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Abstract

The complexity of matrix multiplication has attracted a lot of attention in the last
forty years. In this paper, instead of considering asymptotic aspects of this problem,
we are interested in reducing the cost of multiplication for matrices of small size, say
up to 30. Following previous work in a similar vein by Probert & Fischer, Smith,
and Mezzarobba, we base our approach on previous algorithms for small matrices, due
to Strassen, Winograd, Pan, Laderman, ...and show how to exploit these standard
algorithms in an improved way. We illustrate the use of our results by generating mul-
tiplication code over various rings, such as integers, polynomials, differential operators
or linear recurrence operators.
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1 Introduction

Understanding the complexity of matrix multiplication remains an outstanding problem.
Work of Strassen [32, [33] [34], Pan [22] 23] 25, 24], Schonhage [28], among many others, cul-
minated with Coppersmith and Winograd’s algorithm [T1] of cost O(n*37) for multiplication
in size (n X n x n) — in what follows, a product in size (m x n x p) means the product of a
matrix of size (m x n) by a matrix of size (n x p). However, with a few exceptions, almost
all algorithms of cost lower than O(n?) are impractical for reasonably sized matrices. As a
result, Strassen’s original algorithm, its variant by Winograd [39] and, less widely known,



Pan’s trilinear aggregating techniques [25] 18] [16], remain essentially the only non-trivial
algorithms implemented.

In many situations (such as the multiplication of large matrices with machine float en-
tries), performance improvements result more from optimizing data access than reducing
operation count [38]. However, there are situations, usually involving small matrices with
large entries, where multiplication in the base ring remains the bottleneck: this is the case
for multiprecision integers, high-degree polynomials, etc. Such questions arise for instance
in the following contexts:

e Padé-Hermite approzimation. Given power series (fi,..., f,), and degree bounds
(dy,...,d,), a Padé-Hermite approximant of (fi,..., f,) is a vector of polynomials
(ay,...,a,), with deg(a;) < d;, such that ay fy + - - - + a, f, has a large valuation (usu-
ally about dy + -+ + d,,). Beckermann and Labahn’s divide-and-conquer algorithm
for Padé-Hermite approximation [2] involves polynomial matrix multiplication in size
(n x n x n). This generalizes the products in size (2 X 2 x 2) used in the half-ged algo-
rithm or the Padé approximant algorithm of [§]; often, n is small (say, a few dozens).

e Holonomic function evaluation. A function f(x) is holonomic if it satisfies a linear
differential equation with polynomial coefficients, or equivalently if the coefficients f,,
of its power series expansion satisfy a linear recurrence with polynomial coefficients.
The value of f at a given rational point can be approximated at high precision using this
recurrence, using binary splitting techniques [I0]. This involves matrix multiplication,
in a size which is the order of the recurrence, and with multiprecision integer entries.

o Lifting techniques for triangular sets. Triangular representations are a versatile data
structure used to solve systems of polynomial equations. A useful tool for this data
structure is the lifting algorithm of [29], which enables one to start from a representation
known modulo a prime p and deduce “better” representations with coefficients known
modulo powers of p (and eventually over Q). One of the main operations in this
algorithm is the product of matrices whose entries are multivariate polynomials. Their
size is equal to the number of variables in the system we want to solve (so it usually
ranges up to 10 or 15), but the entries’ degrees can reach hundreds or thousands.

For such situations, two main directions can be considered: using modular (Chinese Re-
maindering) methods, when possible, or reducing the number of base ring multiplications.
This paper follows the second route. Our goal is to tabulate the best possible number of
multiplications for small matrix products.

Previous work. Most results on matrix multiplication cited before were concerned with
asymptotic estimates. As it turns out, the resulting algorithms are usually more costly
than the naive one in size less than billions: techniques such as e-algorithms induce extra
polylogarithmic factors, that do not affect the exponent but are harmful in realistic sizes.
However, there also exist a handful of simple techniques, that may not be competitive
asymptotically, but that are useful in small sizes. Table [I| reviews algorithms dedicated to



matrices of fixed small size; the second column indicates whether the algorithm assumes
commutativity of the base ring or not. We indicate only the “number of multiplications”;
see below for a precise definition of our model of computation.

In size (2 x 2 x 2), Winograd’s algorithm differs from Strassen’s only by the additions it
performs: we mention both as, surprisingly, they do not yield the same results when applied
recursively for odd-sized matrices. In the table, we only give the best known results to date,
but we should also mention previous work by Schachtel [27] for the (5 x 5 x 5) case, with
103 multiplications, as well as the families of algorithms by Johnson and McLoughlin for the
(3 x 3 x 3) case, with 23 multiplications.

] dimension H commutative H author H base ring multiplications H
(2x2x2) no Strassen [32], Winograd [39] 7
(3 x3x3) no Laderman [17] 23
(5 x5 x5) no Makarov [20] 100

[ 3x3x3) ] yes [ Makarov [19] [ 22 |

Table 1: Upper bounds on the number of multiplications, fixed small size

Table [2] reviews some families of algorithms. After the naive algorithm and Sykora’s
algorithm, we mention dimensions of the form (a x 2 x ¢) for Hopcroft and Kerr’s algorithm;
duality techniques (Hopcroft and Musinski [13]) show that the number of multiplications is
the same for (2 x a x ¢) and (a x ¢ x 2).

The fourth block in Table [2| refers to techniques based on the simultaneous computation
of two products of sizes (a X b x ¢) and (b X ¢ X a), due to Pan; these techniques can be used
to perform single products as well. Along the same lines, trilinear aggregating techniques
(fifth block) enable one to perform three products at once, and can be extended to do single
products. Pan’s original approach, and some variants were put to practice by Laderman,
Pan and Sha [I8] and Kaporin [16].

Finally, we mention families of algorithms that require commutativity of the base ring.
In [40], Winograd introduced an algorithm that allows one to reduce the number of multi-
plications for (a x b x ¢) products almost by half. Waksman [37] subsequently improved it,
to give the result in the last entry of our table.

Building tables. All the algorithms that do not rely on commutativity of the entries can
be used recursively. For sizes that are not pure powers of the size of the base case, one
usually uses techniques such as peeling (removing rows / columns) or padding (adding zero
rows / columns): this does not affect the exponent in the asymptotic scale, but caution must
be taken when applying these techniques in small sizes.

For instance, if the base ring is non-commutative, matrices of size (6 x 6) can be multi-
plied using 23 x 7 = 161 base ring multiplications by combining Strassen’s and Laderman’s
algorithms, and this is the best method to date. To multiply matrices of size (7 x 7), how-
ever, it is less obvious what approach should be employed. Seeing the variety of available
methods, the question we consider is thus how to combine them in an optimal way: in many
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’ dimension H commutative H author H base ring multiplications H
| (axbxe) | no | naive [ abe |
’ ((Z X a X a) H no H Sykora [35] H ad — (CL — 1)2 H
’ (ax2xc) H no H Hopcroft-Kerr [14] H (3ac + max(a,c))/2 H

Eifl(;(: jj)a) no Pan [25] abc + ab + be + ac

c(Laei(/ei o 1o Pan [22] (a® + 4.5a* — 3a) /2

(axbxc)

+(bx ¢ xa)

+(cx axb), no Pan [25] abc+ 2(ab+ac+bc) + 4(a+b+c) + 15

a,b,c even

(&XGX&)7 ] (a3+12a2+17a>/3’

4 evern no Pan [25] 23] min (¢ + 11.25¢% + 32a + 27)/3

éae:efl *) yes Waksman [37] blac+a+c—1)/2

lgaozdb <) yes Waksman [37] (b—1)(ac+a+c—1)/24 ac

Table 2: Upper bounds on the number of multiplications

cases, the answers are not obvious. To add to our motivation, we note that little is known
as to the actual complexity of small matrix multiplications. Except for size (2 x 2 x 2) and
(2 x 3 x 2), none of the best known lower bounds [3] 4] matches the upper ones.

