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FAST STRUCTURED MATRIX COMPUTATIONS: TENSOR RANK AND
COHN-UMANS METHOD

KE YE AND LEK-HENG LIM

ABSTRACT. We discuss a generalization of the Cohn—Umans method, a potent technique developed
for studying the bilinear complexity of matrix multiplication by embedding matrices into an ap-
propriate group algebra. We investigate how the Cohn—Umans method may be used for bilinear
operations other than matrix multiplication, with algebras other than group algebras, and we relate
it to Strassen’s tensor rank approach, the traditional framework for investigating bilinear complex-
ity. To demonstrate the utility of the generalized method, we apply it to find the fastest algorithms
for forming structured matrix-vector product, the basic operation underlying iterative algorithms
for structured matrices. The structures we study include Toeplitz, Hankel, circulant, symmetric,
skew-symmetric, f-circulant, block-Toeplitz-Toeplitz-block, triangular Toeplitz matrices, Toeplitz-
plus-Hankel, sparse/banded /triangular. Except for the case of skew-symmetric matrices, for which
we have only upper bounds, the algorithms derived using the generalized Cohn—Umans method in
all other instances are the fastest possible in the sense of having minimum bilinear complexity. We
also apply this framework to a few other bilinear operations including matrix-matrix, commutator,
and simultaneous matrix products.

1. INTRODUCTION

In this article, we systematically study the design of fast, possibly fastest, algorithms for a variety
of operations involving structured matrices, as measured by the bilinear complezity of the problem.
This notion of complexity is best known for its use in quantifying the speed of matrix-matrix product
and matrix inversion in the work of Strassen [26], Coppersmith-Winograd [10], Williams [32], and
many others. The current record, due to Le Gall [20], for the asymptotic bilinear complexity of
matrix-matrix product for unstructured matrices is O(n?3728639),

The algorithms that we study in article will be for the following operations: (1) matrix-vector
product, (2) matrix-matrix product, and (3) commutator product:

(A, x) — Az, (A,B) — AB, (A,B) — AB — BA,

where A and B are structured matrices and x is a vector, of appropriate dimensions so that the
products are defined.

The structured matrices studied in this article include: (i) sparse (including banded and triangu-
lar), (ii) symmetric, (iii) skew-symmetric, (iv) Toeplitz, (v) Hankel, (vi) circulant, (vii) f-circulant
and skew-circulant, (viii) block-Toeplitz-Toeplitz-block (BTTB) and more generally any block struc-
tured matrices with structured blocks, (ix) triangular Toeplitz and its analogues for Hankel and
circulant matrices, (x) sum of Toeplitz and Hankel. We provide algorithms of optimal bilinear
complexity for all except the skew-symmetric case (for which we only have upper bounds). The
optimal bilinear complexity for the Toeplitz and triangular Toeplitz matrix-vector product are well-
known, due to Bini and Capovani [I], but we will obtain them using a different method (generalized
Cohn—Umans) that applies more generally to all classes of structured matrices discussed here.

We will examine two different approaches: the Strassen tensor rank approach [28] 29], and the
Cohn—Umans group theoretic approach [8, [7], as well as the relations between them. Our study
gives a generalization of the Cohn—Umans approach in two regards: a generalization from matrix-
matrix product to arbitrary bilinear operations, and a generalization from (a) group algebras to
arbitrary algebras including (b) cohomology rings of manifolds, (c¢) coordinate rings of schemes, (d)
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polynomial identity rings. We will provide the equivalent of their ‘triple product property’ in these
more general contexts.

We hope to convince our readers, by way of a series of constructions involving various structured
matrices and various bilinear operations, that this generalization of Cohn—Umans method could
allow one to systematically uncover fast algorithms, and these could in turn be shown to be the
fastest possible (in terms of bilinear complexity) via arguments based on the Strassen tensor rank
approach. For instance, we will see in Section [[4] that the fastest possible algorithm or multiplying
a symmetric matrix to a vector involves first writing the symmetric matrix as a sum of Hankel
matrices of decreasing dimensions bordered by zeros. For example, a 4 x 4 symmetric matrix would
have to be decomposed into

a b c d a b c d 0 0 0 0 00 0 0
b e f gl |b c dyg n 0 e—c f—d O n 00 0 0
¢c f h il |e d g i 0 f—d e—c 0 0 0 h—g—e+c O
d g i j d g i j 0 0 0 0 0 0 0 0
This is highly nonobvious to us. We would not have been able to find this algorithm without

employing the generalized Cohn—Umans approach.

The main focus of our article will be the matriz-vector product for various structured matrices
since these form the fundamental building blocks of most modern iterative algorithms for problems
involving structured matrices: linear systems [6l 23], least-squares problems [2, 23], eigenvalue
problems [31], evaluating analytic functions with matrix arguments [13], etc. On the other hand,
problems requiring matrix-matrix and product of structured matrices are relatively uncommon; one
reason being that the most common structured matrices (symmetric, Toeplitz, Hankel, etc; in fact
all but circulant) are not closed under matrix-matrix products.

Why minimize multiplications? In modern computer processors, there is no noticeable differ-
ence in the latency of addition and multiplication [14, Tables 14-1 and 15-6]. So the reader might
wonder why bilinear complexity continue to be of relevance. We provide three reasons below.

The first reason is that such algorithms apply when we have matrices in place of scalars. We
illustrate this with a simple example, Gauss’s method for multiplying two complex numbers [17].
Let a,b,c¢,d € R. Then the usual method

(a +1ib)(c + id) = (ac — bd) + i(ad + be)
requires four real multiplications and two real additions but Gauss’s method
(a +1ib)(c+id) = (ac — bd) +i[(a +b)(c + d) — ac — bd] (1)

requires three real mutliplications and five real additions. If the costs of addition and multiplica-
tion are roughly the same, then Gauss’s method is a poor way for multiplying complex numbers.
However, the usefulness of Gauss’s method comes into view when we multiply complex matrices,
i.e., when we do

(A+iB)(C +iD) = (AC — BD) +i[(A + B)(C + D) — AC — BD]

where A,B,C,D € R™"™ Now Gauss’s method requires three matriz multiplications instead
of four. Addition and multiplication of scalars may well have similar computational costs but
multiplication of n X n matrices is by any measure vastly more expensive@ than addition of n x n
matrices. This observation applies more generally. For example, Strassen’s algorithm for the
product of 2 x 2 matrices [26] only becomes practically useful when it is applied (recursively) to
the product of 2 x 2 block matrices.

A second reason is that our comparison of addition and multiplication in the first paragraph
assumes the traditional measure of computational cost, i.e., time complexity, but other measures,

IEven if the exponent of matrix multiplication turns out to be 2; note that this is asymptotic.



FAST STRUCTURED MATRIX COMPUTATIONS: TENSOR RANK AND COHN-UMANS METHOD 3

e.g. energy consumption, number of gates, code space, etc, have become increasingly important.
For instance, a multiplier requires many more gates than an adder (e.g. 2200 gates for an 18-bit
multiplier versus 125 gates for an 18-bit adder [18]), which translates into more wires and transistors
on a microchip and also consumes more energy.

A third reason is that while the latency of addition and multiplication are comparable on a general
purpose CPU, it is important to remember that arithmetic is performed on other microchips as well,
e.g. ASIC, DSP, FPGA, GPU, motion coprocessor, etc, where this may not be true. Moreover, our
second reason also applies in this context.

2. THE STRUCTURE TENSOR OF A BILINEAR OPERATION

A bilinear operation is simply a bilinear map 3 : U xV — W where U, V, W are vector spaces over
the same field, henceforth assumed to be C. For example, the operation of forming a matrix-vector
product is a bilinear operation g : C™*" x C" — C™, (A, z) — Az, since

B(aA+bB,z) = af(A,x) + bs(B, x), B(A,azx + by) = aB(A,xz) + bB(A,y).

Likewise for the operations of matrix-matrix product and commutator product.

A simple but central observation in the study of bilinear complexity is that every bilinear opera-
tion is characterized by a 3-tensor and that its tensor rank quantifies the complexity, as measured
solely in terms of the number of multiplications, of the bilinear operation. We start by defining
this 3-tensor.

Definition/Proposition 2.1. Let §: U x V — W be a bilinear map. Then there exists a unique
tensor ug € U* @ V* ® W such that given any (u,v) € U x V we have

Blu,v) = ps(u,v, ) € W.
We call pug the structure tensor of the biliear map (.

By the definition of tensor product, there is a one-to-one correspondence between the set of
bilinear maps from U x V to W and the set of linear maps from U ® V' to W. Therefore we do not
distinguish between a bilinear map 8 : U xV — W and its corresponding linear map 5 : UQV — W
(and denote both by ).

In the special case when U =V = W = A is an algebra and the bilinear map 8 : A x A — A,
(u,v) — wv, is multiplication in A. The structure tensor of g is called the structure tensor of the
algebra A, and is denoted by p 4.

