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Abstract. We present new algorithms for the inverse, division, and square root
of power series. The key trick is a new algorithm — MiddleProduct or, for
short, MP — computing the » middle coefficients of a (2n — 1) x n full product
in the same number of multiplications as a full n x n product. This improves
previous work of Brent, Mulders, Karp and Markstein, Burnikel and Ziegler.
These results apply both to series and polynomials.

Keywords: Middle product, Inversion, Division, Square root, Newton’s method.
Introduction

One of the major tools for performing arithmetic or computing special func-
tions is Newton’s iteration. Indeed its quadratic rate of convergence (so that the
number of correct digits or terms doubles at each step) and its self-correcting
character make it especially suitable for this kind of computations.

In full generality, Newton’s rule for computing a root of a differentiable
function f(x) can be written as x;41 = x;x — f (xx)/f (xx). As arule of thumb,
the term x; should be seen as the main term, whereas f(x;)/f’(xx) should
be seen as the correcting term. In particular, not all the digits of f(x;)/f’(xx)
are significant, since the low weight ones will be corrected in the next iter-
ation. Furthermore, since f(x;) is supposed to tend to zero quickly, one can
expect important cancellations in its evaluation. The present paper shows how
to evaluate only the meaningful part of f(x;), i.e., the “middle” digits, in some
situations where the evaluation of f is mainly based on a multiplication. As a
consequence, new algorithms for inversion, division and square root are derived.

Another application of the “middle product” is the efficient computation of
some transposed multiplications [11].
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We will make use of the following notations: M (n) denotes the complex-
ity of the underlying multiplication algorithm on two polynomials' of degree
n; K(n) denotes the complexity of Karatsuba’s algorithm, given by K (1) =
1, K(n) = 2K([n/2]) + K([n/2]); FFT(n) denotes the complexity of the
Schonhage-Strassen multiplication algorithm [10].

The paper is organized as follows: §1 describes the basic trick in the two
most usual nontrivial multiplication models, namely Karatsuba and FFT. §2
and §3 show how this trick can be used to compute the square and the inverse
of a power series; §4 and §5 study the problem of computing the quotient and
square root of power series.

In §6, an implementation of these algorithms is presented, which confirms
the complexity results in practice.

We conclude the paper by a table summarizing the previous and new worst-
case complexities under the Karatsuba and FFT models, for the middle product,
inverse, quotient, square and square root operations, following work of Brent
[1], Mulders [9], Burnikel and Ziegler [2].

Finally, an appendix gives a formal description of how to transform any
multiplication algorithm of a certain type into a middle product algorithm with
the same complexity; this is linked to the so-called transposition principle.

1 Newton’s Inverse Iteration and the Basic Trick

Newton’s iteration for computing 1/A — where A is a number, a polynomial,
or a series — follows the recurrence:

X1 = X+ x (1 — Axy). (D

Suppose we are looking for an approximation of 1/A to precision n. In the last
step of Newton’s iteration, x; is then accurate to precision n/2, and we have
to compute Ax; to precision n, where the n/2 most significant? coefficients —
or bits — of Ax; vanish with 1. To get an approximation x4 to precision n of
1/A, we multiply x; by the n/2 most significant coefficients of 1 — Ax;. The
cost of this last step was 3M (n/2) so far: 2M (n/2) for the product Ax; which
splits into two products of n /2 coefficients, and M (n/2) for the product of x; by
1 — Axy. The total cost of Newton’s iteration to compute 1/A to precision 7 is

Tt may seem more natural to express the complexities of operations on power series in term
of multiplications on power series (short products) instead of multiplications on polynomials
(full products). For example, if M*(n) denotes the complexity of a short product, Brent gives in
[1, Table 7.1] upper bounds of 3M*(n), 4M*(n), and 5.5M*(n) for the inverse, quotient, and
square root respectively. However all known subquadratic algorithms for short products are based
on full products, and in the FFT case, it is not even known whether a short product can be computed
faster than a full product! This explains our choice of the full product as basic operation.

2By most significant, we mean the low order terms in the case of power series, and the leftmost
digits in the usual notation for floating-point numbers.
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thus 3FF'T'(n) for FFT multiplication and %K (n) for Karatsuba multiplication
[6].

As we know in advance that the upper n/2 bits of Ax; will vanish with 1, a
natural question is the following: is there a faster way to compute directly the
n /2 required bits — from position /2 to n — of the product Ax;? We give in this
section a positive answer under the Karatsuba and FFT models, and show this
result applies to many multiplication algorithms. Note that other papers already
investigated the computation of only part (usually the most significant bits) of
the product of power series or floating-point numbers. See e.g. [8], [9].

1.1 Karatsuba Model for n a Power of 2

We first describe our trick and the corresponding algorithm in the simple case
when 7 is a power of 2, and when the underlying multiplication algorithm is
the Karatsuba method.

Basic trick. For the sake of clarity, we suppose A is a Taylor series in the
variable ¢ (att = 0). Assume we have A = ay + at + axt? and x = x¢ + x;¢.
We have

Ax = apxo + (apx1 + a1xo)t + (a1x1 + azxo)t2 + arx; 1’

and we want to compute
(aox1 + arxo)t + (arxy + azxo)t>.
The algorithm works as follows (see Fig. 1):

Algorithm MiddleProduct.

Input: x = xo + x1t, A = ag + at + ast?
Output: h = apx; + a1xp and [ = a1x; + axxg
.o < (ag + ay)x;

2.8 < ai(x; — xp)

3.7y < (a1 +a2)xo

4 h<~a-8

5l <y +8.

