polynomials fo., and go.,, up to order O(z2"). Now the formula

f0;2ngo;2n = fO;n go;n + fn;2n go;n + fO;ngn;2n+ fn;2ngn;2n

shows that a relaxed product of two polynomials fo.2,, and go.2, of degrees <2n reduces
to a relaxed product fo., go.n of half the size, two semi-relaxed products fn.2n go:n,
fo:n gn;2n, and one non-relaxed product f.2n gn;2n. Under the assumptions that Ma(n)/n
and Sa(n)/n are increasing, a routine calculation thus yields

Ra(n) = O(Sa(n)).

Multiple block sizes. Instead of taking a single block size b, we may write n~nq --- ny,
take | — 1 different block sizes by =n1 <--- <b;_1=mn1---n;_1, and decompose f in [ parts
f= fop, + forzbe + -+ fo,_ ;6 Where by =+o00. For semi-relaxed multiplication, this yields
the formula

-1
g = fomg+ D By (FETLL (FFTuy, (Bo(founi, ) FFTus, (Bu(9)) ) (7)
i=1
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and the complexity bound

Sa(n) < ﬁ Sa(ni1) + 2—nSA(n2) +-- 2n Sa(n) + O(Inlogn). (8)
ni no ny

For ny~ng~---~n; and [, ~eV log2log p wel] chosen block sizes (depending on the expansion
order n), the recursive application of this technique yields [Hoe07, Theorem 12]

RA(n) = O(S[A(n))
(’)(n logneQ\/logQIOglogn).

4. RELAXED MULTIPLICATION IN CHARACTERISTIC ZERO

Let us now consider the less favourable case when A is an effective ring which does not
necessarily contain primitive 2¥-th roots of unity for arbitrarily high k. In this section, we
will first consider the case when A is torsion-free as a Z-module and also admits a partial
algorithm for division by integers.

Given a block size b€ N and ¢€ Z\ {—1,0,1} (say ¢=2), we will replace the discrete
Fourier transform FFT,, at a (2 b)-th primitive root of unity by multipoint evaluation at
1,...,¢%*~1. More precisely, we define

Eq,2b: A[Z]Qb — A%
P (P(1),P(q),.... P(¢*1))
and the inverse transform Eq_é p:imEg op— A[z]2p. By Lemma 3, these transforms can both

be computed using O(M(b)) operations in A. In a similar way as FFT,, and FFT,", we
extend Eg 2, and E;éb to power series in .

THEOREM 6. Let A both be an effective ring and an effective torsion-free Z-module. Then

Ra(n) = O(R.(n) viogTogn)
= O’(nlogn).

Proof. It suffices to prove the complexity bound for semi-relaxed multiplication. We
adapt the multiplication algorithm with [ different block sizes from the end of the previous
section, and replace (7) by

-1
fg = fO;b1 g+ Z BbZI(E;,12b¢(Eq,2b¢(Bbi(fbi;b¢+1)) EQ72bi(Bbi(g))))‘ (9)
i=1
This leads to the complexity bound
2 2
Sa(n) < L Sa(ni)+=LSa(ns)+ -+ =L Sa(n) +O(1IMa(n)). (10)
ni no ng
We now follow the proof of [Hoe07, Theorem 12]. Denote
_ Sa(2")
and take ny =---=mn,;. Using that Ma(n) =O(nlognloglogn), this leads to

U(lp) < 2U(p)+O(llog(pl))
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Applying this relation k times, we obtain
k k k 2 k
Uk < 2 U(1)+(9(2 l<1+§+-'-+§>logl>
= O(2Fllogl).

Taking

log p
k
log

| = e\/10g2logp’

this yields
U(p) = O(VlIogpe®Vioe2losr),

Re-expressing this bound in terms of Sp yields the desired result. U

5. RELAXED MULTIPLICATION IN PRIME CHARACTERISTIC

Let A now be an effective ring of prime characteristic p. For expansion orders n > p, the
ring A does not necessarily contain n distinct points in geometric progression. Therefore,
in order to apply Lemma 4, we will first replace A by a suitable extension, in which we

can find sufficiently large geometric progressions.
Given n, let k=2 {%-‘ be even such that p* >n. Let P, € Fy[z] be such that
the finite field I¥)x is isomorphic to IFy[z]/(P,x). Then the ring

By = Alz]/(Py)

has dimension k over A as a vector space, so we have a natural A-linear bijection

AkA[Z]k — Bk
A — AmodP.

The ring By is an effective ring and one addition or subtraction in By corresponds to
k additions or subtractions in A. Similarly, one multiplication in By can be done using
O(Ma(k)) operations in A.