Example 2.2 (Lie algebras). Let g be a complex Lie algebra of dimension n and let {e1,...,e,}
be a basis of g. Let {e],...,e}} be the corresponding dual basis defined in the usual way as
* L i=j,
e le;) =
z( J) {0 ’L?é j,

for all i,7 =1,...,n. Then for each pair i,j € {1,...,n},

n
les e = chen,
=1

for some constant numbers cfj € C. The structure tensor of the Lie algebra g is

n
fg = Z c%ej@ej@ek €cgRg" g
i?jvkzl

k.

i; are often called the structure constants of the Lie algebra and the hypermatrix

The constants ¢
[21]

[Cicj] c (Cnxnxn
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is the coordinate representation of u 4 with respect to the basis {e,...,e,}.
For a specific example, take g = sog, the Lie algebra of real 3 x 3 skew-symmetric matrices and
consider the basis of g comprising

00 0 00 -1 0 -10
etr= 10 0 -1}, eo= (0 0 0], es=1(1 0 Of,
01 0 10 0 0 0 0
with dual e], €3, e5. Then the structure tensor of so3 is
3
Hsos = Z e%e?@e}*@ek,
i,j,k=1

where o .
ko (—5)0 —k)(k—1)
(] 2 Y
often called the Levi-Civita symbol.

Example 2.3 (Matrix multiplication). Consider the usual matrix product g : C"™*" x C"*P —
Cm*P (A, B) — AB. We let E;; be the elementary matrix with one in the (4, j)th entry and zeros
elsewhere and E7; be the dual. Then the structure tensor for this bilinear operation is

m7n7p
Hm,n,p = Z E; ® E}, ® Ei,
ij k=1
the famous Strassen matriz multiplication tensor. With respect to these bases, fim . p is an mn x

np X mp hypermatrix whose entries are all zeros and ones. When m = n = p, this becomes the
structure tensor of the matrix algebra C™*™.

Example 2.4 (Matrix-vector multiplication). Consider the bilinear map
B:C"xC"—=C", (Az)— Ax.

Let {E;; e C"™ 14,5 =1,...,n} and {¢; € C" : i = 1,...,n} be the standard bases for C"*" and
C™ respectively. Then the structure tensor of 3 is

n
Hg = Z E%@ej@ei.
1,j=1

With respect to these bases, ug is an n? x n x n hypermatrix whose entries are all zeros and ones.

This is of course nothing more than a special case of the previous example with m = n and p = 1.

A comment is in order for those who are not familiar with multilinear algebra and wonders
about the difference between 8 and pg. Given a bilinear map 3 : U x V' — W there exists a unique

trilinear function 3: U x V x W* — C such that given any (u,v,w) € U X V x W* we have

w(B(u,v)) = B(u,v,w).
Furthermore, both 8 and 3 correspond to the same tensor pg € U@ V* @ W and so pg quantifies

both the bilinear operation S and the trilinear operation 5. As a concrete example, consider
Example 2.4] where g : C"*" x C™* — C" is the matrix-vector product

B(A,z) = Ax.
Then 3 : C"" x C" x C" — C is i
B(A,z,y) =y Az,
and they correspond to the same tensor pg € (C"*")* @ (C")* ® C™.
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We conclude this section with the simplest example, but worked out in full details for the benefit
of readers unfamiliar with multilinear algebra.

Example 2.5 (Complex number multiplication). Complex numbers form a two-dimensional alge-
bra over R and the multiplication of complex numbers is an R-bilinear map

f:CxC—=C, (a+bi,c+di)— (ac—bd)+ (ad+ bc)i,
for any a,b,c,d € R. Let e, =14 0i = 1 and es = 0+ 1¢ = i be the standard basis of C over R and

let e], e5 be the corresponding dual basis. The structure tensor of C is, by definition, the structure
tensor of § and is given by

Uc=pp=€Re Qe —esRe; Qe +e] ®e;Rex+e;Qe] @ ey, (2)
or, as a hypermatrix with respect to these bases,
_ |1 0101 2%2x2
”C—[o ~1]1 O}ER ‘

We provide here a step-by-step verification that uc is indeed the structure tensor for complex
number multiplication over R. Given two complex numbers z; = a + bi, 20 = ¢+ di € C, we write
them as z1 = aeq + besg, z0 = cey + des. Then
pc(z1, 22) = [(e1(21)el(22) — e3(21)ea(22)]er + [e1(21)e5(22) + e5(21)el(22)]e2
= [(e](aey + bes)e](cer + des) — e5(aer + beg)es(cer + deg)]er
+ [e](ae1 + bea)es(cer + dea) + e5(aer + bea)el(cer + dea)]es
= (ac — bd)e1 + (ad + bc)ea = (ac — bd, ad + be)
= (ac — bd) + (ad + be)i.
For the uninitiated wondering the usefulness of all these, we will see in Section B that the notion
of tensor rank and its associated rank decomposition allow us to discover faster, possibly fastest,
algorithms for various bilinear operations. For instance, the four-term decomposition in (2)) gives
us the usual algorithm for multiplying complex numbers but as we will see, one may in fact obtain
a three-term decomposition for uc,
He = (e +e3) @ (] +65) ®es+ei @ el ® (o1 — e2) — 3 ® e} @ (€1 + ea).

This gives us Gauss’s method for multiplying two complex numbers with three real multiplications
that we saw in (II). We will have more to say about this example in Section Bl

3. TENSOR RANK, BORDER RANK, AND BILINEAR COMPLEXITY

The Strassen tensor rank method that we have alluded to in the introduction studies the optimal
bilinear complexity of a bilinear operation by studying the rank and border rank of its structure
tensor.

Definition 3.1. Let pg be the structure tensor of a bilinear map 8 : U x V. — W, we say that
the tensor rank or just rank of ug is r if r is the smallest positive integer such that there exist
ul,...,ur € U, o], ...,vr € V¥, and wy,...,w, € W such that

r
Hp =) Ui ® v ®wj.
1=1

We denote this by rank(ug) = r. We say that the border rank of pg is r if r is the smallest positive
integer such that there exists a sequence of tensors {u,}>2, of rank r such that

lim p, = pg.
n—oo

We denote this by brank iz = r. We define the rank and border rank of the zero tensor to be zero.



6 K. YE AND L.-H. LIM

Our interest in tensor rank is that it gives us exactly the least number of multiplications required
to evaluate B(u,v) for arbitrary inputs v and v. This is established later in Proposition In which
case border gives the least number of multiplication required to evaluate §(u,v) up to arbitrarily
high accuracy for arbitrary inputs v and v. The study of complexity of bilinear operations in this
manner is called bilinear complexity, originally due to Strassen [28] 29] and has developed into its
own subfield within complexity theory [5, Chapter 14].

To illustrate this, we will start with a simple analysis to show that the usual way of computing
matrix-vector product has optimal bilinear complexity, i.e., computing the product of an m x n
matrix and an n vector requires mn multiplications and one cannot do better.

Proposition 3.2. Let f: U xV — W be a bilinear map and suppose span(ug(U®V')) = W. Then
rank(pg) > dim W.
The role of W may be replaced by U or V.

Proof. If not, then
T
pe=> ueueuw clU V' eW
i=1
for some integer r < dim W and vectors u; € U*,v; € V*, w; € W. Hence
span(pug(U @ V)) C span{w; : i =1,...,r}.
But this contradicts the assumption that pug(U @ V') = W. O
As an immediate application of Proposition 3.2, we will show that for a general matrix, the
usual way of doing matrix-vector product is already optimal, i.e., Strassen-type fast algorithms for

matrix-matrix product do not exist when one of the matrices is a vector (has only one column or
row).

Corollary 3.3. Let 8 : C™*" x C™ — C™ be the bilinear map defined by the matrixz-vector product.
Then

rank(pg) = mn.
Proof. Tt is easy to see that rank(ug) < mn. On the other hand,
up(C" ® (C™)") = (C™)",
since for the matrix F;; with (7, j)th entry one and zero elsewhere, we have
ng(e; @ €7)(Eij) = €7 (Eije;) = 1.
?ere) {ej : 7 =1,...,n} is the standard basis of C" and {e] : i = 1,...,m} is its dual basis for
C™)*. O

This establishes our earlier claim that mn is the minimal number of required multiplications for
forming a matrix-vector product. Next we show that we cannot do better than mn even if we are
only interested in computing matrix-vector product up to arbitrary accuracy.

Clearly we have

brank(pg) < rank(ug)

in general but equality is attained in the following special case.