Now we can use this idea recursively (note that here and in the sequel we use
MP as a shortcut for MiddleProduct). This yields the following algorithm,
described in the case when n is a power of 2. See §1.2 for the general case.

Algorithm MP([xg, ... , x,_1], [ao, . .. , azu_2]).

0.If n = 1, return [agxo]

1. p < n/2.

2.0 < MP([XP, e, x2p_1], lao + Ap, ... ,Ap 2+ agp_z])

3. B < MP([x, — X0, ..., X2p—1 — Xp—1l,[ap, ... ,a3p-2])
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A() A] A2 A3

Xo u’ v

Xl u v

M+U = :MP(XI, [AO,AI]"_[AlaAZ])
v — u’ = ‘3 = MP(X] — Xo, [Ah AZ])
u' + Vv = y = MP(X(), [A], A2] + [AZ, A?])

Fig. 1. MiddleProduct recursion.

4' y < MP([an ey xp—l]s [ap + a2pa LI 5a3p—2 + a4p—2])
5. Return [a — 8, y + BI.

Theorem 1 When n is a power of two, Algorithm MP returns [c,_1, ... , Con_2]
where ¢, = ), i aix;, using exactly K (n) = n'°®3 ring multiplications.

1.2 Karatsuba Model: The Odd Case

In this section, we generalize the trick described above to deal with the case
when n is not a power of 2. If R is the coefficient ring of our power series,
and y = [y0,..., Va1l € R", 7 := [20,...,20m-2] € R* !, we define
MP(y,z) = [Zi+j:k YiZ,j]n—1§k§2n—2-

Theorem 2 Karatsuba’s algorithm can be adapted so as to yield an algorithm
computing MP(y, z) in K (n) multiplications.

Proof. Consider the following algorithm:

Algorithm MP-Karatsuba([yo, --. , Yn-1], [20, - - - » Z20-2]).
0.If n = 1, return [yozo].
l.ng < |n/2], n; < [n/2].

2.a < MP-Karatsuba([yy, .-, Ya—1l, [20FZn,» - - - » 220, —2F+23n,-2])
3.If nis even
3.1 B <~ MP-Karatsuba([y,, — Y0, .-+ Yn—1 — Yno—1l
[anv L) Z3n172])
else
3.2 /3 <~ MP_KaratSUba([)’no, Yny — Y05 e+ Yn—1 — yl’lofl],

[anv ) Z3}’l]72])
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4.y < MP-Karatsuba([yo, ..., Yng—1], [2n, + 220, - -+ Zny4200—2+
ZanZ])
5' Return [aO - 1307 L} an]fl - ,Bnlfla VO + ﬁ()’ ceey y}’l[)fl + ﬁn()fl]'

It is easily checked that the number M P (n) of multiplications on an input
of size n satisfies MP(1) =1, MP(n) =2M P([n/2]) + M P(|n/2]), hence
MP((n) = K(@n).

A straightforward calculation or using the general formulation developed
in the appendix then allows one to prove that this algorithm indeed computes
MP(y, 2). O

1.3 The FFT Model

Theorem 3 Schonhage-Strassen’s FFT algorithm can be adapted so as to yield
an algorithm computing MP(y, z) in FF'T (n) multiplications.

Proof. We give the algorithm and refer to the general framework described in
the appendix for a detailed proof.

As for the complexity, the algorithm amounts to three FFTs of size 2n,
which is exactly the same as what is done in a single FFT multiplication.

Algorithm MP-FFT([yo, ... , Yo—1], [20, - - - » Z2n—2]).

0. w < primitive (2n)-th root of unity

l.a < FFT(w, [Yn-1,--- 5Y0,0,...,0])

——

2.8 < FFT(w~ ', [z0, ... , Z2n—2, 0])

3.y < FFT(w, [@fo, - - - » 02n—1B2u—1])

4. Return [yy/2n, ..., Yu_1/2n].

FFT(a, v) computes [21_2161 a’”"vi]osmszn_l, where a is a root of unity of
order 2n. Atstep 3, ¥ = [Ch—1, -+ » Con—2, C2n—1, Con + €0y - -+ , C3n—2 + Cn—21,
where ¢, = Zi+j=k YiZj- O

1.4 General Situation

The two algorithms described in that section can be generalized: to any multi-
plication algorithm of a certain — quite general — kind, we can associate a middle
product algorithm of the same complexity. (See [5, Def. 8] for the definition of
a bilinear algorithm.)

Theorem 4 From any bilinear (n, n) multiplication algorithm, one can derive
an algorithm computing a (n,2n — 1) middle product with exactly the same
number of ring multiplications.
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Since the proof of that theorem is quite technical, and not required in the
rest of the paper, we postpone it in an appendix.

In the following sections, we consider an algorithm MP(y, z) taking y with
n terms, z with 2n — 1 terms, and returning their middle product, with the same
complexity — K (n) or FFT (n) depending on the computation model — than
multiplication. We then use this algorithm to build new algorithms for basic
operations on power series or polynomials: square, inverse, quotient, square
root. Sometimes to simplify the algorithms we allow z to have more terms;
in such a case we consider only the first 2n — 1 terms from z, and we write
MP(y, z, n) to avoid confusion. We also write mul(a, b) for the full product of
two series or polynomials of n terms (giving 2n — 1 terms), mul_high(a, b)
for the (short) product of two series of n terms, giving the n most significant
terms, of order O to n — 1, and mul_low(a, b) for the short product giving the
n — 1 least significant terms, of order n to 2n — 2.

2 Squaring Power Series

In this section, we show how to use the MP algorithm to compute the square of
a power series, or equivalently the upper (or lower) half part from the square
of a polynomial.