In order to multiply two series f, g € A][z]] up to order O(z"), the idea is now to
rewrite f and g as series in B[[u]] with u=z*/2. If we want to compute the relaxed product,
then we also have to treat the first k/2 coefficients apart, as we did before for the blocking

strategy. More precisely, we will compute the semi-relaxed product fg¢ using the formula

f9 = fons29+Brja(Ar (M(Brya( frj2;) Ar(Bry2(9)))),
where we extended Ay to A[z]g[[u]] in the natural way:
Ay Z fiut) = Z Ap(fi) u.
i>0 i>0

From the complexity point of view, we get
2 k 2
Sa(n) < %SAG)%B(T”) O(Ma(k)). (11)

Since B contains a copy of IF,x, it also contains at least p* — 1 > n points in geometric
progression. For the multiplication up till order 2 n/k of two series with coefficients in B, we
may thus use the blocking strategy combined with multipoint evaluation and interpolation.
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THEOREM 7. Let A be an effective ring of prime characteristic p. Then

Ra(n) = O(R.(n) (loglogn)®?logloglogn)

Proof. With the notations from above, we may find a primitive (p* — 1)-th root of unity ¢
in IF)x € B. We may thus use formula (9) for the semi-relaxed multiplication of two series
in B[[2]] up till order 2n/k < n. In a similar way as in the proof of Theorem 6, we thus get

sB<27”> _ (’)(R*(n) —Vlogklog”)

Using classical fast relaxed multiplication [Hoe97, Hoe02, FS74|, we also have

SA<§> = O(klog®kloglogk),

whence (11) simplifies to

Sa(n) = O(R*<n> Malk) m)

Since Mpa(k)/k=O(log kloglogk) and k= O(logn), the result follows. O

Remark 8. In our complexity analysis, we have not taken into account the computation
of the polynomial P, € Fy[z] with Fx = IFy[z]/(P,r). Using a randomized algorithm,
such a polynomial can be computed in time O (k? log p); see [GG02, Corollary 14.44]. If
k= O(logn), then this is really a precomputation of negligible cost O (log%n).

If we insist on computing P, in a deterministic way, then it is better to slightly change
our algorithm, and systematically choose k to be a prime number minus one. Under this
assumption, the cyclotomic polynomial z* + --- 4+ 1 is irreducible over I p; see [GGO2,
Lemma 14.50]. For a fixed n, the first prime number ¢ with p?~! > n still has size
O(log n), by the prime number theorem, and we may compute it in time O (log n) using
the sieve of Eratosthenes. This again shows that a suitable P, can be precomputed with
negligible cost.

6. RELAXED MULTIPLICATION IN MIXED CHARACTERISTIC

Let us now show that the technique from the previous section actually extends to the case
when A is an arbitrary effective ring of positive characteristic. We first show that the
algorithm still applies when the characteristic of A is a prime power. We then conclude
by showing how to apply Chinese remaindering in our setting.

THEOREM 9. Let A be an effective ring of prime power characteristic s=p". Then

Ra(n) = O(R.(n) (loglogn)®?logloglogn).

Proof. Taking k=2 {%—‘, let P= P, be as in the previous section and pick a monic

polynomial P in (Z/s 7)[z] such that the reduction (P) of P modulo p yields P. Then
we get a natural commutative diagram

(Z/sD)[2]/(P) — Al]/(P)

-
Fyl2/(P) — n(B)[:)/(P),
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where 7 stands for reduction modulo p. In particular, we have an epimorphism

T (Z/sL)[2)/(P) — Fyle]/(P)=F

pk

with ker m = (p). )
Now let ¢ be an element in F & of order p* — 1. Then any lift ¢ € (Z/s Z)[2]/(P)

of ¢ with 7(§) = q has order at least p*¥ — 1. Moreover, ¢ — 1, ..., qpk_2 — 1 and g are

all invertible. Consequently, § — 1, ..., (jpk_Q — 1 and ¢ do not lie in ker 7 = (p), whence
they are invertible as well. It follows that we may still apply multipoint evaluation and

interpolation in A[z]/(P) at the sequence 1,4, ..., (jpk’Q, whence Theorem [7 generalizes to
the present case. O

Remark 10. For a fixed prime number p, we notice that the complexity bound is uniform
in the following sense: there exists a constant K such that for all effective rings of charac-
teristic p” with 7 € {1,2, ...}, we have Ra(n) < K R.(n) (loglog n)3/?log log log n. Indeed,
the choice of k only depends on n and p, and any operation in IF s or A[z]/(P,r) in the

case =1 corresponds to exactly one lifted operation in (Z/s Z)[z]/(P) or A[z]/(P) in the
general case.

THEOREM 11. Let A be an effective ring of non zero characteristic s. Then

Ra(n) = O(R.(n) (loglogn)*/?logloglogn)
= O(nlogn).