We are not the first to be interested in the small cases of matrix multiplication. Probert
and Fischer [26] already tabulated upper bounds for square dimensions up to (40 x 40 x 40).
Pan [25] Sect. 31] gave such a table as well, for some square dimensions up to (52 x 52 x 52);
Smith [31] produced a similar table, for all rectangular dimensions up to (28 x 28 x 28), which,
most likely, he obtained using a computer search. Motivated by applications to holonomic
function evaluation, Mezzarobba [21] tabulated the commutative case for square sizes up to
(28 x 28 x 28).

Our contribution. The references we examined show that even for small sizes, the com-
plexity of matrix multiplication remains mysterious. Our goal in this paper is thus to revisit
the case of small matrices, and tabulate improved number of multiplications: due to the large
amount of prior work, obtaining an improvement of even a few dozens is never immediate.
We will do this mainly by finding better combinations of former techniques. We focus
on the recursive approach, when the target dimensions are not multiples of the dimensions
of the base case. The key contribution of this paper is in Section [2; for such situations, we
show how to avoid useless multiplications, by taking into account the “sparseness” of the
algorithm we wish to apply recursively. Besides, we also present a slight improvement of



trilinear aggregating techniques, that achieves a lower operation count than former versions
in the sizes we consider.

Since these optimizations can be performed in an automated way, we used a computer
search for square sizes up to (30 x 30). We obtained lower multiplication counts, for the
non-commutative and commutative cases, for many of these sizes; the complete data is
available at http://www.csd.uwo.ca/~mislam63/. As a proof-of-concept, we developed
a code generator that automatically creates implementations of the algorithms we find as
we complete the search; however, not much attention was paid to optimize the code thus
produced.

Our work should not be confused with another way of using computers to find matrix
multiplication algorithms. Indeed, using (usually numerical) optimization techniques, it is
also possible to look for an algorithm for a fixed product size, that uses a prescribed number
of base field multiplications, by solving polynomial equations: this idea originated in [7], and
has since then been reused in [I5] or [31]. We do not pursue this approach here.

Notation, computational model. Informally, we wish to count only “essential” multi-
plications (that do not involve constants) in our algorithms. To formalize this, we use the
following standard computational model (see e.g. [9, Ch. 14]). Below, all indices in sums or
sequences start at 1.

We consider matrices with entries in a ring R; in general, we do not assume that R is
commutative, so the algorithms we consider are bilinear algorithms. Given integers a, b, ¢,
a bilinear algorithm for matrix multiplication in size (a x b X ¢) consists of three sequences
(U)e<r, (Vo)e<r, and (W)e<y, with

U= (Ué,i,j>i§a,j§ba Vi = (W,i,j)igb,jgc, W, = (wz,i,j)iga,jgc,

such that the following holds. Let M = (m,; ;);<q,j<p and N = (n; ;);<p j<. be matrices whose
entries are indeterminates m; ; and n; ; over R; for ¢ < L, define

= Y uwggmig, o= Y v, =
1<a,j<b 1<b,j<c
and define finally p; ; = > ,.; we; ;v for i < a and j < c. Then, we ask that
bij = § M, ny,

k<b

for all 7, 7. This scheme can then be applied to compute any matrix product P = M N in
size (a X b x ¢): after performing L linear combinations of the entries of M and the entries
of N, and multiplying them pairwise, we obtain the entries of the product P by a last series


http://www.csd.uwo.ca/~mislam63/

of linear combinations. For example, Strassen’s algorithm can be represented as

(U)yer — [0 0 [1 0 [0 0] 1 1] —1 0] [0 1 [1 0]
vt = o1 oo/t r1]r oo |1 0 [0 -1]" [0 1
V)eer = -1 0] [0 1 1 0] [0 0] 1 1] [0 0] 1 0]
vt = L1 o]” [0 —=1]” [0 0" o1 Joo]" |1 1] [0 1

(Wieer = 10 0 1 0 0 —1 1] [0 0] 1 0] 1 0]
vt =\ o) oot [ro-17 o o] |o1f” oo |01

From the first three matrices, we get the information that we should compute vy, = mg2(ng1—
n11) and that 7, will be used in the result matrix for entries p;; and po, both times with
coefficient 1. Note that this model does not specify how to perform the linear combinations
(e.g., what common subexpressions can be shared).

If we assume that R is commutative, we can allow algorithms that exploit commutativity:
in this case, U, and V; have the form

Ur = ((whig)i<aj<vs (Wg; i<vi<e)s Ve = ((Veig)i<a<er (Vi j)icbi<e) s

and a4 and (G, are now defined by

! !
ap = E Up iy + Eﬁwmmm Be = E Vg My 5 + E Vp; M-

i<a,j<b i<a,j<b i<a,j<b i<a,j<b

The rest of the definition is unchanged; such algorithms are called quadratic algorithms.

Of course, many algorithms can be described in a higher-level manner, without explicitly
giving the coefficient sequences (Up)e<r, (Vi)i<r and (Wy)e<p: this is for instance the case
for the trilinear aggregating techniques we will mention later on. However, we will rely on
the actual data of (Up)e<r, (Vi)e<r and (Wy)e<y to perform our searches.

Organization of the paper. Section [2[contains our main technical contribution: we show
how to avoid useless multiplication when applying recursively a multiplication algorithm
such as Strassen’s or Winograd’s. Section |3 explains how we used this result, among other
techniques, to complete a computer search for improved multiplication algorithms for small
square matrices; Section {4 gives a few experimental results obtained using code that was
automatically generated. Finally, we give in appendix a slightly improved version of trilinear
aggregating techniques.

Acknowledgements. We thank Marc Mezzarobba for useful discussions. We acknowledge
the financial support of NSERC, MITACS and the Canada Research Chairs program.



2 Improved padding techniques

It is well-known that we can use multiplication algorithms in a recursive way through block
matrix multiplication: this leads to divide-and-conquer techniques which are at the basis of
all asymptotically fast matrix multiplication algorithms. In what follows, to highlight the
operations we wish to perform, we will call pattern the base case algorithm that we wish
to apply recursively; the size (a x b X ¢) of the pattern is the size of the base case. Thus,
we will consider patterns called Strassen, Winograd, Laderman, etc, that correspond to
the algorithms in Table |1} which do not rely on commutativity of the base ring; they have
respective sizes (2 X 2 x 2), (2 x 2 x 2), (3 x 3 x 3), etc.

Such recursive techniques require adaptations when the target size is not a multiple of
the pattern size: typically, one pads the input matrices using extra rows or columns of zeros,
or one peels it from extra rows or columns. This is harmless as far as asymptotic estimates
are concerned, since it only induces a constant factor overhead, but this constant factor is
harmful for smaller size matrices.

In this section, we show how to control the cost incurred by padding techniques, by
taking into account the sparsity of the pattern. We start by reviewing the formulas for the
exact case, that is, when the target size is a multiple of the pattern size, so no padding
is necessary. Then, we study the non-exact case on an example, using Strassen’s pattern
to multiply square matrices of size 3. The final subsection discusses the non-exact case in
general.

2.1 The exact case

We start with the easiest situation: suppose we want to apply a pattern (Up)i<r, (Vi)e<r,
(Wi)e<r of size (a x b x ¢) to compute a product P = M N of size (m X n X p), and assume
that we are in the exact case, that is, a divides m, b divides n and ¢ divides p.

Here, no padding is necessary, and the subdivisions of M, N and P are straightforward:
we subdivide M into blocks M; ; of size (m/a x n/b), N into blocks N; ; of size (n/b x p/c)
and P into blocks P, ; of size (m/a X p/c):

Ml,l Ml,b Nll Nlc Pll Plc
Ma,l Ma,b Nbl Nbc Pzzl Pzzc

Then, the formulas used to obtain P are straightforward as well: for ¢ < L, we compute

ay = E i Mg, Be= E Vi Nij, e = oufy

i<a,j<b i<a,j<b

and we obtain P, ; = ), wy; ;.. These simple formulas will be useful later on.



2.2 The non-exact case: a worked example

Most of our attention will be devoted to the non-exact case, where the dimensions of the
product we want to compute are not multiples of the dimensions of the pattern. We start
here with an example: we describe how to multiply two square matrices M, N of size (3 x 3),

using Strassen’s pattern.