Theorem 5 Using the MP algorithm, one can compute the square of a power
series of order n in R(n) < w ring multiplications under the Karatsuba
model.

Proof. We use the following algorithm. Let A = Zf’:—ol ait' = Ag + 1P Ay, we
have A% = A+ 2A¢A;t” mod 1", plus an extra term a 51> when n is odd. At
step 3 we have @ = A% mod "7, and at step 4 (where the second argument
of MP should read [2a;] for n = 3) B gives the coefficients of degree n — p
ton — 1 of A} +2A¢A;t?, thus o + 1"~ B, plus af,tzf’ when n is odd, gives
A% mod t".

Algorithm MP-square(lay, ... , d,—1]).

1.If n = 1, return [a]].

2.p < |n/2]

3. a < MP-square([ag, ..., ap—p-1])

4.8 < MP([aog, ... ,ap-1l, [@n—2ps1, ... ,ap_1,2a,, ... ,2a,1])
5.Ifnmod 2 =1then B, < B,_1 —i—af,

6. Return [, . . . s Opn—p—1, Bos - - ,3[,_1].

The number R(n) of ring multiplications satisfies the recurrence R(n) =
R([n/2))+M(|n/2])+(m mod 2), with R(1) = 1. In the Karatsuba model, as-
sume that R(k) < X8+ fork < n.Ifn = 2k, we have R(n) = R(k)+ K (k) <
KDL < KW+ 1 p = 2k + 1, then R(n) = Rk + 1) + K(h) + 1 <
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2
Kk+1).3 O

3 Power Series Inversion

In this section, we explain how the MP algorithm can be applied, when plugged
into Newton’s iteration, to compute inverses.

Theorem 6 Using the MP algorithm, one can inverse a power series of order
nin I(n) = K(n) — 1 ring multiplications under Karatsuba’s model, and
I(n) ~2FFT(n) using FFT.

Remark. The analysis of all the FFT variants from now on is biased by the fact
that exact FFT complexity (i.e., exact formulas for F'/F'T'(n)) highly depends
on the implementation. We shall thus content ourselves with “reasonable esti-
mates”, assuming mainly that FFF'T(2n) ~ 2FFT(n) and FFT'(n + 1) ~
FFET(n).

Proof. We describe the algorithm, which simply rests on Newton’s iteration,
with the usual product replaced by an MP call.

Algorithm MP-inv([ag, ... , a,_1]).
0.If n = 1, return [1/agp].

1. p < |n/2].

2. a < MP-inv(lao, ..., ap—p-1])

3. 13 <~ MP([“Os R an7p71]7 [Cl], <ee5Aap—1, O]v n— P)
4.y < mul high(lao, ... @1l [Bo. - - - Bpo1])
5.Return [ag, ..., Xy p—1, —=V05 -+ - s —Vp—1].

The algorithm performs just one division. The number I (n) of ring multipli-
cationsis givenby I (1) = 0,1 (n) = I([n/21)+M([n/27)+M(|n/2]). Under
Karatsuba’s framework, we have I (n) = K (n) — 1, since I (n) + 1 satisfies the
same recurrence as K (n). In the FFT case, one gets I (n) ~ 2FFT (n). |

Remark. The mul_high call at step 4 of MP-inv has a better complexity
than K (n) for most values of n if Mulders’ algorithm is used, which results in
a better overall complexity for MP-inv. See [9] for more details.

31t can be shown that K(n + 1) — K(n) = 2:™+! where z(n) is the number of zeroes in the
binary expansion of n.
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4 Power Series Division
4.1 Newton’s Method

From our inversion algorithm, we can mechanically deduce a division algorithm
as follows:

Theorem 7 The quotient of two order n power series — Mulders’ short division
— can be computed in %K (n) under the Karatsuba model, and %F FT(n) under
the FFT model.

As a consequence, the division with remainder of a polynomial of degree
2n — 1 by a polynomial of degree n can be performed in %F FT(n).

Proof. We use Karp and Markstein’s trick [7] to incorporate the dividend in the
last Newton’s iteration. The corresponding algorithm is as follows:

Algorithm MP-div-KM([by, ..., b,—1], lag, ... , an_1])-
0.If n = 1, return [by/ao].

1. p < |n/2].

2.a < MP-inv([ag, ..., dp—p-1]);

3.8 « mul_high(e, [bo, ..., bn—p—l]);

4.y < VMP([Bo, .-, Bu—p-1l;lar, ..., an-1,0],n — p);

5' 8 <~ mul([a()a MR a[?—l]v [bn—p - VOv cre bn—l - Vp—l])§

6. Return [Bo, ..., Bu—p—1,00, ..., 8p—1].
The total cost is equivalent to that of one inversion plus one short multiplication
of sizen/2,i.e., 1(n)+M(n/2),or 3K (n) with Karatsuba, and 3 FF'T () using
the FFT. O

Remark. In the above algorithm we consider that the mul_high call at step
3 costs M(n — p) multiplications. Actually it may be less expensive when
one uses Mulders’ short product under the Karatsuba model. Nevertheless, the
worst-case complexity %K (n) already improves on the previous best-known
algorithm of average complexity ~ 1.397K (n) from Mulders [9, Table 6].
However, see also §4.2.

4.2 Direct Division Using MP

Algorithm MP may also be used directly — i.e., without Newton’s iteration — to
compute the quotient of polynomials or power series. This new algorithm is
described and analyzed in this section.