Proposition 3.4. Let 3 : U xV — W be a bilinear map and assume pg(U @ V) = W and
rank(pg) = dimW < dimU dim V. Then

brank(ug) = rank(ug).
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Proof. Assume that brank(us) < rank(ug). Notice that we may regard 3 as a linear map
B:URV = W.
Since pg(U ® V) = W and rank(ug) = dim W, the rank of 3 as a linear map (or a matrix) is
dim W. Let " = brank(pg). Then there is a sequence {1, }52; of tensors of rank 7’ such that
lim g, = pg.

n—o0

We can similarly regard p,, as a linear map p, : U ® V. — W. Since rank(u, ) = r’ we see that the
rank of u, as a linear map is at most r’. By the choice of the sequence {1, }5 ;, we see that

lim fi,, = 2%
n—oo
as linear maps (or matrices). Hence the border rank of y5 as a linear map (or a matrix) is at most

r’. However, for matrices, the notion of rank is the same as border rank. This contradicts the fact
that rank yg = dim W > r’. O

We deduce that the usual way of performing matrix-vector product is also optimal even if we
are only interested in approximating the result up to arbitrary accuracy.

Corollary 3.5. The border rank of the structure tensor of m x n matriz-vector product is mn.

We now give the deferred proof establishing the role of tensor rank in bilinear complexity. This
simple result is well-known and classical (cf. the discussions in [5], 27, 28, 29]) but to the best of our
knowledge it has never been written down explicitly. We provide it here as a small public service.

Proposition 3.6. The rank of ug equals the least number of multiplications needed to compute the
bilinear map f.

Proof. The proof is straightforward. Given v € U and v € V, then by definition
/JB(’LL,’U, ) = B(u7v) cew.

Since rank(ug) = r we may write ug as

T
% :Zuf®vf®wi
i=1

for some u; € U*,v; € V* and w; € W. Hence
s

np(uyv) = 3 ut (o (v)w; € W,
i=1

Notice that u}(u) and v} (v) are complex numbers and thus to compute 115 we only need r multi-
plications. O

We highlight a common pitfall in the precise meaning of the word ‘multiplication’ used in the
context of bilinear complexity. Here it refers strictly to the multiplications of indeterminates but
excludes multiplications of a constant and an indeterminate or of two constants. For example, we
need one multiplication to calculate (z,y) — z -y but zero multiplication to calculate x — cx for
any constant ¢ € C. We will use the term ’scalar multiplication’ to refer to the multiplication of
two scalars or that of a scalar and an indeterminate over the given field. For instance, 2-3 or 2 - x
each requires one scalar multiplication to compute.

So in the context of bilinear complexity, a discrete Fourier transform may be computed with just
O(1), in fact zero, multiplications. The usual O(nlogn) complexity in FFT counts scalar multi-
plications. As the case of FFT illustrates, one reason for the exclusion of multiplication involving
constants is that this part may often be performed with specialized subroutines or implemented in
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hardware. On the other hand, bilinear complexity counts only multiplications of variable quantities
that could change from input to input.

In the most widely studied case of matrix multiplication 8 : C**™ x C"*™ — C"*", the rank
of ug informs us about the total arithmetic complexity of 3, i.e., counting both additions and
multiplications of indeterminates, as the following theorem from [5] shows.

Theorem 3.7 (Strassen). Let R, be the rank of pg and let M, the computational complexity of
the matriz multiplication. Then

inf{reR: M, =0(n")} =inf{r e R: R, =0(n")}.

This says that asymptotically, the order of rank of ug equals the order of the computational
complexity of matrix multiplication. Moreover, combined with Proposition 3.6, the number of
multiplications needed in matrix multiplication dominates the number of additions. This is a very
special phenomenon. In general, the number of multiplications cannot dominate the number of
additions.

4. TENSOR RANKS OF STRUCTURE TENSORS OF ALGEBRAS

Let A be an algebra of dimension n. Let aq,...,a, be a basis of A and aj,...,a;, be its dual
basis for A*. Recall that the structure constants cfj determine the multiplication operation in A,
which we denote by m4: A x A — A,

n
mA(ai,aj):Zc%ak, ,j=1,...,n.
k=1
The structure tensor pyg € A* @ A* ® A is then

n
A = Z cfja;‘ ® a; ® ag.
i,5,k=1
Note that u4 does not depend on the choice of basis and neither does the tensor and border ranks
of pg.

When A = C™ ", ug = finn,n is the Strassen matrix multiplication tensor for product of square
matrices. Inspired by the Cohn—Umans approach [8] that we will discuss in the next section,
we would like to study the rank of puy for an arbitrary algebra, with a view towards embedding
an operation whose bilinear complexity is difficult to analyze into an algebra where the task is
easier. The first question that one needs to answer is the relation between ranks of the respective
multiplication tensors.

Proposition 4.1. If an algebra A can be embedded into another algebra B, i.e., A is isomorphic
to a subalgebra of B, then rank(pu 4) < rank(ug).

Proof. Let j : A — B be an embedding of A into B as algebraﬁﬁ. Then it induces a surjection
j*: B* — A* and thus a surjection

JFe7eldg:B @B @B — A" ® A" ® B.
Let § := j7* ® j* @ Idg. We claim that 6(ug) = p4 and to show this, it suffices to show that
5(#3)((17 (1/, ) = MA(a7 CL/, ) = m_A(CL, a/)v

which is obvious from the definition of §. Let r be the rank of ug and suppose up has a tensor
decomposition

T
ps = Z bi1 @ big @iy
i=1

2Later on in the article we will consider embedding of vector spaces into algebras.
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where 0} ;,b75 € B* and b; 3 € B for i =1,...,r. For notational simplicity we identify the image of
j in B with A, regarding A as a subalgebra of B. Let A" be a subspace of B so that
B=A® A"

Then we have b; 3 = a; 3 + al{-g fori=1,...,r and thus

s = (Z bi1 © b7 @am) <Zb L ® by ® a; 3)

1=1

Since d(up) = pa, we conclude that

) (Z bi ®@bjo® a,.fg) =0 and 4 (Z bl @by ® %3) = pia.

i=1 i=1

So we obtain an expression of p4 as a sum of r rank-one terms,

T
5(2521@5?,2@%,3) Z] 1) @57 () ®aiz € AT @ AT @ A,

1=1

and therefore rank(p 4) < rank(ug). O

The map j* : B* — A* above may be viewed as the restriction of linear forms on B to A.

Corollary 4.2. If the algebra C™*™ can be embedded into an algebra B, then the computational
complexity of multiplying two matrices is bounded by the rank of structure tensor ug of B.

If we fix a basis for A and B then we can identify A with its dual A* and B with its dual B*.
Hence we may regard uy € A* ® A* ® A as an element of B* ® B* ® B. We would like to compare
the rank of pu4 as an element of 4A* ® A* ® A and as an element of B* ® B* ® B. We denote these
by rank 4(p.4) and rankg(p.4) respectively. We will rely on the following proposition found in [11].

Proposition 4.3. Let Uy, ..., U, be vectors spaces and let Uy, ..., U), be linear subspaces of Uy, ..., Uy,
respectively. Let T € Ul @ ---®@U},. Suppose T has rank r' as an element in U{ @ --- @ U], and has
rank v as an element in Uy ® --- @ Uy, then r = 1.

Corollary 4.4. If an algebra A can be embedded into another algebra B, then

ranka(pa) = rankp(ia).

Even though rank stays unchanged under embedding of vector spaces over the same ground field,
the same tensor may well have different ranks over different fields. For example [3],

T=e®(eg®e —e1®er) +e1® (eg®er + €1 @ e),

has rank three (over R) when viewed as an element of (R?)®3, but it has rank two (over C) when
viewed as an element of (C?)®3

We state here a result of Winograd [17, B3], rephrased slightly differently in terms of structure
tensors of algebras.

Theorem 4.5 (Winograd). Let p(x) be a monic polynoimal of degree n whose complete factorization
over a given infinite field k is

p(x) =p1(x)? ... py(x)©a.
Then the rank of the structure tensor of the algebra k[z]/(p(x)) is 2n — q.
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5. GENERALIZED COHN-UMANS METHOD AND TENSOR RANK

A major advance in the study of bilinear complexity of matrix multiplication is the Cohn—Umans
group theoretic method proposed in [8]. The gist of idea is that one may compute multiplication in
the matrix algebra by ‘embedding’ it in a judiciously chosen group algebra. The embedding in the
Cohn—Umans method is however not an embedding of algebras as in Section 4l but an embedding
of vector spaces. As such one needs a certain ‘triple product property’ to hold to ensure that the
entries of the matrix product may still be read off from the entries of the element in the group
algebra. In this section, we will generalize the Cohn—Umans method and relate it to tensor rank.

We start by briefly summarizing the Cohn—Umans method. We assume working over C but the
discussions in this and the next section hold for any field. Let G be a finite group and let C[G]
denote its group algebra over C.

Theorem 5.1 (Cohn-Umans). Suppose that G contains subsets S, T,U of cardinality m,n,p re-
spectively such that for any s,s' € S, t,t' € T, u,u' € U, stu = s't'u’ implies s =5, t =t', u= 1.
Then for matrices A = (a;;) € C™*", B = (b;;) € C"*P we can associate elements A, B € C[G] as
follows:

m,n n,p
A= Z CLijSitj_l, B= Z bijtiuj_l. (3)

ij=1 ij=1
The (i,7)th entry of AB is the coefficient of siuj_l inA-B.