The padding strategy consists in adding an extra row and column of zeros, to make the
matrices (4 x 4). If we forget that the matrices hold many zeros, we obtain a cost of 49
multiplications. Explicitly, after padding the input matrices M, N, we obtain

mip miz2 myg 0
M _|M21 M2 Ma3 0
- )
m31 mgp mzz 0
0 0 0 O
whose block decomposition is

~ mip M2 ~ my3 0

My, = ) 12 = ol My,
ma1 Ma22 ma3

~ n n ~ n 0 ~
Nip = [ b 1’2] , Nip= [ b3 O] , Noy= [

n23

Nip Ni2 Ni13
No1 N2z N23
n31 MN32 N33

0 0 0

n3i1 M32 < Ingz O
0 01’ N“_[o 0}‘

Recall that the product terms in the block version of Strassen’s algorithm are, in this case

® V= M2,2(N2,1 - Nl,l)

® Y3 = (M2,1 + Mz,z) 1,1

® 7= ~1,1 + Mm) ~2,2

® Y5 = (MQ,l - Ml,l)(Nl,l + N1,2)

® Y = (Ml,Q — M2,2)(N21 + Nao)
(i

® 7 =
The result matrix P = M N has the form

P11 P12

pP— P21 D22

P31 D32
0 0

o O OO



its block decomposition is

~ ~ 0 ~ ~ 0
Pl,l _ {pm p1,2:| ’ P1,2 _ [P1,3 } Py = |:p3,1 p3,2} Py, = [p3,3 } ’
P21 P22 b

whose entries are given by
e Pi=m+w%+r—n
. 131,2 =2+ V4
° p2,1 =7 +73
e Pry=— v+ +7

Naively, each 7; can be computed using 7 multiplications in size (2 x 2 x 2), each of them
done using Strassen’s algorithm recursively. However, some may visibly be done in smaller
size than (2 x 2 X 2):

e Some improvements are obvious, as some 7; are seen to contain zero rows or columns.
Consider for instance v, = ]\7[272(]%71 — ]\71,1). Since Mz,g has one row full of zeros, v;
does as well; thus, we can reduce the cost of computing v, from 7 to 4 multiplications.
Noticing the extra column of zeros in Mg,g reduces the cost further to 2 multiplications.

e Less obviously, even if some v; has no zero row or column, we may not need all of it
for the end result. Consider for instance 5 = (Mz,l — Ml,l)(]\Mfl,l + ]\71,2). There is no
zero row or column in any of the terms in this product. However, ~; is used only to
compute 1%72 =Y — Y3+ Y5 + V7, and we know that p272 has only one non-zero term.
Thus, we only need one term in 75: this reduces the cost from 7 to 2 multiplications.

Doing all these optimizations, we obtain an algorithm using 25 products instead our initial
naive estimate 49 to perform multiplications in size (3 x 3 x 3): this is not as good as
Laderman’s algorithm, but better than the naive algorithm.

We conclude this subsection by a discussion of some relevant previous work. In [12],
D’Alberto and Nicolau discuss strategies for implementing Strassen’s algorithm for odd-
sized matrices, and explain how to reduce the sizes of some recursive calls. In particular,
they already exhibit the reduction of the cost of computing v, showed in our first example;
however, they do not obtain the same cost as us for 7s.

2.3 The non-exact case in general

The ideas underlying the former example are generalized in this subsection: we show how to
exploit sparseness properties of a pattern to avoid useless computations.

First, we need a new notation, as we will have to resize matrices by increasing or reducing
their dimensions. Given a matrix Z of size (¢ x h) and integers «, 3, the matrix Z' =
R(Z, a, B) is the matrix of size (a x 3) defined as follows:

9



o [f a < g then delete the rows in Z of indices greater than «; if &« > g then pad a — g
zero rows at the bottom of Z, to make the row dimension equal to «.

e If 3 < h then delete the columns in Z of indices greater than ; if 3 > h then pad
(8 — h rightmost zero columns to make the column dimension equal to 3.

Given a problem size (m xn X p) and a pattern (Uy)i<r, (Vi)e<r, (Wi)e<r, of size (axbx c),
we require compositions (that is, ordered partitions) (my, ..., my) of m, (ny,...,ny) of n and
(p1,...,pe) of p. If we are to compute a product P = M N of size (m x n X p), we use these
compositions to determine the sizes of the submatrices in the matrices M, N and P, writing

My -+ My Nip - Nig Py Pig
M = : . N= : : :
Ma,l Ma,b Nb,l Nb,c Pal Pac

where M, ; has size (m; x n;), N;; has size (n; X p;) and P, ; has size (m; x p;).
Our goal here is to obtain integers (t)e<r, (Ve)e<r and (m)e<r, such that p,, v, and 7
indicate in what size we perform the /th linear combination and the /th recursive product.

Assuming these integers are known, our algorithm simply follows the one in the exact case,
up to the management of the submatrices’ sizes. For ¢ < L, we compute

® ap =) i, icyUeiiMeig, with My, ; = R(M,;, jue, ve); note that oy has size (pe X 1)
o ﬁg = Zi<bj<c Uf,i,jNé,i,ja with Ng,i’j = R(Ni’j, I/@,ﬂ'z); note that 6@ has size (I/g X 71'[)
e 7, = ayf; note that v, has size (g X 1)

Finally, for i < a and j < ¢, we compute 15” = ZegL we,i jR(ye, m;, p;) and we set
Py pl,c

Pa,l Pa7c

There is no guarantee that this algorithm produces the correct result in all cases: if
e, Vg, Ty are too small, the products v, will not contain enough information. We now give a
condition sufficient to ensure validity, while maintaining u, vy, 7, as small as possible. We
need the following quantities, for ¢ < L:

Ry = max{m,; for i <a,j <bsuch that u,,; # 0} (1)
Cie = max{n; for i <a,j < bsuch that u,,; # 0} (2)
Ry, = max{n; for i <b,j < csuch that vy, ; # 0} (3)
Cop = max{p; for i <b,j < csuch that v,;; # 0} (4)
Rs, = max{m; for i <a,j < csuch that wy;; # 0} (5)
Cs, = max{p, for i <a,j < ¢ such that wy,;; # 0}. (6)

10



Remark that these quantities depend on the sparseness of the pattern: the more zeros in
(Ue)e<r, Vo)e<, (Wi)e<r, the smaller they are. Remark also that given (Up)i<r, (Vi)e<r,
(Wi)e<r, and the compositions of m,n, p, these quantities can be easily computed: this will
be instrumental to automatize the search process in the next section.

Proposition 1. Suppose that the following conditions hold for all ¢ < L:

o jup > min(Ryy, R3y),

o vy > min(Cly, Ryy),

e 1 > min(Cyy, Csy),
Then P = MN.
Proof. Let us first rewrite the definition of ]5” explicitly as

E?j = Z Z Z T~'£7Z’j’l,’j,7zll7]//
(<L i'<a, j’<b "<b, j"<c
with Ty iy = e jrogim jrwe jR(M o Nego g, i, py).

Adding the obvious conditions wug j» # 0, v j» # 0 and wg, ; # 0 in the definitions of ay,
B¢ and v, gives

Piyj = Z Z Z Tl,i,j,i’,j’,i”,j”- (7)
(<L, wei 20 i<a, J'<b, gy y#0 i<b, 7<e, vy A0
On the other hand, let us also describe the classical way to multiply M, N by padding
zeros. Let
m' = max(mq,...,mg), n' =max(ny,...,np), p =max(pi,...,pe).

We pad columns and rows of zeros to the right-bottom of all submatrices M; ; and N; ;. This
gives blocks M;; and Nj; of sizes (m’ x n') and (n' x p') respectively; formally, we have
M;; = R(M;j,m',n') and Nj; = R(Nj;,n',p'). For these larger matrices, we are in the exact
case of Subsection [2.1} so we can apply the recursive algorithm. For ¢ < L, we define

r_ ! / ! !l
oy = E W,z‘,jMi,j, 55— E Ué,i,jNi,ja W—O‘eﬁe

i<a,j<b i<b,j<c

and P;; = >, we; ;v Thus, the blocks in the result P = MN are given by P;; =
R(P!;, m;,p;). To make the connection with the previous formulas, we rewrite P, ; as

2,57
Pi,j = R(R/,Jammp])

= R(Z WeijYer M Dj)

L<L

= Z we; ;R(ve mi, ;).