Assume that we are dividing B by A, and split B as (By, B1), and A as
(Ap, Ap). Let the quotient be O = (Qg, Q1). The algorithm is illustrated by
Figure 2.
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Ao A

r:
By

Qo UP(Q0. A)

B.—r
0

Fig. 2. Algorithm MP-divide.

Namely, the upper part of the quotient Qy is obtained by dividing By by
Ap. The lower part is then obtained by dividing B; minus the middle terms of
the product A Q¢ — hence MP(Qg, A) — by Ay. This gives more formally the
following algorithm:

Algorithm MP-divide ([by, ..., b,_1], lao, ..., an_1]).
0.If n = 1, return [by/ao].

1. p < |n/2].

2.a < MP-divide([bo, ..., by—p-1l,lao, ..., an_p_1]).

3.r < MP(«, [ay, ...,a,-1,0],n — p).

4. B <~ MP-divide([b,—p —ro, ..., byt —1p_1l,lao, ..., ap_1]).

5. Return [«, B].

Theorem 8 Algorithm MP-divide with inputs of n terms correctly computes
the first n terms of their quotient, using D(n) = K (n) — n ring multiplications
under Karatsuba model.

Proof. The correctness follows easily from the explanations of the picture
above. Let D(n) be the number of multiplications in the base field, D (n)
be the number of divisions. Then one has D,;(n) = D;(|n/2]) + Ds([n/2]),
and D, (1) = 1, hence D;(n) = n. As for D(n), we have D(n) = D([n/2]) +
D(|n/2]) + M([n/27), D(1) = 0. Under Karatsuba model, we get D(n) =
K (n)—n by asimple induction, since the recurrence relations are closely related
to those that one obtains for Karatsuba method. O

In the case of the FFT, we get for n large enough the “reasonable estimate”
D) ~ %FFT (n)log,(n). As a consequence, Newton’s method should be
preferred in that case.

4.3 Division With Remainder

Consider two series A and B of n terms. Since Algorithm MP-divide com-
putes their quotient O in K (n) operations, and the remainder can be ob-
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tained from B — AQ in K (n) additional operations, this yields a division with
remainder in 2K (n) operations, which equals the best known complexity in the
Karatsuba model [2]. (Considering series at infinity instead of zero, all results
transpose to polynomials.)

We show in this section how to compute the remainder, i.e., the low part
from AQ,in %K (n) operations, which gives a division with remainder in %K (n)
operations.

In the following algorithm we assume that the high part S of A Q is known
(which is the case in division, since this is just the high part of the dividend B).
Algorithm ShortRem([ay, ..., an-1], [90, - - > Gu_1], [50, - - - » Su—1])-

0. p < [n/2].

I.T <~ mul_low([ap,...,a,-1),[qp, ..., qu-1]).

2. If n is even

21.U <~ mul([ap +ap,...,ap—1 +an-1l,[q0 +qp, ..., qp—1 +

qn—l]);
22 Return [ug+up —to—So—Sp, ..., Up 2+Uzp 2—1p 2=, 2—
Sp—2,Up—1 — Sp—1 — Sn—1, fo, - -, tp—Z]
else
23U < mul(lap+ap,...,ap2+ay_1,ap-1l, [qo+qp, ..., qp—2+
qn—1, qu—l]);

24Return [u,_1—tg—S,_1, Uo+Up—11—S0—Sp, ..., Up_4+U2p_4—
tp—3—Sp—a4—S2p—4, Up_3+Udp3—Sp3—82p-3, Up2+Urp 02—
Sp—z - sl’l—l! t07 MR tp—3]'

Theorem 9 Algorithm ShortRem correctly computes the low half of AQ,
and uses %K (n) operations under the Karatsuba model, when A and Q have
n terms.

Proof. The idea is that the remainder comes from the computation A Q, which
Karatsuba decomposes as three multiplications Ao Qq, A1 Q1 and (Ag+A1)(Qo+
01). Butin the present case, the upper half is already known, and we can recover
Ao Qo from it and the two other products.

More precisely, put A = Ag +tPA, Q = Q¢ +t7Q1, and write A; Q1 =
To + t"7PT, AgQo = Zo +1t7Zy, (Ao + AD(Qo + Q1) = Uy + " PUj,
S=S8y+1t"7S5.

The low part of the remainder is simply the low part of A;Q,, i.e., T. By
definition, § is the high part of

AoQo + 1P (Ao Q1 + A1 Qo) +1°7 A1 Q. 2

If niseven, S = Zp and S} = Zy + Uy — Ty — Zy. This implies that Z; =
S1+ Ty — Uy + So.

The high part of the remainder is the high part of the low part of (2), i.e.,
the low part of (A9 Q1 + A1 Qo) plus the high part of A; Q, namely Ty + U; —
T—-72,=Uy4+U —T -8 — ;.
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If now n is odd, we have Sy = Zy, S1 = Z; +t(Uy — Ty — Zy), hence
Zy = 81 +tSo + tTy — tUp, and the high part of the remainder is U; — T —
Z1+tTy =tUy+ U, — T —tSy — S}, and the result follows.

The computation of 7' is a | 5| x | 5] product, which costs K (|n/2]); that of
U= (Ao+ A1) (Qo+ Q) isafull [5] x [5] product, which costs K ([n/2]).
Thus ShortRem costs K ([n/2]) + K([n/2]) ~ 3K (n). o

Remark. Since we only need the sum of Uy or tUy and U, we may replace
the full product (Ag + A1) - (Qo + Q1) by a product mod #” — 1, which would
directly give the sum Uy + U, or tUy + U;. If p is even or, better, divisible by
a large power of 2, the evaluation of such a product can be improved by simple
FFT-like techniques, using the fact that (x, y) = (x + y)/2 4+ t*(x — y)/2 is
an isomorphism from R[¢]/(t* — 1) x R[t]/(t* + 1) onto R[t]/(t? — 1), when
p = 2k, if the characteristic of the ring R is odd.