The condition in the first sentence of the theorem is called the triple product property. If such a
condition is met, we say that G realizes (m,n,p).

The first step towards generalizing the Cohn—Umans method is to view the triple product prop-
erty in an alternative manner, namely, it is equivalent (cf. Example [5.4]) to saying that the following
diagram commutes:

Cmrn g CP — 5 C[G] ® C[G]

ml l’” (4)

Cm*P —— C[G]
proj
Here j is the embedding of vector spaces defined by (3], proj is the projection map reading off
entries of AB from the coefficients of A - B and m and mg are respectively the multiplications of
matrices and elements in the group algebra.

To be more precise about the projection map, the translation of matrix m}l\ltip\lication into the
multiplication elements in C[G] via () introduces some ‘junk terms’; i.e., A - B contains many
coefficients that are not needed for obtaining the entries of AB. The projection map is simply a
map that picks up the relevant coefficients. As will see in Section [, there are occasions when that
those ‘junk terms’ could turn out to be useful.

Another important feature of the Cohn—Umans method is that by Wedderburn Theorem, C[G]|
can be identified with a direct sum of matrix algebras of smaller sizes determined by the irreducible
representations of G, giving an efficient way to compute the product A - B. Since Wedderburn
Theorem holds not just for group algebras but for any semismiple algebras, one may in principle
use any semisimple algebra A in place of C[G]. However, motivated by later examples, we will not
insist that A be semisimple — there will be occasions when it is useful to allow A to have nilpotent
elements.

The commutative diagram view of the triple product property (@) allows us to generalize it on
an abstract level to arbitrary bilinear operations. Let 5 : U x V — W be a bilinear map and let A
be an algebra. If there is an injective linear map j : U®QV — A® A and a linear map proj: A — W
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such that the following diagram commutes:

UoV — 5 A0 A

BJ lmA (5)

We———A

proj

then we can translate the computation of 8 into multiplication in the algebra A. If this is the case,
we will say that the algebra A realizes the bilinear map S.

In case the reader is wondering why 5 : U x V. — W became f : U ® V — W in (), recall
that we do not distinguish between a bilinear map and its corresponding linear map, as we had
explained after Proposition 2.l We will adopt this convention in the rest of the article without
further elaboration.

For readers unfamiliar with such constructions, we used tensor product rather than product in
diagrams like (Bl) because we want to preserve linear structures. If we had used product in (5]), then
B :U xV — W has to be a bilinear map but this does not make sense in the category of vector
spaces over C as morphisms in this category are linear maps (and bilinear maps are in general not
linear).

Note that the embedding of U ® V into A ® A and the projection from A onto W incur zero
computational costs in the context of bilinear complexity (no multiplication involved). Hence we
obtain

rank(ug) < rank(ua).

There are occasions (cf. Sections [I4] and [I5]) when it is useful to allow an even more general
framework where the multiplication of the algebra A is replaced by another bilinear map in (Hl).

UV ——s U oV

@ lﬁl (6)

W+————Ww'
proj

The commutative diagrams (Bl and (@) may be viewed as a generalized triple product property. We
caution our reader that despite superficial resemblance, these commutative diagrams are unrelated
to [0, Lemma 14.10] — note that the direction of the bottom arrow is reversed. Also, an embedding
of U ®V — U’ ® V' may not necessarily arise from an embedding of U x V — U’ x V.

We will call this the generalized Cohn—Umans method and we will see several concrete realizations
of this abstract framework in the next few sections. In following we will establish some existential
guarantees for this framework.

Theorem 5.2. Let k be a field. Then every bilinear map over k can be realized by an algebra A
over k where the rank of the structure tensor of A is equal to the rank of the structure tensor of
the bilinear map.

Proof. Let 3 :U xV — W be a bilinear map and let g be the structure tensor of 3. Without loss
of generality we may assume that [ is surjective since otherwise we may replace W by the image
of B. Assume that rank(ug) = r and that p13 has a decomposition

T
L3 :Zuf®vf®wi
i=1
for some u; € U*,v; € V*,w; € W. Let A = k", equipped with entrywise addition and multiplica-
tion. Consider the map
j:UXV =K xk"
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defined by j(u,v) = ((uf(u),...,u:(uw),v}(v),...,v}(v)). Lastly define the projection map

»Er

T T
proj: k" — W, inei — Zmiwi,
i=1 i=1

where {e; : i = 1,...,r} is the standard basis of k". It is clear that we have a commutative diagram

UV — s ko k"

Bl lm

W ——FKk"
proj

and hence [ is realized by the algebra A = k". O

Corollary 5.3. If k is an algebraically closed field then every bilinear map over k can be realized
by the algebra k[z]/(x" — 1) where r is the rank of the structure tensor of the bilinear map.

Proof. Apply Theorem and Wedderburn Theorem. O

One may argue that Theorem and Corollary [(£.3] are essentially tautological and not partic-
ularly useful since the algebra A involved is commutative (bearing in mind that the Cohn—Umans
method becomes uninteresting when the group G is abelian). We will consider another construction
that yields a noncommutative algebra A for a given bilinear map /.

The recipe for our construction goes as follows. Let {u1,...,u;,} and {v1,...,v,} be bases of U
and V. Let {u},...,u},} and {v],..., v} be the corresponding dual bases of U* and V*. We may
assume that § is nondegenerate since otherwise we may simply replace U or V' by an appropriate
subspace. In which case we may write the structure tensor ug € U* @ V* @ W as

Hp = Z uf@v}f@wij,
(1,3) + B(ui,v;)#0
i.e., the sum runs over all pairs of (4, j) such that §(u;,v;) # 0.
Let k(z1,...,%m,Y1,--.,yn) be the free algebra over k with generators x1, ..., 2, and y1,...,yn.
We consider an ideal I generated by the relations

L(zyj) ~ 0 if and only if L(w;j) =0,

where L is a linear form over k in mn variables.

Next let I D Iy be an ideal of k(z1,...,Zm,y1,-..,yn) such that I does not contain linear forms
inay,...,op, orin y1,...,y, and whenever there is a linear form L with L(x;y;) € I, L(x;y;) € Iy
where at least one (4, j) is a pair of indices such that w;; # 0 in the representation of p15. Then it
is easy to verify that the above commutative diagram holds for A = k(x1,...,Zm,y1,---,yn)/I, by
sending u; to x; and v; to y;. The algebra A is a polynomial identity ring or PI rings [22].

Example 5.4 (Triple Product Property). Here U = C™*" V = C"*P, W = C™*P| we may take
{Eij :i=1,...om;j=1,....n}, {Eyp:i=1,...,m;k =1,...,p} to be the standard basis for U
and V. The structure tensor may be expressed as

m7p n
/Bm,n,p = Z E;k] ® E;k & Ezk
ik=1 \j=1
We see that {E;, : i = 1,...,m;k = 1,...,p} is a basis of W and so there is no linear relation

among them except the trivial relation F;;, = FE;,. Hence we obtain an ideal Iy generated by
TijYjk — Tijry;k for all choices of 4, 7,5, k. As we claim above, fany ideal I such that I D Iy does
not contain linear forms in z;; or y;;, thus the commutative diagram holds.
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Now let us understand the triple product property in this framework. Let G be a group with
subsets S, T, U satisfying the triple product property. Then it is obvious that in k[G] there is no

nontrivial linear relation for elements of the form sitj_l and tjulzl. The triple product property

guarantees that (Sitj_l)(tkul_l) = (Sitj_l)(tkul_l) if and only if i = ¢, j = j/, k = k’. Hence for such
G the commutative diagram holds.

Our construction of A from the structure tensor is purely formal. Usually all we could say is that
A is a polynomial identity ring, which does not tell us a lot. However, in special circumstances,
when the ideal I is suitably chosen, we can obtain some algebras with well-understood properties
that ,we can exploit, as we will see in the rest of this paper.

6. SPARSE, BANDED, AND TRIANGULAR MATRICES

We begin our study of structured matrices with sparse matrices, a particularly simple case that
does not require the use of Cohn—Umans method. The results are also unsurprising.

One might wonder what happens to Corollaries 3.3 and when the matrix involved has zero
entries. The answer is what one would expect — the tensor and border rank are both given by the
number of nonzero entries. For any Q C {1,...,m} x {1,...,n}, the set of matrices with sparsity
pattern € is

CH* " :={A e C™" :a; =0forall (i,)) & Q},

which is clearly a vector space of dimension #¢.

Proposition 6.1. Let fg : CH*" x C* — C™, (A, x) — Az. Let ug € (CH™")* @ (C*)* @ C™ be
the corresponding structure tensor. Then

brank(pug) = rank(ug) = #9Q.