Proof. We will prove the theorem by induction on the number of prime divisors of s. If s
is a prime power, then we are done. So assume that s =s; s2, where s; and ss are relatively
prime, and let k1, ko € Z be such that

k1s1+kosy = 1.
Then we may consider the rings

Al = A/SlA
AQ = A/S2A.

These rings are effective, when representing their elements by elements of A and trans-
porting the operations from A. Of course, the representation of an element x of A; (or Ag)
is not unique, since we may replace it by x 4+ y for any y € s; A (or y € s A). But this is
not a problem, since our definition of effective ring did not require unique representability
or the existence of an equality test.

Now let f, g € Al[z]] and let m;(f), mi(g) be their projections in A;[[z]], for i=1,2.
Consider the relaxed products m;(f) mi(g), for ¢ = 1, 2. These products are represented
by relaxed series h', h? € A[[2]] via m;i(h?) = mi(f) 7i(g), for i = 1, 2. By the induction
hypotheses, we may compute h' and h? at order n using

O(R«(n) (loglog n)?’/2 logloglogn)

operations in A. The linear combination h= ks so h' + k1 s1 h? € A[[2]] can still be expanded
up till order n with the same complexity. We claim that h= fg. Indeed,

k282h17k282f‘g S k‘gSQSlA:{O}
k181h2—k181fg S k18182A={0}.

Summing both relations, our claim follows. O
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7. RELAXED MULTIPLICATION OF P-ADIC NUMBERS

Let p > 1 be an integer, not necessarily a prime number, and denote N, ={0, ..., p — 1}.
We will regard p-adic numbers a € Z,, as series ag+ a1 p+ az p?+ - with a; € N,, and such
that the basic ring operations +, — and X require an additional carry treatment.

In order to multiply two relaxed p-adic numbers a,b € Z,, we may rewrite them as series
i,b € Z|[[z]], multiply these series ¢ = b, and recover the product ¢ € Z,, from the result.
Of course, the coefficients of ¢ may exceed p, so some relaxed carry handling is required
in order to recover ¢ from ¢. We refer to [BHL11, Section 2.7| for details. In particular,
we prove there that ¢ can be computed up to order O(p™) using O(Rz(n)) ring operations
in Z of bit size O(log p+logn).

Given k >0, let Z = {i € Z: |i| < 2*~1}, and consider two power series f, g € Z[[2]].
We will denote by Rz(n, k) (resp. Sz(n, k)) the bit complexity of multiplying f and g up
to order O(z") using a relaxed (resp. semi-relaxed) algorithm.

LEMMA 12. We have

Rz(n, k) = O(R«(n)1(k+logn) (loglogn)??logloglogn).

Proof. Let f, g € Z;[[2]] and let p be a prime number (in practice, we recommend to
take p to be a prime number which fits inside one machine word and such that p — 1 is
divisible by a high power of two). Let 7= [2 k log (2 n)/log p| be sufficiently large such that

n22k <. Let f, g€ (Z/p"Z)[[z]] be the reductions of f, g modulo p". Then fg may be
reconstructed up to order O(z") from the product fg. We thus get

Rz(n, k) < 1(p") Rg/prz(n)
By Theorem 9, we have
Rz prz(n) = O(R«(n) (loglogn)3/?1og loglog n).
By Remark 10, this bound is uniform in 7. Since p"~n 22*, the result follows. O

For the above strategy to be efficient, it is important that log n = O(k). This can be
achieved by combining it with the technique of p-adic blocking. More precisely, given
a p-adic block size b > 1, then any p-adic number in 7Z, can naturally be considered as
a pP-adic number in L, and vice versa. Assuming that numbers in N, are written in base 2,
the conversion is trivial if p is a power of two. Otherwise, the conversion involves base con-
versions and we refer to [BHL11, Section 4] for more details. In particular, the conversions
in both directions up to order O(p™) can be done in time (’)(% I(blog p) log (blog p)).

Let Ry(n) (resp. Sp(n)) the complexity of relaxed (resp. semi-relaxed) multiplication
in Zj, up till order O(p™).

THEOREM 13. We have
Rp(n) = O(R«(n)log plog (log n + log p)(loglog (n + log p))o(l))
= O’(nlognlog ploglog p).
Proof. Let r=[logn/logp], so that

rlogp < logn+logp
I(rlogp) = O(rlog plog (logn +log p)loglog (n+log p))
I(r (logp+logr)) = O(r(logp-+logn)log (logn+ log p)loglog (n + log p)).
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Using the strategy of p-adic blocking, a semi-relaxed product in Z, may then be reduced
to one semi-relaxed product in Z,  and one relaxed multiplication with an integer in
{0,...,p" —1}. In other words,

Sp(n) < 25, +Sy([2]) +0n10gp),

where S,(n) stands for the cost of semi-relaxed multiplication of two p-adic numbers in Z,
up till order O(p™). By [BHL11, Proposition 4|, we have