Remark. When using FFT multiplication, Algorithm ShortRem is of little
interest, since it replaces a multiplication of size n by two multiplications of
size n/2. However, the fact that the product (Ag+ A1) (Qo+ Q1) is needed only
modulo #” — 1 (whereas FFT might compute it modulo #2” — 1) can probably
be used to speed up things.

5 Square Root of Power Series
5.1 Newton’s Method

From our division algorithm, we can derive a square root algorithm by the

. , . . A—x?
classical Newton’s iteration x;; = x; + Zka .

Theorem 10 The square root of a power series of order n can be computed
in S(n) < K(n) ring multiplications under the Karatsuba model, S(n) ~
%FFT(n) under the FFT model.

Proof. The corresponding algorithm is as follows:

Algorithm MP-sqgrt([ag, ... , a,—1]).

0.If n = 1, return [ /ao].

1. p < |n/2].

2. o < MP-sqrt(laog, ..., an—p-1]);

3. < mul([ay, ..., poi], (a1, ..., €y p_1]);

4.y < MP-divide([an—p — Br—p—-2, .- s an—1 — Bn=3l, 20);

5.Return [ag, ..., Qy—p—1, Y05 - - -» Vp—1l.
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where at step 4 it is assumed that B,_, » = 0ifn = 2, B,_3 = 0if nis
even, and 2« is truncated to p terms. The number S(n) of ring multiplications
satisfies S(1) = 0, S(n) = S([n/2]) + D(In/2]) + M([n/2] — 1). We get
S(n) < K(n) — n under the Karatsuba model and S(n) ~ %FFT (n) under the
FFT model. O

Corollary 1 The square root (resp. square root with remainder) of a power
series can be computed in %K (n) (resp. %K (n)) multiplications under the
Karatsuba model, and 3FFT (n) (resp. 4FFT (n)) multiplications under the
FFT model.

Proof. If one replaces the full product from step 3 by a short square giving the
n — p — 1 high order terms of o (see §2), one gets S(n) < %K(n) under the
Karatsuba model. In practice, one just needs to replace the call tomul by a call
to MP-square.

For the FFT model, instead of dividing A — x,f by x; at step 4 of MP-sqgrt,
we multiply by yx where yx = yr—1 + yxr—1(1 — X yx—1) is an approximation of
1/+/A, computed together with x. For the last step, this replaces one division of
size n/2 by one multiplication of size n /2 — the last y; is not needed — and for the
preceding steps this replaces one division of size n/2/ by three multiplications
of size n/2/ for j > 2, whence a total gain of M (n/2) for D(n) ~ %M(n).

To get the complexities for the square root with remainder, just add %K (n)
under the Karatsuba model (using Algorithm MP-square) and FFT (n) under
the FFT model. O

5.2 A Variant

We can also give a slightly more general algorithm. Assume that A is given to
precision 7, and we have an approximation A = S 4 ¢” R to precision p. Write
S’ = § 4 8tP, with § of order n — p. One has A = S§> + Rt? — §t7 (28" — 8t7).
To get the right S’, we just need that Rt? — §¢tP(2S’ — §t7) be 0 to precision
n, hence § = R/(2S + 6t7) to precision n — p. This identity is meaningful as
soon as p > 0, since the quotient is performed “online”: the term of degree
k of § only depends on the terms of § of degree < k — p. However for our
recursive algorithm to work, all the first half bits of (25 + §¢7) are needed to
compute the first half of §. Hence we can give an “in place” formulation of
MP-divide finding é as soon as p > (n — p)/2, i.e., p > n/3. Algorithm
MP-gsqgrt corresponds to the case p = n/2, hence we can ignore the term 6¢7,
and simply compute R/(2S) using MP-divide.

Precisely, MP-div-inplace(a,q,{,n) computes the quotient of
lao, ..., a,—11by [q0, - .., gu—1] and puts the result in [qy, . .., Gein—1].

AlgorithmMP-div-inplace ([ao, ..., an-1], [90, - - - » Gean—1], £, 7).

0.Ifn =1, g, < ao/qo. Return.
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1. p < |n/2].

2.MP-div-inplace(a, g, {,n — p);

3' )/ <~ MP([C]K, ) qz+n7p71]’ [QI’ ceey qufl’ 0]),
4.Mp-div-inplace([a,—p—V0, ..., 1 —Vp-1l,q, L+n—p, p).

Algorithm MP-sgrt-generic(lag, ..., d,-1], p).

0.If n = 1 return [\/a].

l.a <~ MP-sqgrt-generic(lao,...,ap,-1]);

2. B < MP-square(w);

3.MP-div-inplace([a,—Bp-2, ..., a2p—2—PBo, a2p—1, ..., an-1], 2c,
p+1,n—p);

4. Return [ag, ..., op—1, 200, . . ., 20— p—1].

One can then try to optimize the choice of the splitting point p. A theoretical
analysis in the Karatsuba model, taking p = [Bn], gives By ~ 0.411, with a
cost &~ 0.734K (n). Experimental observations yield the following rule:

e for n between 2% and 2% 4 2¢=1, choose p = 2K, except forn = 2% + 1

where one should choose p = 281 4 1;

e for n between 2¥~! ++ 2% and 2K*!, choose p = n — 2.