Proof. Since the dimension of C{y™™ is #Q and the usual matrix-vector product costs #§ multi-
plications, the required result follows from Propositions 3.2} 3.4, and O

The set of n x n banded matrices with upper bandwidth k& and lower bandwidth [ is the special
case when
Q={0,75) €{l,....n} x{1,....,n} k<j—i<l}
Such matrices are called diagonal if (k,l) = 0, lower bidiagonal if (k,1) = (0, 1), upper bidiagonal
if (k,1) = (1,0), tridiagonal if (k,1) = (1,1), pentadiagonal if (k,l) = (2,2), lower triangular if
(k,1) = (0,n — 1), upper triangular if (k,1) = (n — 1,0).

Corollary 6.2. The rank and border rank of the structure tensor of n X n banded matriz-vector
product are bothn+[(n—1)+n—-2)+---+(n—-k)]+[n—-1)+n—-2)+ -+ (n—1)].

Corollary 6.3. The rank and border rank of the structure tensor of nxn upper (or lower) triangular
matriz-vector product are both n(n +1)/2.

7. CIRCULANT MATRIX

In this section, we consider the problem of computing the product of a circulant matrix with
a vector or, equivalently (as we shall see), the product of two circulant matrices. We will obtain
an algorithm with optimal bilinear complexity (i.e., minimum number of multiplications). This
algorithm will turn out to agree with the well-known algorithm [12], Section 4.8.2] for computing
product of two circulant matrices using FFT [9] but we will derive it (i) purely from the perspective of
optimal bilinear complexity and (ii) using the Cohn—Umans group theoretic method. This serves as
our first example of using the Cohn—Umans method for problems other than matrix multiplication.

We begin by considering a special case of matrix multiplication where we multiply a 1 x n matrix
and an n x 1 matrix. Let a’ = [a1,...,a,] € C*" be a row vector and let b = [by,...,b,|T € C**!
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be a column vector. It is easy to verify that the cyclic group C,, = (g | g" = 1) realizes (1,n,1) via
subsets S = {1}, T = C,, U = {1} that clearly satisfy the triple product property. By (8], we have

n N n
’d:Zaigi, b:Zbig_i.
i=1 i=1

The coefficients of ¢g* where k =0,1,...,n — 1 are
n
Z a; 1 1bi, where as = ay iff s = s mod n. (7)
i=1

To calculate a'b we just need the coefficient of 1 € C[C),] but not the coefficients of the remaining
n — 1 terms (what we called ‘junk terms’ earlier). On the other hand, if we calculate the product
of two circulant matrices, then these n — 1 terms become useful.

Let Circ, (C) be the linear space of all circulant matrices. It is well-known that Circ, (C) is closed
under the matrix multiplication and so is an algebra.

Proposition 7.1. Let . : Circ,(C) x C* — C", (Circ(z),y) — Circ(z)y be the circulant matriz-
vector product and p. € Circ,(C)* ® (C™)* @ C™ be the corresponding structure tensor. Let pc €
Circ, (C)* @ Cirey, (C)* ® Circ,(C) be the structure tensor of the algebra Circ,(C). Then

rank(p.) = rank(uc) = n.

Proof. A circulant matrix is completely specified by its first column or first row. In particular,
since the product of two circulant matrices is still circulant, the product is determined by its first

column. Let x = [x1,...,2,]"T € C" and let Circ(z) denote the circulant matrix
r1 L9 ... Tp-1 Tn
Ty L1 .. Tp—2 ITp-1
Circ(z)= [+ =+ .. Do e
r3 T4 ... T T2
_332 r3 ... In T

Observe that to calculate the matrix-matrix product Circ(z) Circ(y) it suffices to calculate the
matrix-vector product Circ(z)[y1, yn, - ..,%2]". This implies that the structure tensor of the algebra
e can be obtained from the structure tensor u, of the bilinear map . and that

rank(p.) = rank(uc).

To compute rank(u.), observe that for two vectors z,y € C", we have

n n n
Circ(z)y = § LiYis Z Tilit1s -+ Z LiYitn—1
i=1 i=1 i=1

Here we adopt the same convention in () that ys = yy iff s = s’ mod n. Since the entries of
Circ(z)y are exactly the coefficients of the product z - y € C[C,,], where Z,y € C[C,,] are obtained
as in ([B). Now it remains to count the number of multiplications needed to form z - y in C[C,].
Since C,, is the cyclic group of order n, it has exactly n representations, all of dimension one; these
are indexed by the roots of unity 1,w,...,w" ! where w = ¢?™/"  Denote these representations
by Vo,..., Va1 where V; ~ C is given b

T

pi: Cp — C, g W' 1=0,...,n—1.

3We do not distinguish between an irreducible representation of G and its irreducible C[G]-submodule.
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On the other hand, by Wedderburn Theorem we have
n—1
Clen] =PV eV,
i=0

i.e., we may express elements in C[C},] as n x n diangonal matrices. Explicitly, & = Z?:_ol z;g’
corresponds to the diagonal matrix

n—1 n—1 n—1 n—1
di L 2t L (n—1)i .
iag W, Tw, ..., Tiw , x; |,
=0 i=0 =0 =0

and §y = Z?:_Ol y;g~" corresponds to the diagonal matrix

n—1 n—1 n—1
ding (z PR ST SISt 5 y) |
i=0 i=0 i=0
Therefore we need n multiplications to compute 7 - 4 and thus

rank(u.) < n.

On the other hand, it follows from Proposition [3.2]that rank(uc) > n since the image pc(Cire, (C)®
Circy,(C)) is the whole of Circ,(C). O

The proof of Proposition [[.1]is constructive — it gives an algorithm with optimal bilinear com-
plexity that computes a circulant matrix-vector product or a circulant matrix-circulant matrix
product using only n multiplications. In fact, this algorithm is essentially the same as the well-
known algorithm for circulant matrix-vector product using Fast Fourier Transform (FFT).

A departure from usual considerations in numerical linear algebra is that we only care about the
number of multiplications used in the algorithm. We minimize the number of multiplications by
paying the price of using more additions. We require n? additions to execute our algorithm if we
have our input (Circ(zx),y) and output Circ(x)y expressed in the standard basis {e1,...,e,} on C".
However, if we use the Fourier basis f1, ..., f, on C", i.e., the Discrete Fourier Transform (DFT) of
e1,...,¢en, then we require no addition at all to execute our algorithm.

The DFT is a linear map and so computing f1,..., f, from eq,..., e, would involve only addi-
tions and scalar multiplications. Hence the use of different bases will not change the number of
multiplications needed to multiply a circulant matrix to a vector (or two circulant matrices). This
agrees with our expectation — a tensor and therefore its rank do not depend on the choice of bases.

Proposition B4 immediately gives us the border rank analogue of Proposition [l It is also
straightforward to obtain the analogue of Proposition [Z.1] for inversion of circulant matrices.

Corollary 7.2. The border ranks of the structure temnsor of the bilinear operation B. and the struc-
ture tensor of the algebra Circ,(C) are both n.

brank(u.) = brank(uc) = n.

Corollary 7.3. Let X = Circ(z) be a nonsingular circulant matriz. Then one requires just n
divisions to compute its inverse X 1.

Proof. Let X = Circ(z) where = [z1,...,2,]" € C® and let Y = X! be given by Y = Circ(y)
where ¥y = [y1,...,ys]7 € C". As in the proof of Proposition [T} their corresponding images in
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C[C,] are

n—1 n—1 n—1 n—1
X = diag < ziw', ziw?, ... ,Z 2w Z :EZ> ,
i=0 i=0 i=0 i=0

1 1

n—

n—1
=0 1=0

Since X - Y = I, we obtain

n—1 -1 n—1 -1 n—1 -1 n—1 -1
Y = diag ( (Z :Eiwi> , <Z :Eiw2i> s (Z xiw("_l)i> , (Z x2> > .
i=0 i=0 i=0 i=0

Hence inverting X requires n divisiond]. O

8. f—CIRCULANT AND SKEW-CIRCULANT MATRICES

We now extend the work of the previous section to f-circulant matrices. For any f € C, an
f-circulant matrix is one of the form

al i) oo Tp-—1 I
frn ®1 ... Tp_2 Tpoy

: : . . e (CTLXTL
f:Eg fl‘4 e T X9
| fx2 fxz ... frn a1 ]

We denote the vector space of n x n f-circulant matrices by Circ, f(C). Evidently, a 1-circulant
matrix is just a usual circulant matrix. If f = —1, an f-circulant matrix is also called a skew-
circulant matriz.

It is straightforward to see that Circ, ;(C) ~ C[z]/(2™ — f) and therefore also an algebra. We
may employ the same techniques we used in the case f = 1 to prove the following.

Proposition 8.1. The rank and border rank of the structure tensor of the f-circulant matriz-vector
product over C are both n. Furthermore, one can invert a nonsingular f-circulant matriz over C
using just n divisions.

The proofs of these statements are near identical to those in the previous section and we will
not repeat them. What we will instead investigate is an interesting special case when n = 2 and
f = —1 but over R instead of C.

Proposition 8.2. The rank of the structure tensor of 2 x 2 skew-circulant matriz-vector product
over R is three.