Sp(r) = O(l(r (logp+logr))logr)
= O(rlogn (logn+log p) log (log n + log p) loglog (n + log p))

By Lemma 12, we also have

Spr< {2—‘ ) = O(I(r log p +logn) %bgn (loglog n)*/?log log log n eV 1°g21°g1°g”)

.
- O(I(r log p) " log 1 (log log n)*/* log log, lognewm)

= (’)(n log nlog plog (log n + log p) (log log (n + log p)) O™ 2 logmoglog")

In particular,

5,00 = o(s,([2]))

which completes the proof of the theorem. O

Remark 14. The best previously known bound for relaxed multiplication in 7Z, was

Ry(n) = O((n (logp+logn))logn)

O’(nlog®n) if p=0(n)
O’(nlog®nlog ploglog p) if n=0(p)

We thus improved the previous bound by a factor logn at least, up to sublogarithmic terms.

8. FINAL REMARKS

For the moment, we have not implemented any of the new algorithms in practice. Nev-
ertheless, our old implementation of the algorithm from [Hoe07] allowed us to gain some
insight on the practical usefulness of blockwise relaxed multiplication. Let us briefly discuss
the potential impact of the new results for practical purposes.

Characteristic zero. In characteristic zero, our focus on algebraic complexity makes the
complexity bounds more or less irrelevant from a practical point of view. In practice, two
cases are of particular interest: floating point coefficients (which were already considered
in [Hoe07]) and integer coefficients (rational coefficients can be dealt with similarly after
multiplying by the common denominator).

In the case of integer coeflicients, it is best to re-encode the integers as polynomials
in IF,[z] for a prime number which fits into a machine word and such that ), admits
many 2F-th roots of unity (it is also possible to take several primes p and use Chinese
remaindering). After that, one may again use the old algorithm from [Hoe07]. Also,
integer coefficients usually grow in size with n, so one really should see the power series
as a bivariate power series in Fp[[x, 2]] with a triangular support. One may then want
to use TFT-style multiplication [Hoe04, Hoe05| in order to gain another constant factor.
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Finite fields. For large finite fields, it is easy to find large geometric progressions, so
the algorithms of this paper can be applied without the need to consider field extensions.
Moreover, for finite fields of the form IFx with p sufficiently large and k > 1, it is possible
to choose g € IF,, thereby speeding up evaluation and interpolation. For small finite fields of
the form IF x, it is generally necessary to make the initial investment of working in a larger
ring with sufficiently large geometric progressions. Of course, instead of the ring extensions
considered in Section 5, we may directly use field extensions of the form I, with [ > k.

Semi-relaxed multiplication. In principle, in the semi-relaxed case, it is possible to
gain a factor 2 with respect to the fully relaxed case, using the technique from [Hoe03].
Unfortunately, the middle product is not always easy to implement. For instance, if we rely
on Kronecker substitution for multiplications in Z[z], then we will need to implement an
ad hoc analogue for the middle product. Since we did not use a fast algorithm for middle
products for our benchmarks in [Hoe07, Section 5|, the timings for the semi-relaxed product
in were only about 25% instead of 50% better than the timings for the fully relaxed product.
Nevertheless, modulo increased implementation efforts, we stress that a 50% gain should
be achievable.

Cache friendliness. So far, we have not investigated the cache friendliness of blockwise
relaxed multiplication, and it can be feared that a lot of additional work is required in
order to make our algorithms really efficient from this point of view.

Bilinear maps. In order to keep the presentation reasonably simple, we have focussed
on the case when A is an effective ring. In fact, a more general setting for relaxed mul-
tiplication is to consider a bilinear mapping p: M; x My — Ms, where My, M and M3
are effective A-modules, and extend it into a mapping fi: M;[[z]] x Ma[[z]] — Ms][z]] by
alf, g) = Z” w( fi, gj) 279, Under suitable hypothesis, the algorithms in this paper
generalize to this setting.

Skew series. The relaxed approach can also be generalized to the case when the coeffi-
cients of the power series are operators which commute with monomials 2’ in a non trivial
way. More precisely, assume that we have an effective ring homomorphism ¢: A — A such
that za=(¢a) z for all a € K. For instance, one may take A = Q[d] with § =2 9/0z, so that
P(§) z=P(6+1) z. Given a commutation rule of this kind, we define a skew multiplication
on A[[2]] by

> fizi] [Z gjzj] = Y fi(¢'gy) .

120 720 4,520

If Ma(n) denotes the cost of multiplying two polynomials P z* and @ z/ in A[z] with
deg P, deg @@ < m, then the classical fast relaxed multiplication algorithm from [Hoe02,
FS74] generalizes and still admits the time complexity O(Ma(n) log n). However, the
blockwise algorithm from this paper does not generalize to this setting, at least not in
a straightforward way.
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