Using those simple rules, we seem to get the optimal number of multiplica-
tions up to a 5% loss; furthermore those rules seem to be asymptotically optimal.
The asymptotic behaviour for S(n)/ K (n) is then lim sup S(n)/ K (n) = 3/4 (eg.
forn = 2¥F where we use in fact the first algorithm) and lim inf S(n)/K (n) seems
to be 17/28 (roughly 0.607... for n up to 22°), and obtained for n = 2% 4 2+~1,

26_
On average we get 2723 Zizzg % ~ 0.6607....

6 Implementation Results

Since the algorithms we propose offer only a gain on the constant factor, it
seemed to us that a realistic (by opposition with complexity estimates) imple-
mentation was required. We describe it shortly in the present section, and give
experimental results on several architectures.

We choose to implement the algorithms on power series with coefficients in
7./ pZ, with p the largest prime such that p? fits into amachine word (p = 65521
on 32-bit machines, p = 4294967291 on 64-bit machines).

For small sizes of arguments, quadratic algorithms are used. The optimal
threshold for each algorithm is determined by a tuning program. Experiments
have been done for series from degree 16 to 2000.

We discuss the results algorithm by algorithm.

6.1 Middle Product

The middle product algorithm has been compared with Karatsuba’s algorithm.
The thresholds with the quadratic version are very similar on all architectures,
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though slightly smaller for the middle product. In practice, we recover the
expected result M P (n) ~ K (n). We sometimes get (ev6 and k7) a little better,
roughly 0.9K (n).
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12 12

1 ! MWW
08 | 1 08 | 1
06t ] 06t
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
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P —— WP ——
14 K(n) —— 14 K(n) ——
12 12

ANy g RN Ao e
08 | 1 08 |
06 | 1 06 |
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
Middle product on a sparcv9-296 MHz Middle product on an R10K-194 MHz

6.2 Short Square

We have compared the MP-square algorithm, of theoretical complexity % K@)
(see §2),* with the following algorithm:

Algorithm Kara-square([ag, ..., a,_1]).
0.1If n = 1 return [a3].
L.p < In/2];

4 A referee proposed the following Mulders-like trick to improve MP-square: take p = [ (1 —
B)n] instead of p = |n/2], which leads to the recurrence R(n) = R(Bn) + K((1 — B)n) +
R((2B — 1)n) under the Karatsuba model, with an optimal 8 & 0.560, and a theoretical aver-
age cost of about 0.481K (n). The same idea also applies to Kara-square with p = |Bn],
Bopt 7 0.581, and a cost of about 0.485K (n).
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2.a <~ mul(lag,...,an—p-1l,lao, ..., an—p-1]);
3. B <~ mul_high([ao, ..., anfpfl]» [anfpa ces Gpt]);
4. Return [«y, ... , Op—p—1,p—p + 2B0y ... 01 + 2/31;,1].

The theoretical complexity of this algorithm is 2M (’%), ie., 2K (n) with
Karatsuba multiplication. However, a square is usually less expensive to com-
pute than a product, and costs %K (n) under reasonable assumptions. With the
average gain due to Mulders’ algorithm, we get an algorithm of practical com-
plexity about 0.5K (n).

On the following diagrams, the upper curve is the time for execution of a
full square using Karatsuba, the middle one is the time for computing a short
square using Kara-square and the lower one the time for computing a short
square using MP-square.
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6.3 Division

G. Hanrot et al.

We have compared our MP-diwvide algorithm with Burnikel-Ziegler division
[2], in which we have used short products to compute the remainder associated
to the high part of the quotient. We get the following diagrams (lower curve is

MP-divi de):
2 T
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| Ko
16

0.8

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Division on a k7-550MHz

0 200 400 600 800 1000 1200 1400 1600 1800 2000
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6.4 Square Root
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Division on an R10K-194 MHz

We have compared our MP-Sqgrt algorithm (lower curve) with Karatsuba
square root [13], in which we have used the Kara-square algorithm. We
get the following diagrams:
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6.5 Synthesis

The complexity results obtained in this paper, which might be subject to caution
since they deal with constants, are reliable. Our experiments confirm that we
really obtain those constants in practice. We even get slightly better since the
middle product seems to perform slightly better than Karatsuba on a variety of
machines.

7 Conclusion

This paper presents new algorithms for basic operations on polynomials or
power series. Those algorithms are based on a new algorithm, called middle
product, that computes the n middle coefficients of a (2n — 1) x n product
as efficiently as a full n x n product. Table 1 gives a detailed analysis of the
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Table 1. Previous and new best-known complexities for several operations on power series and
polynomials, under the Karatsuba and FFT models, within O (n) memory usage.

Karatsuba model FFT model
previous this paper previous this paper

Square 2K (n) 1K(n) [Th.5] | $M(n) 2M(n)
Middle product 2K (n) K(m) [Th.2] | 2M(n) M(n) [Th.3]
Inverse 3K [2] K@) [Th.6] | 3M(n) 2M(n) [Th. 6]
Quotient 2K [2] K(m) [Th.8] | ZM(n) IM(n) [Th.7]
. with remainder | 2K () [2] 2K(n) [Th.9] | $M(n) IM@) [Th.7]
Square root K(n) [13] | 3K(n) [Co.1] | IM(n) 3M(n) [Co.1]
. with remainder | 3K(n) [13] | 3K(n) [Co.1] | SM(n) 4Mn) [Co. 1]

number of coefficient operations used by those algorithms, compared to previ-
ously known algorithms.’

An implementation in Maple of these algorithms is available at the URL
http://www.loria.fr/~zimmerma/papers/MP.mpl.