<L

11



As before, we add the conditions ws; ;v # 0, ve jv # 0 and wy,;; # 0; this gives, after
expansion

P, = Z Z Z Toijir i g (8)

<L, w70 i'<a, §'<b, up A0 i7<b, §7<c, vy jnF0

. ! !
with Ty i jramjr = g jrvein jrwei jR(M 5 Niw iy mi, pj).

We have to prove that under the assumptions of the proposition, the output 15” obtained
in our algorithm agrees with the correct result P ; we just obtained. Since the summation
indices are the same in eqs. and , it is enough to prove that for all terms that appear,
we have
R(Mf,i’7j’]\~[€,i”,j”7mivpj) = R<Mi,’,j' Z(//’j//,mi,pj). (9)
We first consider the right-hand side of (9). The definitions of the matrices M
and N’L‘/”,j” glve R(M’L‘//,j/N{”,j,H mi) p]) = R(R(Mi/,j/y m/’ n/)R<Ni”7j”7 n/’ p/)’ m,“ p]) Let nj/ﬂ;// =
min(n;,n;s). Since we have m' > m;, n’ > nj» and p' > p;, by Lemma 3| (stated and
proved below), we deduce

R( il’,j/Ni/”,j’H my;, pj) = R(Mi/,j/, my;, njlji//)R(Ni//,j//, nj/’iu,pj). (10)

As to the the left-hand side of @D, the definitions of the matrices Mg’i/’j/ and NMHJH now
give R(Mg7i/7j/](fg7i//,j//,mi,pj) = R(R(My j, oo, ve)R(Niw jir, vy, mg), ms, pj). Observe now that
by assumption, we have p, > min(m;, my), vy > ny;» = min(n;, n;») and m, > min(p;, p»).
Thus, Lemma, [3| now implies

R(Mf,i/,j/Nf,i//,jIU mUp]) = R(Mi/,j/7 mi7 nj/,i”)R(Ni”,j”7 nj/,i”7pj)' (11)
Combining and finishes the proof. m

We continue with a series of lemmas, that leads to Lemma [3] used in the former proof.

Lemma 1. Let A and B be matrices of respective sizes (r X s) and (s X t) and let ' t" be
integers. Then R(AB, 1", t") = R(A,r",s)R(B, s,t').

Proof. This lemma simply says that one can add / remove rows to A or columns to B either
before or after computing the product AB, and get the same result in both cases. O

Lemma 2. Let A and B be matrices of respective sizes (r X s) and (s’ xt) and let ', t', p, o, T
be integers, with p > min(r,r") and T > min(t,t"). Then, the following holds:

e R(R(A,p,0),7",0) =R(A, 7", 0)
i R(R(B,O‘, 7'),0', t/) = R(B’U7 t/)
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Proof. We prove only the first item; the second one is the exact analogue for column oper-
ations. If v > r, we deduce that p > r, so resizing A in row-size p introduces new rows of
zeros; after resizing in row-size r’, we thus obtain exactly R(A,r",0). If r > 7', we deduce
that p > r’; independently of whether p > r or not, R(R(A, p,0),r’,0) is thus obtained by
resizing A is row-size r’, by removing r — 1’ rows. ]

Lemma 3. Let A and B be matrices of respective sizes (rxs) and (s'xt) and letr', ', p, o, T be
integers, with p > min(r,r’"), o > min(s, s') and 7 > min(t,t'). Then, letting s" = min(s, '),
the following equality holds:

R(R(A,p,0)R(B,o,7),r,t') =R(A,r,s")R(B, s", ).

Proof. Lemma [1| shows that the left-hand side equals R(R(A, p,o),7’,0) R(R(B, 0, 7),0,t').
Applying Lemma [2| shows that it is equal to

R(A, 7", 0)R(B,a,t).

It remains to prove that this product equals R(A, ", s")R(B,s",t'), with s” = min(s,s’).
Suppose indeed that s < s’ (the argument is the same if s > &', using B instead of A). Then,
we have by assumption s” = s and ¢ > s, so R(A,r’,0) is obtained by adding some zero
columns to A, and changing the number of rows to r’. The zero columns do not participate
in the product, which thus equals R(A, 7', s) R(B, s,t’), as requested. ]

To conclude this section, we revisit the example of Subsection There, we had m =
3,n = 3,p = 3 and we used the compositions (m; = 2,my = 1), (ny = 2,ny = 1) and
(p1 = 2,py = 1). Taking ¢ =5 in Strassen’s pattern, we get

Ris =2, Cig=2, Ro5=2, Co5=2, Rzs=1C35=1,

so that we can take pus = 1,5 = 2, m5 = 1, and the 5th product ;5 can be computed in size
(1 x 2 x 1). We have thus recovered the result obtained in Subsection [2.2]

3 Filling the tables

We will now describe an automated search for new upper bounds for square sizes from 2 to 30.
We build recursively a 3-dimensional table T, indexed by integers (m, n, p), where T'|m,n, p|
gives an upper bound on the number of multiplications for a product of size (m x n x p).
While our main target is square matrix multiplication, we have to compute information for
rectangular matrix products along the way.

Our search is based on the application of the former section’s construction to a fixed list
of patterns, based on those in Table [I} other ingredients are used as well. We describe first
our list of patterns, then the process we used to build the table T'; some possible further
optimizations are described next, and we conclude this section with a discussion of our
results.
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Initial list of patterns. First, we discuss the patterns we used. Some are straightforward:
Strassen, Winograd, Laderman, Hopcroft323, Hopcroft332, Hopcroft233, Makarov just
follow the algorithms mentioned in Tables [I] and [2] We also use three other patterns, called
mul211, mul121 and mull12:

e mul211 has length 2 and size (2 x 1 x 1); it describes the product of a (2 x 1) matrix
by a (1 x 1) matrix:

o= ([ [1). o= (00.07). woe=([.[1)

e muli21 has length 2 and size (1 x 2 x 1); it describes the product of a (1 x 2) matrix
by a (2 x 1) matrix.

= (100 ) = (F ) o= (100)

e mulil2 has length 2 and size (1 x 1 x 2); it describes the product of a (1 x 1) matrix
by a (1 x 2) matrix.

Uiee = ([0 01)) Oida= (11 0.0 1)), Wea= (11 0], [0 1] ).

Using these three patterns allows us to split a product (m x n x p) along respectively the
first, second or third dimension. For instance, after fixing (m, n, p) and choosing the pattern
mul211, we have to split m as m = my + my (n and p are not split); then, in this case,
Proposition [l| simply returns (pq,v1,01) = (mq,n,p) and (pg, va, le) = (ma,n,p). Taking
(on the above example) a composition of the form m; = m — 1, my = 1 thus enables us to
automatically incorporate classical peeling strategies into our search.

Using symmetries to create new patterns. A further series of patterns was obtained
using symmetries. Indeed, if one starts from a pattern (Up)i<r, (Vi)i<r, (Wi)e<r of size
(a x b x ¢) and chooses invertible matrices X,Y, Z, of respective sizes (a x a), (b x b) and
(¢ X ¢), one can define, for ¢ < L:

U=XUY"', V/=YVW ' W =wUXx" (12)

Then it is known that (U))e<r, (V))e<r, (W/)i<r is a valid pattern as well. In the following
paragraphs, we denote this new pattern Sxy z (U, V,W).

We started from the list of patterns Strassen, Winograd, Laderman, Hopcroft233,
Hopcroft323, Hopcroft332 and Makarov; there was no point in applying such transforms
to mul211, mul121 and mull12. For each pattern (Uy)i<r, (Vi)i<r, (Wi)e<r in this list, we
created a sequence of matrices (X;,Y;, Z;) as follows: for each i, two of (X;,Y;, Z;) were set
to the identity, and the last one was a permutation matrix (all possible permutations were
used). Then, we created all transforms Sk, v, z (U, V, W), and added them to our pool.
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Recursive completion of the table. The table T is built as follows. Let (m,n,p) be the
given target size. If one of m,n,p is equal to 1, T'[m,n, p] receives the product mnp. Else,
to obtain the entry T'[m,n, p|, we apply the following process.