Proof. The product of a 2 x 2 real skew-circulant matrix with a vector is given by

_|a b 2x2 _|c 2 | ac—bd 9
X_[_b Q}ER , v_[_d}eR, XU_|:—ad—bC € R-.

Observe that to compute Xv we require just three real multiplications:
My = (a+b)(c+d), M; = ac, Ms = bd
to obtain

ac — bd = My — Ms, —ad — bec = —(My — My — M3). (8)

4The reader is reminded that scalar multiplications by a constant like w® are not counted in bilinear complexity.
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Therefore, the rank r of the structure tensor of 2 x 2 skew-circulant matrix-vector product over
R is at most three. We show that r cannot be two. Suppose r = 2, then there exist polynomials
My, Ms in a, b, c,d, each costing only one multiplication to evaluate, such that

ac — bd = a1 My + as Mo, ad + bc = B1 My + Bo Ms.
Since a, b, ¢, d are independent variables, we must also have that

a1 Q9
det [51 ﬂz] #0.

Hence M7 and My are both linear combination of ac — bd and ad + be. In particular, there exist
s,t € R such that

M, = s(ac — bd) + t(ad + be).
But as M; can only involve one multiplication, it must have the form
My = (s1a + s9b + s3c + sqd)(tra + tob + tzc + tad).

Without loss of generality we may assume that s; = 0 and t; = 1. Then so =0, s3 = s, and s4 = t.
These imply that to = t/s and t3 = t4 = 0 and thus

t
M, = (sc+td) <a+ ;b) ,

giving us t?/s = —s, a contradiction since both s and t are real. O
We show a somewhat unexpected link between Proposition and Example

Corollary 8.3. The rank and border rank of uc, the structure temsor of C as an R-algebra, or
equivalently, the structure tensor of the R-bilinear map

B:CxC—C, (a+bic+di)— (ac—bd,ad+ be),
are both three.

Proof. Let z1 = a+bi and zp = c+di. If we identify C with R2, then z;29 = Xv where X and v are as
defined in Proposition From which it is clear that the structure tensor uc € (R?)* ® (R?)* @ R?
has rank three over R. The conclusion regarding border rank follows from [I1, Theorem 7.1]. O

One may check that the optimal algorithm for skew-circulant matrix-vector product in () is in
fact the same as Gauss’s method for multiplication of complex numbers ().

9. TOEPLITZ MATRICES

Let Toep,,(C) be the vector space of n x n Toeplitz matrices. The following result is well-known,
proved in [1] using methods different from those we employ below. Our objective of including this is
to provide another illustration of the generalized Cohn—Umans approach where a bilinear operation
is embedded in an algebra, in this case, the algebra of circulant matrices Circy,(C) in Section [7

Theorem 9.1 (Bini-Capovani). Let 3; : Toep,,(C)xC™ — C" be the Toeplitz matriz-vector product.
Let py € Toep,, (C)* @ (C™)* @ C™ be the structure tensor of ;. Then

rank(p;) = 2n — 1.
Proof. We begin by observing that there is an embedding of an n x n Toeplitz matrix X,, = [z;_;]
as a subblock of a 2n x 2n circulant matrix Csy,, as follows

X, Yn]

Con = [Yn X, (9)
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where
Yy Tontl LT—n+t2 1
Tp—1 Yy T—n+1 Tr—2
Y, = |¥n—2 Tn—-1 Yy T3
L Tl i) I3 PN Yy ]

and y € C can be arbitrarily chosen. We will choose

n—1

Yy=—- Z ZTi.

i=—(n—1)

and by this choice of y, we only need 2n — 1 multiplications to compute the 2n x 2n circulant
matrix-vector product. To see this, recall that in our proof of Proposition [T.I] the multiplication
of Y,, by a vector of dimension 2n is computed by multiplying a pair of 2n x 2n diagonal matrices.
In our case, the 2n x 2n diagonal matrix corresponding to Y, is one whose (1, 1)th entry is zero.
Hence an n x n Toeplitz matrix-vector product can be computed with just 2n — 1 multiplications
and so the rank of the corresponding structure tensor p; is at most 2n — 1. On the other hand, by
Proposition 3.2 rank(u,) is at least 2n — 1 since p(C™ @ (C™)*) is the whole of Toep,, (C)*. O

As in Section [T, Proposition [3.4] and Theorem together give the corresponding result for
border rank.

Corollary 9.2. The structure tensor of the Toeplitz matriz-vector product has border rank
brank(u) = 2n — 1.

We embedded Toep,,(C) into Circy, (C) ~ C[C5,] and the Toeplitz matrix-vector product inherits
a group theoretic interpretation via this embedding. Given X = [z;_;] € Toep, (C) and a vector
z=z1,... ,zn]T € C", we may explicitly construct the product Xz as follows. First construct two
vectors

T 2 T 2
a= [T, X1,y T—1,Ys Tyt 1, Lept2,---,T—1] € CT, b=[z1,...,2n,0,...,0] € C*",

where y = — Z?:__l(n_l) x;. Notice that

n
aTb: E Ti—1%2;
i=1

is the first entry of the vector Xz. As we had observed in Section [ the cyclic group Cs, =
(g | g*™ =1) realizes (1,2n,1). Hence we may construct two elements in C[C,], @ and b as in
Section [7l by

n 2n n
a= Zfﬂi—lgl +yg"t + Z Ti—an—19" € ClCay), b= Z zig " € C[Cay).
i=1 i=n+2 i=1

It is easy to see that coefficients of ¢®*, ¢**1,...,¢"t! in ) give the required entries of Xz.

We have seen in Corollary [.3] that inverting a circulant matrix can be done with just n divisions.
Although we may embed Toep,,(C) into Circe, (C) via (@) and Cy, may be inverted with 2n division,
there does not seem to be a way to obtain X! from C5'.

Assuming that we are unaware of any of the above constructions. We will now provide an illustra-
tion of how the general recipe we introduced at the end of Section Bl may be applied systematically
to discover the appropriate algebra to use in the generalized Cohn—Umans method for Toeplitz
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matrix-vector product. Let {T}, € C"*" : k =1,...,2n — 1} be the standard basis for the space of
Toeplitz matrices Toep,,(C), i.e., the entries of T}, = [t;;] are

Lo =ik
Y 1 ifj—i=k.

Let {e; € C":i=1,...,n} be the standard basis of C". Then
Thei = en—kti

where ¢; := 0 whenever ¢ > n+1 or ¢ < 0. As described in Section B we start from the free algebra
C(x1,...,Ton-1,Y1,---,Yn) and let Iy be the ideal generated by the relations

TRy = Tyy whenever 0<k—i=k —i <n—-1,

or, equivalently,
TpY1 = Tpri—1yi forall 1<i<n,1<k<2n—i. (10)

Next we construct an ideal I such that (i) Iy C I, (ii) I does not contain any linear form in x;
or yj, and (iii) whenever F' = L(zy;) where L is a linear form and at least one xy; appears in F'
for some 0 < k —i < n — 1, then F' € Iy. Without loss of generality, we may assume that y; = 1
and so ([0 simplifies to

T = Thri—1Yi forall 1<i<n, 1<k<2n—1.

A moment’s thought would then lead us to taking zj, = 2* where x is such that 22" = 1, and also
y; = a7 = 2207 for § = 1,... n. It is straightforward to check the restrictions we imposed
on I are satisfied by these choices, which yield the algebra C[z]/(2?® — 1) ~ C[C3,] that we seek.

We end this section with a brief word on Toeplitz matrix-Toeplitz matrix product Sz : Toep,,(C)x
Toep,,(C) — C™*™. Note that Toep, (C) is not closed under matrix multiplication [34]. The
corollary below follows from Theorem and the fact that XY = [Xyi,..., Xy,] for X|Y €
Toep,,(C) where y; is the ith column of Y.

Corollary 9.3. The restriction of the matriz multiplication tensor fi, n , to the space Toep,, (C) of
n x n Toeplitz matrices, regarded as a tensor in Toep, (C)* @ Toep,,(C)* ® C"*™, has rank at most
n(2n —1).

From the perspective of iterative methods for Toeplitz matrices (both linear systems and least
squares), understanding f; in more important than understanding 7.

10. HANKEL MATRICES

The results in this short section follows from those in Section @l However we state them explicitly
as these results on Hankel matrices are crucial for those on symmetric matrices in Section [I4], which
might come as a surprise.

We introduce a few notations that we will use in Section[I4l Given a vector x = [zg, z1, .. ., xgn_l]T
C?", we let
i) I N . Tp—2 Tn—1
I Tpn—1 Iy
Hank(z) :== | : : : : : : eCcr (11)
Tpn—2 Lp—-1 ... . . Ton—2
_xn—l Ip N e To2pn—2 .’L'Qn_l_

be the Hankel matrix defined by z. Let Hank,,(C) denote the vector space of n x n Hankel matrices.