It is possible to obtain floating point versions of the middle product algo-
rithm using only O(1) extra memory — with respect to the polynomial version —
at each recursion step. This, and the applications to multiprecision floating point
arithmetic, is a work in progress and will be presented in a forthcoming paper
[3].

In [11], Victor Shoup asks if a matrix/vector product of the following form
can be reduced to a single multiplication of polynomials of degree less than n:

Vo Uyt Ul bo
A SR by
Up—1 Uy ** - U2p—2 bn—l
This is exactly MP([b,,—1, . .. , bo], [vo, - - - , V2n,—2]), whence the “middle prod-

uct” algorithm partially answers to that open question: it does not reduce the
matrix/vector product to a single n x n product, but to the same number of ring
multiplications, provided the product algorithm uses linear forms. This is a par-
ticular instance of the “transposition principle” problem [4, Open Problem 6] in
the case of Toeplitz matrices: if M is the (2n—1) x n matrix with M; ; = x;_; for
0 <i—j <n,and M; ; = Ootherwise, y is the vector (ay, . . . ,an—1)T,and zis
the vector (az,_3, ... , ao)’, then M - y gives the full product of [xg, ... , x,—1]

3 For the sake of simplicity, we consider that a full square costs as much as a full product, and
we don’t reuse Fourier transforms when a given variable is used in several multiplications.
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and [ag, . .. , ay_1], whereas MT - z gives MP([xo, ... , X,—1], [ao, - . . , G2n—2]),
in reversed order.

The algorithms of Table 1 need only a O(n) memory space, i.e., propor-
tional to the input size. If one enables a larger memory usage, then other algo-
rithms exist. In particular, the relaxed DAC-multiplication proposed by van der
Hoeven in [12] can be adapted to yield a division with remainder in exactly K (n)
scalar operations, using O (n logn) memory. However the “fast variant” from
[12, §4.3.1], which works within O(n) memory, requires more than 2K (n)
operations asymptotically.

Acknowledgements. The authors wish to thank one of the anonymous referees for his clever
comments that greatly helped to improve the presentation of the results, and Eric Schost who
pointed out the link with the transposition principle.
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Appendix. The General Situation

In this section, we give a more general and formal presentation of the trick
described in §1. This presentation is suitable for any bilinear multiplication
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algorithm, and gives, in the case of Karatsuba and FFT multiplication, cor-
responding algorithms of the same complexity for the middle product (see
Theorems 2 and 3). In the sequel, R is any commutative ring.

Theorem 11 Let M, ,, : R” x R — R"andTl, ,,: R" x R? — RY be the
bilinear forms defined by

Mp,q,n(yvz): Z Yk Hn,p,q(x9 y) = Z XiYj
Jtk=itp=1 O<i<n i+j=k O0<k<gq
Then, for any (X, Y, Z) € R" x R? x R4, we have
X | Mpgn(Y,2) = (T, ,4(X. V)| 2), 3)

where (| ) denotes the canonical inner product of two vectors of the same length
andY = (yp—1-i)o<i<p-

TheIl, ,,and M, , , bilinear mappings are related to the product of power
series in the following way. Let X = (xo, ..., x,—1) € R", Y = (y0, ..., yp—1)
€ R’ and Z = (20, ..., 24—1) € R7. We have

Mopg X = (3 w2 i)

i+j=0 i+j=q—1

coefficients of 7, ..., 19" in (3 x;tH) (Y. yjtj));

=
Mpgn. 2= (3 vz s 2 v
(

Jj+k=p—1 Jjt+k=n+p-2
= (coefficients of 1=, ..., """ 2 in (3. y;tH (3 zktk)).

Forp=nandq =2n—-1,1I1, ,, and M, , , correspond respectively to the
usual multiplication and the middle product.
Proof. [Theorem 11] We have

n
X | MpgnY.Z) =) "% Y yze= Y. Xy

i=0 0<j<p 0<i<n

0<k<gq 0<j<p

Jj+k=i+p—1 0<k<gq

i+p—1—j=k
= E XiYp—1—jZk

0<i<n
O<j<p
0<k<gq
i+j=k

= > w Y xiypoij =y (X. V)| Z),

0<k<gq 0<i<n
O<j<p
itj=k
which concludes the proof. O
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We are now able to prove our main result, Theorem 4:

Proof of Theorem 4. Suppose that we have a formula

4
M pg (X, ¥) =Y (@n | X)(bw | ¥)cn )

m=1

with a,, € R", b,, € R? and ¢,, € R?. Such a formula will be called “a
decomposition of I1,, , , into £ ring multiplications”. Then we have according
to Theorem 11

(X | Mpgn(Y,2)) = (M4 (X, Y) | Z)

4
=D (@ | X)(bw | V)(en | 2).
m=1

Therefore, X being an arbitrary vector in R":

¢
Mpgn(Y.Z) = (by | V) (cn | Z)an, ()

m=1
and M, , , can also be decomposed into ¢ ring multiplications, with same
coefficients. O

Remark. Formulas (4)—(5) show that the complexities of a (n, n) full product
and a (n, 2n — 1) middle product are equal when one only counts multiplications
between linear forms in the operands. However, if one also takes into account
the time to compute those linear forms and the time to combine the products,
then the complexities of I, ,, 2,1 and M, 2,1, remain comparable according
to the transposition principle (see the following paragraph).