We loop over all patterns in the list obtained previously. For a given pattern (Up)e<r,
(Vo)e<r, (We)e<r of size (a x b x ¢), we do the following. We start by determining com-
positions m = (mq,...,m,) of m, n = (ny,...,ny) of n and p = (p1,...,p.) of p (details
follow). For each such composition, we determine integers (1¢)o<r, (V¢)e<r and (7)< using
Proposition [} these integers tell us what are the sizes of the products to do recursively.

Then, we determine the cost associated to ((Uy), (Vz), (W), m,n, p). A first estimate is
obviously the sum of T[uy, vy, 7], for £ < L. However, better may be done by matching
products and using Pan’s simultaneous products techniques [25] (this idea was suggested
in [31]). For any pair ¢ < ¢’ < L, Pan’s technique is applicable if either (ug,vp, ;) =
(ver, mory pr) o (e, ver, mpr) = (v, g, pe). In this case, we can compute both products using
LoV o+ v+ pueme+veme base ring multiplications. If this is lower than the sum 7', vy, 7]+
T|per, ver, mp], we tag the pair {¢,¢'}. Then, we need to determine what pairs of products
should be matched and computed using Pan’s technique, and what products should be looked
up in the table T'. Ideally, a matching algorithm would tell us the optimal choice; however,
in our situations, the number of tagged products was so small that an exhaustive search was
always fast enough.

At this point, we have obtained an estimate for T'[m,n,p| using the pattern (Up)e<,
(Ve)e<r, (Wy)e<r and the composition m, n, p. We loop over all patterns and all compositions
and keep the minimum.

Other cost estimates are considered. For all sizes (m,n,p), if one of m,n,p is equal to
2, we take into account the cost of Hopcroft and Kerr’s algorithm [14]. For square matrices,
we also determine the cost provided by trilinear aggregating techniques. We use a slightly
better cost estimate than previously published results:

e if n is even, one can compute (n X n x n) matrix products using (n® + 12n? + 11n)/3
multiplications

e if n is odd, one can compute (n x n x n) matrix products using (n®+ 15n2+ 14n —6)/3
multiplications.

Recall that Table [2| (in the introduction) reported a cost that is the minimum of (n3+ 12n*+
17n)/3 and (n3 + 11.25n2 + 32n + 27)/3, for n even. Our result improves on the former for
all n, and on the latter for n in our range of interest. The proof of our result follows closely
previous work by Pan [25] 23] and Laderman, Pan and Sha [I8], and differs considerably
from the rest of this article: formulas are given that allow to almost divide by 3 the number
of multiplications, without using any recursive algorithm. For these reasons, the proof is
given in the appendix of this paper (see Proposition .

Finally, if the base ring is commutative, we also take into account Makarov’s commutative
algorithm for the (3 x 3 x 3) case, as well as Waksman’s algorithm in general.
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Composition strategies For the patterns mul211, mul121 and mul112, we use all possible
compositions for (m,n,p). For larger patterns, two strategies were used. The first one is
a brute-force approach, where all compositions were tried: this is used for integers up to
6. The second approach is more balanced: given an integer m > 7 to divide into a parts,
we take m = (my,...,mg,mq,...,mq) and all its permutations, with mo = m div a and
my = mg + 1, where my is repeated (m mod a) times.

Further optimizations. Further attempts were made to obtain better results; while they
were not successful, we list them here for completeness.

Symmetries. Instead of a single application of the symmetry transformations, we also gen-
erated further transforms of the form

7, (U, VW), Sx, v, 2, (U V,W)),

Z, (SXZ-I,Y

SXrL'l,Y i1

i1 19

We applied up to three transforms, and used other matrices than just permutations
(namely, upper or lower triangular matrices with entries in {0, £1, +2}).

Patterns. We used patterns from Johnson and McLoughlin’s list [15] for the (3 x 3 x 3) case;
these patterns involve free parameters, which we set to £1.

Compositions. To partition an integer m into a parts, we also tried taking m = (mq, ..., mg, m1),
with my = m div a and m; = m — (a — 1)my, as well as all its permutations.

Stmultaneous pairs of products. We relaxed the conditions of applicability of Pan’s algorithm
for two simultaneous products: padding with a zero row or column if necessary, we
allowed up to one unit difference between the products’ sizes (and accounted for it in
the cost estimate), to try to generate more matches.

Simultaneous triples of products. Finally, it would have been possible to use Pan’s trilinear
aggregating techniques for three simultaneous products; however, the sizes we consid-
ered were too small for it to be fruitful.

Results. The results of our search are given for square multiplication problems sizes up to
(30 x 30 x 30) in Tables [3| and [4] for respectively non-commutative and commutative base
rings. The tables give the number of multiplications we obtained, the technique (either the
pattern name, TA (for Trilinear Aggregating) or Waksman), and a comparison to previous
work: new results are in bold face.

The tables do not give the details of what compositions were used, and what products were
paired; also, we do not mention the various rectangular sizes that are needed as subproducts.
All these details are given at the address http://www.csd.uwo.ca/~mislam63/, together
with a toy code generator.

Before commenting on these results, we mention that using the “basic” search parameters
described first, it takes about 1h to complete the searches for both the non-commutative
and commutative cases on a recent PC, using a Magma [5] implementation. Adding all
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extra options described in the last paragraph, the time rises to 5h. The search in the non-
commutative case is faster, as we can exploit the fact that T[m,n,p| is invariant under
permutations of {m,n,p}.

Table[d Let us first comment on the non-commutative case, in Table [3] For small powers
of 2, as could be expected, no combination outperforms Strassen’s algorithm. The
algorithms of Laderman and Makarov are used only for the base cases (resp. 3 and 5);
their relatively high exponents seem to make them useless for larger sizes. For sizes
from 20 on, trilinear aggregating takes a clear lead (this was already the case in the
tables of [20, B1]). In most other cases, our approach improves the previous results, by
up to 10%.

An important observation is that even though Strassen’s and Winograd’s patterns
both perform 7 multiplications, the difference in sparseness makes them nonequivalent
for our purposes: the quantities (ug, v, ;) obtained with these two patterns from
Proposition [1] will in general not coincide. Both are useful: the results given here
require Strassen’s and Winograd’s patterns, as well as a symmetry transform of the
latter, called Winograd2 in the table. This pattern is obtained by taking for X the
(2 x 2) transposition matrix, and for Y, Z the (2 x 2) identity matrix in Eq. (12).
Without putting all these three patterns in our list, we obtain inferior results (e.g., we
would obtain 2116 in size 15 using only Strassen and Winograd).

Finally, we mention that the technique of pairing two simultaneous subproducts is
found to be useful from size 13 on.

Table[) Next, we comment on the commutative case, in Table [l Our results are com-
pared to Mezzarobba’s [21], who gave a similar table. Mezzarobba’s conclusion was
that a combination of Strassen’s and Waksman’s algorithm was sufficient in almost
all situations. In our table, it appears that our composition techniques allow to find
significantly better estimates in many cases, using more complex compositions.