S
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The corresponding results for Hankel matrices may be obtained from the ones for Toeplitz ma-
trices essentially via the observation that X € C™*" is a Hankel matrix if and only if JX and XJ
are both Toeplitz matrices. Here J is the permutation matrix

0 0 - 0 1
00 -~ 10
J= |1 1 .o ecmn
01 - 00
1.0 --- 0 0

Since J is a nonsingular linear transformation, p, and gy must have the same rank and border rank
and we obtain the following from Theorem [0.1] Corollary [0.2] and Corollary

Corollary 10.1. Let pp, € Hank,(C)* @ (C™)* @ C™ be the structure tensor of the Hankel matriz-
vector product [y : Hank, (C) x C* — C™. Then

rank(up) = brank(up) = 2n — 1.

Let pg € Hank, (C)* ® Hank,,(C)* ® C™ be the structure tensor of the Hankel matriz-Hankel matriz
product By : Hank,(C) x Hank, (C) — C™*™. Then

rank(pg) < n(2n —1).

Since Hank,,(C) = J Toep,,(C) = Toep,,(C)J, one expects a group theoretic realization of the
Hankel matrix-vector multiplication. The construction is similar to that of the Toeplitz case.

11. TRIANGULAR TOEPLITZ/HANKEL MATRICES

We include a discussion of triangular Toeplitz (or Hankel) matrix-vector product because the
result may be somewhat unexpected — its optimal bilinear complexity is exactly the same as that
of a general Toeplitz (or Hankel) matrix-vector product. The fact that half the entries are zeros
cannot be exploited to reduce the number of multiplications in an algorithm. Contrast this with
Corollaries 3.3] and Our methods in this section are new but the results are not, they follow
from the work of Bini and Capovani [1].

Let Toepﬁ((C) be the linear space of n X n upper triangular Toeplitz matrices and let Sa :
Toep4 (C) x C* — C", (A,v) — Av denote the upper triangular Toeplitz matrix-vector product.
We claim that the algebra A = C[z]/(2") realizes Sa. To see this, let

ayg a1 ... Qp—1 Vo
A= 0 a:o ) an:—2 € Toep4(C) and v= U:l e C,
o 0 .. alo Up_1

we have

apvo +a1v1 + -+ ap—1Vn—1

Ay — agvy + - + Up—2Up—1 c o
agUp—1

Let Ag, Aq,...,A,_1 be the ‘obvious’ basis of Toepﬁ((C), i.e., the (i,j)th entry of Ay is one when
j—1 =k and zero otherwise. Let eq,...,e,_1 be the standard basis of C". We define an embedding

of Toep2(C) ® C" into C[z]/(z™) ® C[z]/(z™) taking the bases elements

A b, e; > i=0,1,....,n—1.
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For A = Y"1 a;A; € Toep5(C) and v = 3"} v;e; € C*, the images A, ¥ € Clz]/(z™) are given
by
A=ayl+az+ - +ap_12" ", D=vox" '+ v+ 4o, 1.
It is straightforward to verify that C[x]/(z™) realizes Sa. Note that C[x]/(z™) is the cohomology
ring of the complex projective space CP"~!. In particular it contains nilpotent elements and is not
semisimple.

By Theorem [A5] the structure tensor of C[x]/(z™) has rank 2n — 1, from which we may deduce
the following.

Theorem 11.1. Let ia € Toeps (C)* @ (C")* @ C™ be the structure tensor of the upper triangular
Toeplitz matriz-vector product Ba. Then

rank(ua) = 2n — 1.

Since Toep,AL (C) is a linear subspace of Toep,,(C), the structure tensor of upper triangular Toeplitz
matrix-vector product is a projection of the structure tensor of Toeplitz matrix-vector product.
However the tensor ranks of the two structure tensors are both 2n — 1.

12. TOEPLITZ-PLUS-HANKEL MATRICES

Let S; and Sy be two linear subspaces of C™"*™. Then the set S; + Sy = {X; + Xo € C™"*" :
X1 € 51, Xy € Sy} is clearly also a linear subspace. If the structure tensors of the matrix-vector
product for S; and Sy have ranks 71 and r9 respectively, one might guess that the structure tensor
of the matrix-vector product for S; + S9 has rank r1 + r5. However this is not true as we will see
below.

Example 12.1. Let Toepﬁ (C) be the linear subspace of upper-triangular Toeplitz matrices as in
Section [Tl Let Toep~(C)T be the linear subspace of lower triangualr Toeplitz matrices. Clearly,

ToepZ (C) + Toep4' (C)T = Toep,,(C).

However, by Theorems [T and [T}, the structure tensors of Toep4 (C), Toep2 (C)T, and Toep,, (C)
all have the same rank 2n — 1.

In the special case S; = Toep,,(C) and So = Hank,(C), a matrix in S; + Sy is often called a
Toeplitz-plus-Hankel matrix [23, 25]. We show that the value of its rank is one less than the naive
guess.

Proposition 12.2. The structure tensor of the Toeplitz-plus- Hankel matriz-vector product has rank
4n — 3.

Proof. Let E € C™™ be the matrix of all ones. For any 7" € Toep,,(C) and H € Hank, (C) we have
T+H=T+aE)+ (H —aF)

and T + aE € Toep,(C), H — aF € Hank,(C) for all « € C. We show that we may choose an
appropriate a € C so that the matrix-vector product for T+ aF requires only 2n — 2 multiplications.
As in the proof of Theorem 0.1 we may embed X = T + aF into a 2n X 2n circulant matrix

that corresponds to a diagonal matrix whose (1, 1)th entry is zero. We may choose a € C so that the
(2,2)th entry of this diagonal matrix is also zero. Hence the matrix-vector product with 7'+ aF
costs at most 2n — 2 multiplications. Combined with Corollary 0.1l we see that the structure
tensor of the matrix-vector product for 7'+ H has rank at most 4n — 3. On the other hand, we
may check that Toep,,(C) + Hank,(C) has dimension 4n — 3. So by Proposition B.2, the rank is
exactly 4n — 3. d
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13. BLOCK-TOEPLITZ-TOEPLITZ-BLOCK MATRICES

One of the most common Toeplitz-like structure in numerical linear algebra is that of a block-
Toeplitz-Toeplitz-block or BTTB matrix [15, 6, 23]. As the name suggests, these are nk x nk matrices
that are n x n block Toeplitz matrices whose blocks are themselves k x k Toeplitz matrices, i.e.,

[ Xo X1 o Xpo X
X1 Xo - Xp3 Xpoo
A= : : . : : € Cnkxnk
X2—n X3—n T XO X1
X Xopp o0 X Xo |
where X; € Toep,(C) for all i = —(n—1),...,—1,0,1,...,n — 1. We write BTTB,, (C) for the set

of n x n block Toeplitz matrices with k£ x k Toeplitz blocks.

There is of course nothing particularly special about the Toeplitz structure — may also define
block-Hankel-Hankel-block or BHHB matrices, block-circulant-circulant-block or BCCB matrices, etc.
In fact we will establish a general result that holds not only for any block matrices with structured
blocks but those with multiple level block structures (e.g. block Hankel matrices whose blocks are
BTTB matrices or block BHHB matrices whose blocks are BCCB matrices).

For each j = 1,...,s, let Uy, be a linear subspace of Cki*ki. We define the following linear
subspace

Ug, ® - ® Uy, C Ckixk1 @ ... g Chsxks
where ‘®’ denotes the Kronecker product [30]. Note that

Cr1xk ®-® Chsxks — ki ksxkiks

In particular, the linear subspace of BTTB matrices is obtained by setting s = 2, k1 = n, ko = k,
and Uy, = Toep,,(C), Uy, = Toep;(C), i.e.,

Toep,,(C) ® Toep, (C) = BTTB, 1(C).

For s = 3 and Uy, = Toepy, (C), i = 1,2,3, we obtain k1 x k1 block Toeplitz matrices whose blocks
are koks X koks BTTB matrices,

Toepy, (C) ® Toepy, (C) ® Toepy,, (C) = Toepy, (C) ® BTTB, 1, (C).

Lemma 13.1. Let U C C™ " and V C Ck*F be linear subspaces. Let
By :U xC"— C", By : V x CF— CF, Buey : (U®V) x C* — C™*
be the corresponding matriz-vector products with respective structure tensors
pr €U @ (CH*@C", uwy e Ve (CH*oCr,  uweyv € (U V)* @ (C™)* @ Crt.

Suppose

rank(py) = dim U, rank(py) = dimV (12)
and

pr(Ue@CY) =C",  uy(VeCk=cCk (13)
Then

rank(upey) = rank(uy ) rank(uy).

Proof. Tt is clear that rank(upey) is bounded above by rank(ug) rank(py). So it suffices to show

that rank(upey) is bounded below by rank(uy) rank(py ) but this follows from applying Proposi-
tion to the matrix-vector product

(UaV)®C* - C*, O

The desired result for BTTB matrices follows immediately from Theorem and Lemma [T3.11
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Corollary 13.2. The rank of the structure tensor of the matriz-vector product Bgrrg : BTTBy, 1 (C) x
C"F — C"* s (2k — 1)(2n — 1).