Matrix multiplication. With the above notations, let us write a,, = (ap 1, - - -,
Amn)s by = b1y bmp), cw = (Cm,1, ..., Cmyg) and let A, B, C be the
(€, n), (¢, p) and (¢, g) corresponding matrices. Then formulas (4)—(5) read:

M, ,,(X,Y)=CT-(AXT)x(BY")), M, ,.(Y,Z)=AT-(BY")x(CZ")),

where * denotes the component-wise product of two vectors of length £. From
the “transposition principle” [5, Def. 8 and Th. 4], we conclude that one can
transform a bilinear algorithm P computing I1, , ,(X, Y) into a bilinear algo-
rithm M computing M , , ,(Y, Z). If a(X), B(X) and y (X) denote the number
of additions, multiplications by a known scalar and multiplications between two
indeterminates for algorithm X then we have

a(M) =a(P)+q —p, BM) = B(P), yM) =y (P).



436 G. Hanrot et al.

no no _ 2111 —1 o 271() -1 _
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F=[ h o n] h | oz, e el T

Fig. 3. Karatsuba and MP splitting.

This means, in the case p = n, ¢ = 2n — 1, that from any multiplication
bilinear algorithm using M (n) multiplications in R we can derive an algorithm
for MP using M (rn) multiplications in R, and n — 1 more additions.

We now illustrate how the algorithms of Theorems 2 and 3 can be obtained
from Theorem 11.

The Karatsuba Model

Let X = (X)o<i<n € R, Y = (y))o<j<n € R"and Z = (zx)o<k<20—1 € R*"7L.
Write n = ny + ny, with 0 < ng < n; and split X, Y in the following way.

X =[Xo, X1, X2]  with  Xo = (x0, ..., Xp_1)s
X1 = Xngs oo Xmy—1)s X2 = (Xnys ooy Xn—1)s

Y =1[Yo, Y1, Y2l with Yo = (yo,..., Yny—1),
Yi=ngs o5 Yu=1)s Yo=Yy ooy Yu—1)-

Note that the subvectors X and Y, are empty when ng = n. Furthermore, we
define Zy, Z19, Z11 and Z, as the following subvectors of Z:

Zo = (20,5 220,-2),
Z10=(Zn;s > Bn=2),  Z11 = @nys oo Tnj+2m0—2)>
Zy = (2omy, > 22n-2).

Karatsuba’s method amounts to make a recursive call on low halves and
high halves of the operands, and on the differences of those operands, i.e., to
compute

a =T, u 20, -1([ X0, X11, [Yo, Y11),
b == Hn(),n(),2n()71(X29 YZ)’
¢ =11, n o0, —1([Xo — X2, X1], [Yo — Y2, Y1]),
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and then the high part of the result is b, the low part is a and the middle part is
a — ¢ + b. In our formalism, we write

(201 (X, V) 1 Z) = Ty 2, -1 (X0, X1, [¥2, V11) | Zo + Z1o)
— (T, iy 2 —1([Xo = X2, X11, [Y2 — Yo, V11) | Z1o)
+ (Mg g, 2001 (X2, Yo) | Za + Z1)).
Then, using equation (3) and Karatsuba’s method, we can write
X | Myon12(Y, Z) = My 20-1(X, V) | 2)
= (T 20, -1 (X0, X1, [Y2, Vi1 | Zo + Zio)
—(Tyy g 20, -1 (X0 = X2, X11, [V2 = Yo, V1]) | Z1o)
+ (Mg 9, 2m0-1 (X2, Yo) | Za + Z1))
= ([Xo, X11 | My, 20,10, ([Y1, Y21, Zo + Z10))
—([Xo — X2, X1l | My, 2n,—1.0,([Y1, Y2 — Yol, Z10))
+(X2 | Mg 2ng—1.00(Yo, Z2 + Z11))

=X |[a =B,y +low(B)])

where
o = Mn1,2nl—1,n1([Yl» Y2]v ZO + 210)7

B =M, 2n,-10 Y1, Y2 —Yol, Z10),
low(B) = (Bo, - - - Buo—1)>

Y = Mno,2n()—1,n0(Y0’ Zy + Zy1).

X being an arbitrary vector of R", we infer:

Myon-12(Y, Z) = [a — B,y +low(B)]. (6)

This formula is exactly Algorithm MP-Karatsuba from §1.2.

The FFT Model

Let w be a primitive (2n)-th root of unity, X € R", Y € R" and Z € R*". The
FFT algorithm becomes, in our formalism,
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2n—1
Mo 20 (X, ¥) = = 3 (@™ oi anl X)(@" oz n V) (@ Doz <20
m=0

Hence we obtain from (4)—(5) the formula
1 2n—1
Mn,2n,n(Y’ Z) = 2_ Z ((wmj)0§j<n|Y)<(w_mk)0§k<2n|Z)(a)ml)0§i<n-
n m=0

In more classical notations, if f > is the m-th component of the direct
Fourier transform, and g that of the inverse one, we get

m
1 2n—1
Y =g 2 "G00 @), 0<i<n,
0<j =0
0k <2n "
Jk=i4+n—1

which is exactly Algorithm MP-FFT from §1.3.

This means that MP(y, z) can be computed in two Fourier transforms of size
2n and one inverse Fourier transform of size 2n, which is exactly the same as
for a full n x n product.

Remark. The preceding formulas are still valid if we suppose X of length n+-1:
2n—1

1 mi mj —mk
Mosn2n (X, ¥) = 2= 3 (@™ ozizn X) (@™ oz cnl¥) (@ Yoziccan,
n m=0
1 2n—1
My o1 (Y Z) = = 3 (@ ozjn D) (@™ ozt 2) @ ozizn,
n m=0

therefore we can compute the n + 1 middle coefficients of the product (>_ y;/)
o zxt*) with no additional operation (assuming no particular optimization).