Besides, it is also worthwhile to mention that in many cases, commutativity does not
help much. While the results in Table 4| are always better than, or equal to, those in
Table 3] the gaps are not very large (up to about 10%).
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Dimension || Muls | Algorithm | Probert-Fischer (1980) || Smith (2002) |

222 7 Strassen 7 7
333 23 Laderman 23 23
444 49 Strassen 49 49
555 100 Makarov 103 100
666 161 Strassen 161 161
TTT 258 Winograd 276 273
888 343 Strassen 343 343
999 522 mulil21 529 527
10 10 10 700 Strassen 710 700
111111 923 Strassen 996 992
12 12 12 1125 mulil21 1125 1125
1313 13 1450 Strassen 1594 1580
14 14 14 1728 Strassen 1792 1743
1515 15 2108 || Winograd?2 2369 2300
16 16 16 2401 Strassen 2401 2401
17 17 17 2972 Strassen 3218 3218
18 18 18 3306 TA 3375 3342
1919 19 4073 Strassen 4402 4369
20 20 20 4340 TA 4870 4380
21 21 21 5365 Strassen 6131 5610
22 22 22 5566 TA 6380 5610
23 23 23 6806 TA 7875 7048
24 24 24 7000 TA 7875 7048
25 25 25 8448 TA 9676 8710
26 26 26 8658 TA 9880 8710
27 27 27 10330 TA 11984 10612
28 28 28 10556 TA 11984 10612
29 29 29 12468 TA 14360 not listed
30 30 30 12710 TA 14360 not listed

Table 3: Upper bounds on the number of multiplications, non-commutative case
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Dimension H Muls H Algorithm H Mezzarobba (2007) ‘

222 7 Strassen 7
333 22 Makarov333 23
444 46 Waksman 46
555 93 Waksman 93
666 141 Waksman 141
7T 235 Waksman 235
888 316 Waksman 316
999 472 mulil21 473
10 10 10 595 Waksman 595
111111 825 muli2l 831
1212 12 987 Strassen 987
131313 1318 mull2l 1333
14 14 14 1525 mulil21 1561
1515 15 1941 mulil21 2003
16 16 16 2212 Strassen 2212
1717 17 2762 | Hopcroft332 2865
18 18 18 3060 || Hopcroft332 3231
1919 19 3757 muli2l 3943
20 20 20 4158 Strassen 4165
21 21 21 4938 Strassen 5261
22 22 22 5440 mulil21 5610
23 23 23 6382 || Hopcroft332 6843
2424 24 6900 || Hopcroft332 6909
25 25 25 8083 mulil21 8710
26 26 26 8658 TA 8710
27 27 27 9994 mull21 10612
28 28 28 10556 TA 10612
29 29 29 12109 mulil21 not listed
30 30 30 12710 TA not listed

Table 4: Upper bounds on the number of multiplications, commutative case

4 Experiments

Along with the computer search, we developed a proof-of-concept code generator that pro-
duces multiplication functions for various kinds of entries. Using predefined functions for base
ring arithmetic, the code generator produces a series of functions mul111, ..., mul303030
and auxiliary functions for the required rectangular cases; these functions contain as hard-
coded information what compositions are done, what products are done recursively, and
how.
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4.1 Setup

Our experiments used entries of the following kinds: multiprecision integers, univariate poly-
nomials over F,, differential operator with coefficients in F,[x] and linear recurrence operators
with coefficients in Fy[n|. The last two types are examples of non-commutative rings over
which one is interested in linear algebra algorithms.

The target implementation language was either C (for integers) or C++ (for other base
rings). For the integer case, we used the GMP library [1] to provide base ring arithmetic;
for other base rings, we used the NTL C++ package [30] to provide polynomial arithmetic
in F,[z]. To handle the non-commutative cases, extra work was needed. Recall that a
differential operator has the form a = Z?:o a;0", where the a; are in F,[z], and O represents
the differentiation operator 9/0z. The multiplication of such operators is given by

d

e d e i .
Z ai(?i X Z bjaj = Z a; Z Z <;) bék)ai—’—j_ka
j=0 0

i=0 =0 j=0 k=0

where bg-k) is the kth derivative of b;. In a similar manner, a linear recurrence has the form

a = Z?:o a;E", where a; are in F[n], and E stands for the shift operator. The multiplication
formula becomes

d e d e
Y aE x> bhE = Y a; Yy bi(n+i)E
i=0 §=0 i=0 §=0

No quasi-linear time algorithm is known for multiplication of differential operators or re-
currences: for operators of order n with coefficients of degree n, the formulas above induce
O(n?) multiplications of polynomials of degree n. Better can be done in the case of differ-
ential operators [36, [6], but we do not use these techniques here.

4.2 Results

We describe here timings obtained by our implementation. The purpose of these experiments
is to understand what practical gain can be expected from results such as ours compared
to a naive implementation. Remark that for this goal, comparing to existing systems offers
little insight, since we would not be able to separate the gain, or loss, induced by the matrix
algorithms, to that induced by the differences in base ring arithmetic.

We also stress the fact that we do not attempt to achieve optimal performance. Indeed,
for entries such as above, optimizing the implementation would require implementing other
strategies, typically Chinese Remaindering, combining them to our approach, and performing
many optimizations, such as saving additions or memory: this is out of the scope of this
paper. On the contrary, our point of view here is to describe what is achievable by taking
the base ring arithmetic, as well as memory allocation, as given (this is typically the case
when developing in a high-level environment).
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In the graphs below, we give a slightly more complete information than the one in the
tables of the previous section. We give timings for families of algorithms (trilinear aggre-
gating, and Waksman’s algorithm, when applicable) for all sizes; the corresponding curves
in the graphs are called TA and Waksman, respectively. Besides, to show what can be done
using our table look-up techniques, we give timings for these techniques for all sizes, even
for the few dimensions between 20 and 30 where trilinear aggregating was the best solution
in terms of number of multiplications.

Commutative entries The following graphs give timings for integers and polynomials.
All timings are averaged over 150 runs, and were obtained on an Intel Core 2 Duo, CPU
speed 2.4 GHz, with 3 GB of RAM.

In the integer case (Figure (1)), we use integers of size 1000 bit. This figure illustrates
that a low multiplication count does not imply a faster running time. Indeed, for 1000
bit integers, a GMP multiplication is only about 8 times slower than an addition. As a
consequence, trilinear aggregating techniques (which are in theory quite competitive with
the other solutions, and much better than the naive algorithm) are significantly slower in
practice, due to the large amount of additions (and also memory allocation) they require.
The jump at size 26 for our table look-up techniques is seemingly due to the fact that for
this size, the recursion tree is deeper than for nearby sizes.

For polynomials of degree 100 over Fggg; (Figure , the curve for our table approach
is much smoother, and the results reflect much more closely the number of multiplications.
This comes as no surprise: for such degrees, in NTL, a polynomial multiplication is about
65 times slower than an addition, so the number of multiplication becomes a key factor.

0.045 ;
Table
0.04 Naive

0.035 TA /

Waksman /

% 0.03 J
3 0025 y
5 0.02
E 0015 ,/ K/\
£ o

0.01 // A

0.005 A

0 5 10 15 20 25 30

Dimension

Figure 1: Timings for integer entries (length 1000 bits)
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Figure 2: Timings for polynomial entries (degree 100)

Non-commutative entries In the next examples, the entries of the matrices are differen-
tial operators (resp. linear recurrences) of order 10, with polynomial coefficients of degree 10
over [Fgpo1; here, the timings are averaged over 10 runs. Remark that Waksman’s algorithm
cannot be employed here, since multiplication is not commutative.

For such cases, the cost of multiplication is much higher than that of other operations
(more than a thousand times more than addition, for instance), so that saving multiplications
pays off very quickly. Still, in the examples below, only 87% to 94% of the running time
is spent on multiplication, so that the other operations and memory management are not
completely negligible.

This partially explains why trilinear aggregating techniques do not perform quite as well
as expected. For the degrees close to 30, these techniques are the best in terms of number of
multiplications, by up to 15% compared to the table look-up approach, but as we can see,
the graphs do not quite reflect this dominance.
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Figure 4: Timings for linear recurrence entries

5 Conclusion

The complexity of multiplying small matrices remains imperfectly understood. In this paper,
our interest was first of all theoretical: we wanted to tabulate the best that can be done for
a suitable range of small product sizes.

We showed how an appropriate combination of formerly known techniques results in
improved upper bounds in many cases, and how the search for such combinations can be
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automatized. As reported in Section [3] many optimizations were attempted to go further,
but without success; it is possible that we have reached the limits of what this approach can
offer without a significant new ingredient.
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Appendix: Trilinear aggregating techniques

Trilinear aggregating is an idea due to Pan [25] 23], that enables one to perform three matrix
products simultaneously, and can be adapted to perform a single product. In this appendix,
we recall the main idea behind this algorithm and present a new version that improves some
former ones (previous costs are reported in Table . Our improvements are summarized in
the following proposition.

Proposition 2. If n is even, one can compute (n x n xn) matriz products using (n®+12n?+
11n)/3 multiplications. If n is odd and greater than 3, one can compute (n X n X n) matric
products using (n® + 15n* + 14n — 6) /3 multiplications.

This appendix establishes these claims. Contrary to the rest of this paper, we will
present here the algorithm under a compact form (essentially, a decomposition of the matrix
multiplication tensor, that we choose to write simply under a polynomial form); besides, we
will use without proof some key results that are in the literature (the main ideas are due
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to Pan |25 23], and Laderman, Pan and Sha [I8]). We start with the even case, giving a
review of the general approach to trilinear aggregating. Then, we give our modifications for
the case of odd n (which is usually left out in previous work on this question).

As for the results in Section [3, an implementation in Magma that validates the claims in
this appendix is available at the address http://www.csd.uwo.ca/~mislam63/

A.1 The even case

Preamble: polynomial notation. The following classical representation provides an
alternative way to encode matrix multiplication algorithms. It amounts to write down a
decomposition of the tensor of matrix multiplication; however, we choose to avoid the intro-
duction of tensors, using simply commutative polynomials. This formalism will allow us to
describe trilinear aggregating algorithms in a compact manner (although writing an actual
implementation requires unfolding these formulas).

Consider matrices A = [a; ;| and B = [b; ;] of sizes (m x n) and (n x p), and let C = [c; ]
be an (m x p) matrix with indeterminate entries. Define the polynomial

T(A,B,C) = Z ;0 1kCh i,

1<i<m, 1<j<n, 1<k<p

and remark that for all 7, k, the coefficient of cy; is the (i, k)-entry of the product C' = AB:;
the fact that cj; appears in the sum instead of c;j, is only meant to comply to the standard
practice. Thus, computing T solves our matrix multiplication problem.

Reduction to zero-sum rows and columns. In this paragraph, we are to multiply two
matrices A, B of size (2nx2n). The following construction is inspired by [18] and follows [16].
We subdivide A, B into blocks of size (n x n) as

ALL A2 BLl B2
A= |:A2,1 AZ’Q} and B = {BQ,l 32,2]3

here, block indices are given as superscripts, as we will need subscripts later on. Then, we
define the matrices of respective sizes ((n+ 1) x n) and (n x (n+ 1))

L:[I}, R=[I-—qulu ——5u],

n+1 n+1

where u is the row vector of length n with all entries equal to 1; if needed, we will write L,,
and R, to indicate the dependency in n.

We can then define A% = L A% R and B = L B L', these are matrices of size
((n+ 1) x (n+ 1)). These matrices have zero-sum rows and columns, and this property
underlies Lemmabelow. Finally, we define the matrices A and B of size ((2n+2) x (2n42))
by

_TAL A2
= [ A21 j2.2

B P11 P12
} and B:{B B ],

B2l 322
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and let ¢ = AB. Knowing C, we can recover the result C' = AB: we decompose C' into
blocks of size ((n 4 1) x (n + 1)) and obtain C*/ by discarding the last row and column
of C%7,

Computing C. To simplify notation, let m = n + 1; for i,j € {1,2}, let then C* be a
matrix of indeterminates c;]b of size (mxm). Following the description in the first paragraph,
computing T(fl, B, é) gives us C, and thus C.

However, we are not interested in all of T(fl, B, C), since we are only interested in four
blocks of size (n x n) in C. Hence, we can reduce the index sets used in our sums, using
the following rule: any term of the form cfl]b, with either a = m or b = m, can be discarded.
Thus, we let t(fl, B, é) be obtained from T([l, B, C) by setting any such CZ]b to zero, and
we note that computing t(A, B, é) is enough to compute C.

Decomposing the sum. 5till following Pan’s ideas, we introduce here a decomposition
of the sum (A, B,C). In the following definition, R, S,T,U,V,W, X,Y, Z denote matrices
of size (m x m). Consider the sets

S = {(.jk), 1<i<j<k<morl<k<j<i<m}
s1 = {(i,j,k), (1,7,k) € S; and (i, j, k) contains at most one index equal to m}
sy = {(i,4,k), (i,4,k) € Se and (i, j, k) contains at most one index equal to m}
and
so(U, VW) = Z u; j0; 5w,
1<i<m
Sl(U, V, W) = Z (um- + Uj ke + uk,i)(vm + Uk + U@j)(wkﬁ' + Wy, 5 + ’ijg)
(i,j,k)651
SQ(R, S, T, U, V, VV, X, Y, Z) = Z (’l“i,j + Uj K + ij,i)(sj,k + Vki + yi,j)(tk,i + Wy 5 + Zj,k)
(i,j,k)ESQ
w(RY, T W,Z) = Z Ti,iYij Z Wij + thi + Zjk
1<, j<m, i 1<k<m
WRY,TW,Z) = Y rigii Y wii+tei+ 2k
1<i<m 1<k<m
u3(R,Y,T) = Z T mYim Z ki
1<i<m 1<k<m
W(R,Y,Z) = D TwYmi Y 2k
1<j<m 1<k<m

u(R,Y, T, W,Z) = w(R,Y,T,W,Z)+uy(R,Y,T,W,Z)
+us(R,Y,T) + uy(R,Y, Z).
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The following lemma shows how to compute the product C' = AB from such expressions. The
proof follows e.g. [18] in a straightforward manner, up to a few modifications: previous work
gave expressions for the full sum T(A, B, C) instead of t(A, B, C), and the decomposition
of u used above is new.

Lemma 4. The following equality holds:

6A,B,C) = so(A BN GM) 1 so(A22 B2 C22)
+ 0<A1,2 _AML A2 Bl oplry gl GLl_ (~]1’2+(~32’1)
+ 0(121 ;AL 22 B2 opl2y BQl a2 4 62’2—62’1)
+ sl(fll’,Bl’l C“)—i—s(A” B22 022)
+ SQ(ALQ’ B¥l QL AV B2 ¢l 421 BLL 62,1)
+ S2<1211,2’ B2 G2 A2l Bl GR2 422 32,1,_(}2,1)

( 1[11727 31,1’ (31,17 —61’2, CQ 1)
( A21 pl2 62,17 61,1’ 2)
( A2l fp22 C22 _ o2l 2>
( 62,2’ 62,2’ CQ 2)'

( ALl Bit cLl ot (~]1’1) _
T L S U G L e C LN o)
( )
( )

Our improvements. We are going to simplify some terms of the form us, usz, uy. Decom-
pose up(ALL BH CLL CHL G as

11 pL1 ALL AL ALy }: }:
u2<A 7B aC 7C aC ) - zz zz sz+ck1+czk
1<i<m 1<k<m
o 2 : 1,1;1,1 2 :
- llblz( + Ckz+czk>
1<i<m 1<k<m

and remark that, unfolding the expression of u, the following sub-expression appears in

Lemma [
so(fll’l Bl él,l) —uQ(/Nll’l BLL @l @l cl,l)_

We can rewrite this sum as —uy(AY!, BY CH)) with

ul2("é~117laél7laél7l) - Z zlzlbzlzl (( + Z Ckz +Czk> :
1<i<m 1<k<m

The same remark holds for A22, B22 C22, and shows that we can compute

SO(AZ’Q, 32,2’ 62,2) . u2<1[12,27 BZ,Q’ 62,27 62,2’ 62,2)
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as —uj(A22, B%2 C%2?). The other simplification comes from terms of the form us and uy. A
quick verification shows that we can compute the sum of all uz terms appearing in Lemma
as

ug(A 4 AR, B G g (AN A2, 521, €1
Fug (A% 4 422, B2, G ug(AP 4 22 B2, €72),

and similarly, all uy terms can be grouped as

u4(f~11’1, BL _ 32,1’ CI,I) + u4(/~11’2,£~31’1 _ 32,1’ 62’1)
fuy (A%, B — B2 C12) 4wy (422, B2 - B2, €%,

Operation count. We have now obtained the final version of the multiplication algorithm.
We review all components that appear, and count the number of summands in each term, as
each summand can be computed in one base field multiplication (recall that multiplications
by constants are not taken into account).

° 50(1211’2 — ALl 4 A21 B2l pl2 pLl Ll _Cl,2+é2,1)

SO(A1,2+A2,1 _A2,2’ 552,2+£31,2+Bz,17 61,2 +(~32,2 . 62,1)

each term uses m — 1 multiplications.
° sdAi,i)Bi,i)éi,i)) SI(A2,2’B2,27CQ,2)

each term uses |s;| multiplications, with |s;| = (m3*—m)/3—(m—1) = (m3—4m+3)/3.
° 52(1[1172 B2,1 6171 _Al,l B1,2 _61,2 1[1271 Bl,l (32,1)

SQ(ALQ, Bz,z7 éi,Q7 1[12,17551,27 62,27 _1[12,27 32,1’ _62,1)

each term uses |s;| multiplications, with |sy| = 3|si| = m> — 4m + 3.

° —111( Al,l Bl,l él 1 (31,1 Cl,l) 111( Al,Z Bl,l éi,l _(31,2 62,1)
—111(—;11’17 B2 17 Cl 2 (32,17 éi,i)7 _ 111( A2,17 351,27 (~32,17 (31,17 _61,2)
—111( 1211,27 [32,1 Cl 2 (32,27 _(32,1)’ o 111( 1212,1’ B2,2’ (32,2’ _(32,17 éi,z)
_ul(_A2,27 Bl 2’ C2 1 61,2’ 62,2)’ _ 111( A2,27 552,2’ 62,2’ (~j2,27 62,2)
each term uses ( - 1) (m — 1) multiplications.

( 1{11,17551,1’ Cl 1) - u2( /Zlm’ Bl,l’ Ci’l’ _?1,2, @2,1) i i

—112(—41’1, BiQ 1 Cl 2 (;2,1’ 91,1)7 _ 112( 42,1’ Bil,Q7 (}2,1’ (;1,17 _91,2)
( 41,2’ 32717 Cl 2 (}2,27 _(;2,1)7 _ u2( 42,1’ 52727 (;2,2’ _CQ,l7 01’2)
(—AZ’Z, Bl 2 C2 1 (31,27 (32,2)7 . u’2( A2,27 B2,27 C2,2)

each term uses m — 1 multiplications.

° _us(j{ll,l +1{11,2751,1’(?1,1)7 . u3</:11,1 +14:11,2’$2,17(:31,2)
—uy(A2L 4 A22 L2 C21), —uy(A2 4 A22, 322, C22)
each term uses m — 1 multiplications.
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° _114(1211,17 Bl _ Bz,l7 61,1), _ u4(f~11’2, BLl _ 32,1, 62,1)
—u4(/~12’1 B22 _ p21 61,2) _ u4(f~12’2 B22 _ B2l éz,z)
each term uses m — 1 multiplications.

Summing, we obtain (8m3 + 24m? — 50m + 18)/3 multiplications. Remember that m =
n + 1, and that we are multiplying matrices A, B of size 2n. Thus, to obtain the cost for
multiplication in size n, with n even, we replace m by n/2 + 1 in the previous sum, and we
finally obtain a cost of (n® + 12n? + 11n)/3 multiplications.

A.2 The odd case

Finally, we discuss the extension of the previous construction to the case where the matrix
size is odd, of the form 2n + 1. To our knowledge, no previous mention of the optimizations
arising in this case appeared before. We still split the input matrices A and B into four
blocks, which are now

AV of size ((n+1)x(n+1)), A2 of size ((n+1)xn), A*! of size (nx(n+1)), A*? of size (nxn),
and similarly for B. The matrices A% and B* are defined as before, with now
Ai’j = L(Z-) Ai’j R(j) and Bi’j = L(i) Bi’j L%j)

and L1y = Lyq1, Loy = Ly, Ryy = Lyyy and Ry = Ly,. Let m = n + 2; then the sizes of
these matrices are as follows:

o Ab' and BY! have size (m x m) and A% and B%? have size (m x (m — 1))
e A1 and B?! have size ((m — 1) x m) and A*>? and B>? have size ((m — 1) x (m — 1)).

As before, we let C' = AB, which we decompose into blocks

~ _Cer,l 6”«1,2'
C=- N
02,1 02,2
again, C' = AB is given by
'Cl,l 01,2'
C= o2l (22|

where we discard the last row and column of all blocks C.

To use the strategy given before in this case, we pad all blocks A% and B* with zeros as
needed, to give them size (m x m). Thus, we add one zero column to A2 and A%2, and one
zero row to A% and A%2; we do the same to B. As it turns out, it is most efficient to insert
this extra row/column, not at the last entry, but at the last-but-one: previous optimizations
already reduced the number of operations involving the last row and column, so zeroing it
would not be optimal.

With this choice, we review the various sums introduced in the previous subsection and
indicate the possible savings:
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11,1 p1,1 1,1 12,2 12,2 (2,2

L] Sl(A ,B ,C ), Sl(A ,B 7C )
no savings are apparent in the first sum. In the second one, one can dismiss all terms
where two indices are equal to m — 1; there are m — 1 such terms.

° SO(ALQ — ALl 4 A21 B2l pl2 L gLl Ll _él,z+("32,1)
SO(A1,2+A2,1 _;12,27 B2,2_|_B1,2_|_B2,17 (31,2 +C2,2 o (32,1)
no savings are apparent in the first sum. In the second one, one can dismiss the term
of index m — 1.

o sy(A12, B21 GV, — ALY Bl2 _Cl2 A2 BY G2
112 D22 (1,2 21 PL2 (22 122 D21 _ 2l
so(Ab2 B2 Ch2 AL BL2 C*2) —A%% B> —C*1)
no savings are apparent in the first sum. In the second one, one can dismiss terms
where two indices are equal to m — 1; there are 3(m — 1) such terms.

w ( ALl gL @ue @ Cl’l), —uy( A2 prio @u g2 (32,1)
ul(_A1,17B271’ _(31,27 62,17 (3171)7 . u1( 1[12,17 351,27 (”32,17 (31,17 _61,2)

—111( A1,2732,1’ 61,27 (32,27 _62,1)7 —u ( 1212,1’[32,2’ (32,27 _62,1’ 61,2)
—ul(—AQ’Q,BLZ, _62,1’ 61,27 62,2)’ —111( Az,z’éz,z’ 62,27 62,2’ 62,2)

the presence of extra rows and columns of zeros reduces the cost of the second and
third lines by m — 2, and by 2(m — 2) for all lines from the fourth on. In total, we save
12(m — 2) multiplications.

( 1{11,175;1,1’ 91,1)’ —uy( ~1[11,2’ BLL Ci,l) _91,2, 92,1) ) N

_112(_141,1732,17 _01,2’ (32,17 (31,1)7 _ 112( 142,1731,27 02,1’ (}1,17 —01’2)
(AW, B2 G2 C22,-C2Y), —uy( A2, B2, (C22,-C?l, O

_u2(_[12,2 Bl,Z _Cz,l 61,2 62,2) . u’2( 1[12,2 B2,2 62,2)

the presence of zeros saves one multiplication at each line, except the first one, for a

total of 7.

° _u3(1{11,1 +1{11,2’£:31,1’©1,1)’ _ u3(f:11’1 +%1,2’B;2,1’©1,2)
—ug(A2 4+ A22 L2 C2Y), (A2 4 422, B22, C22)
the presence of zeros saves one multiplication at each line, except the first one, for a
total of 3.

. —u4({11’1,l§’1’1 _ 52,1’ 91,1)7 _ u4({11’2, 51,1 _ @2,17 92,1)

21 122 21 (V1,2 22 P22 _ P21 (2.2

—uy (A%, B** — B> C?)) —uy(A** B B>',C*?%)
we save 3 multiplications, as in the previous case.

Without savings, the cost reported in the previous section was (8m?+24m? —50m+18)/3
multiplications. The savings add up to 16m—14, whence a total of (8m?3+24m?* —98m+60)/3
multiplications. To multiply matrices of odd size n, we actually have m = (n — 1)/2 + 2,
whence a total cost of (n® + 15n? + 14n — 6)/3.
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