We state a more general version of Lemma [I3.1] that applies to multilevel block structures.

Theorem 13.3. For j = 1,...,s, let Uy; C Cki*ki be a linear subspace of Toeplitz, Hankel,
f-circulant, Toeplitz-plus-Hankel, symmetric, or sparse matrices (each Ug; may have a different
structure). Let p1; be the structure tensor of the matriz-vector product Ug; X Cki - Cki,j=1,...,s,
and let p be that of (Up ® - ® Ug) x Crk1-ks — Ckrks | Then

rank(p) = H rank(g;).
j=1

Proof. By our discussions in the previous and later sections, the conditions (I2)) and (I3]) are met
for these structured matrices. The result follows by applying Lemma [[3.1] inductively. O

f-circulant matrices include circulant and skew-circulant ones; sparse matrices include banded
and triangular ones. Note that we have excluded skew-symmetric matrices and triangular Toeplitz
matrices since they do not satisfy (I3]).

Next we will discuss a Cohn—Umans realization of the matrix-vector product for Uy ® --- ® Us.:

Proposition 13.4. If the algebra A;j realize of the bilinear map 3 : Uy, xCFi — Cki forj=1,...,s,
then the tensor product A = A1 ® --- @ Ay realizes the Kronecker product Uy & --- ® Us.

Proof. Tt suffices to prove the statement for Byey : (U ® V) x C™* — C"* when fy : U x C* — C"
and By : V x CF — CF are realized by A and B respectively. But this follows from routine
arguments: The embeddings U <— A and V — B induce an embedding of U ® V — A® B and the
projections of A onto C" and B onto C* induce a projection of A ® B onto C*”. The more general
statement then follow from induction. O

For example the matrix-vector product fgrrp : BTTBy, 1(C) % C" — C" is realized by the algebra
A= C[xay]/('xzk - 17 y2n - 1)7

from which we may also deduce the rank of the structure tensor of Sgrrg.

14. SYMMETRIC MATRICES

We saw in Corollaries B3] and that the usual way of performing matrix-vector product is
already optimal for general matrices. A natural question is: What if we require the matrix to be
symmetric? This is a very common situation since many, if not most, linear systems and least
squares problems that arise in practice involve symmetric coefficient matrices. Despite this, we are
unaware of any previous study. We show here that the optimal bilinear complexity for symmetric
matrix-vector product is n(2n — 1). Surprisingly the solution involves Hankel matrices.

We begin with the observation that every symmetric matrix may be expressed as a sum of
symmetric Hankel matrices bordered by zeros. A 2 x 2 symmetric matrix is already a Hankel
matrix. The 3 x 3 and 4 x 4 cases are shown explicitly below.

a b ¢ a b ¢ 0O 0 o0

[Zi’] b de|l=1|bc e|l+]|0 d—c 0],

c e f c e f 0 0 0
a b ¢ d a b c d 0 0 0 0 00 0 0
b e [ g _|bc dy n 0 e—c f—d O n 00 0 0
c f h i c d g 1 0 f—d e—c O 0 0 h—g—e+c 0
d g i J d g i j 0 0 0 0 00 0 0
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The generalization of this observation to n x n symmetric matrices will be established in our
proof below, and together with Corollary 0.1l be used to deduce the optimal bilinear complexity
of symmetric matrix-vector product. Let S?(C") be the space of all n X n symmetric matrices.
Let 35 : S2(C") x C* — C™ be the bilinear map of symmetric matrix-vector product and p, €
52(([:")* ® ((C”)* ® Cn,

Theorem 14.1. The optimal bilinear complexity of symmetric matriz-vector product is (n+1)/2,

i.e., rank(us) = (n+1)/2.

Proof. By Proposition B2, we see that rank(us) > dim S*(C") = n(n + 1)/2. On the other hand,
for a given

a1 ar2 ... Qlp-1 a1n
a12 ag2 ...  A2p-1 a2.n
A=| SRS : | esiC)
ain—-1 A2p—-1 --- QApn—1n—-1 0n—-1n
| Q1,n azn . an—1,n ann |
and a column vector v = [vg,...,v,]T € C", we claim that (A,v) — Av can be computed as the

sum of several Hankel matrix-vector products of decreasing sizes. Let
Hy = Hank(ai1,...,a1,n,021,...,0,,) € Hank, (C),

notation as in ([IJ). Then A — H; is a symmetric matrix of the form

0 0 0
0 Ay 0| €S*(Cm),
0 0 0

where Ay € S("=2)(C). Also we notice that

0
(A — Hl)v = AQ’U(2)
0
where v(2) = [v2,...,vn_1]T € C"2. Now we can repeat the above procedure and inductively we
can prove our claim. Explicitly,
0
0 0
A'U = Hl'v + H2'U<2) =+ H3'U(3) -+ ... ,
0 0
0
where H; € Hank,,_5;(C) and v®) € C"~% i =1,...,|n/2]. H; and v are linear in the entries of

A and v respectively. By Corollary IU.I] one can compute H;u(® in 2(n — 2i) — 1 multiplications.
Hence we obtain

(/2]
rank() < 3 [20n — 20) — 1] = "D
i=0
and therefore
rank(us) = n(n+1) 1). O

2
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One may also interpret the proof of Theorem [I[4.T] as an instance of the generalized Cohn—Umans
method. We have an embedding of vector spaces
[n/2] ‘ '
S2(Cn)* ® (Cn)* ®C" —s @ Hankn_gi((C)* ® (Cn—2z)* ® (cn—2z7 (14)
i=0
and for each i = 0,..., |n/2], the bilinear map Hank,,_o;(C) x C*~2 — C"~%, (Hi,v(i)) — H;v(®
is in turn realized by the algebra C[z]/(z2("2) —1). Note that the object on the right-hand side of
(I4)) is not an algebra but only a vector space — this is an application of the commutative diagram

15. SKEW-SYMMETRIC MATRICES

A departure from other sections in this article is that in this section we do not have the optimal
bilinear complexity, only upper bounds. We first discuss the case of 3 x 3 skew-symmetric matrix-
vector product. Let

0 a b
A=|—-a 0 c|eNC?.
b —c O
Then the usual matrix-vector multiplication gives
x ay + bz
Aly| = |—ax+cz|,
z —bxr — cy

which costs six multiplications. So the rank of the structure tensor of the skew-symmetric matrix-
vector product is at most six. We will rely on the following theorem [24], 27] for the lower bound
of the border rank (hence the rank) of a special 3-tensor.

Theorem 15.1. Let T e UQV QW where dimU = dimV =dim W = 3. Let uq, us,us be a basis
of U. If we can write T as

T=u ® X1+ us ® Xg +u3® X3,
with X1, X5, X3 € VW regardecﬁ as 3x 3 matrices and if the following block matriz is nonsingular,

0 X3 —X,
Mr=|-X3 0 X;|eC™,
Xo Xy 0

then brank(T") > 5. The same result holds with V' or W in the role of U.

Let A2(C") be the space of all n x n skew-symmetric matrices. Note that dimA?(C3) = 3 and
we may apply Theorem [5.T1to T' = up, the structure tensor of the bilinear map

0 a b x ay + bz
B i N3(C3) x C* — C3, —a 0 c|,|yl|— |—ax+cz
—b —c 0 z —bx —cy
Let e1, ea, e3 be the standard basis of C* and
0 10 0 0 1 0 0 O
Fr=1|-1 0 0/, Fb=]10 0 0f, F3=1{0 0 1
0 00 -1 0 0 0 -1 0

be a basis of A2(C?). Then we may decompose pp as
pa =F1 @ (ea®@ep —e1 ®ex) + Foa® (e3®e; —ep ®e3) + F3® (e3 ® ea — ea ® e3)

5The result is however coordinate independent, i.e., it does not depend on our choice of the bases.
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and it is easy to verify that M, is nonsingular, giving us the following.

Proposition 15.2. The rank and border rank of the structure tensor of skew-matriz-vector product
for 3 x 3 matrices are given by
rank(pup) =5 or 6

and
brank(up) =5

respectively

Next we construct an algebra that realizes the 3 x 3 skew-symmetric matrix-vector product. Our
candidate is
A=C (x1,25) /(23, 23, z172 + 2021).
The embedding A?(C3) x C3 < A x A is given by
ag +— 1, b2 — —X9, b3 = T71.

ay — —xy, b1 — 1,

Then given A = Z;?’:l uia; € N(C3) and = = Z;?’:l v;b; € C3, their images E, 7 € A are given by

ag — —T9,

A = —uix1 — usxo + us, T =] — vaTg + V31,

and their product is given by
A\' = (—uwl + U3U3) -1+ (u1v2 + UQU3) - T1T2 + (—U2U1 - U3U2) ~ Lo + (U3U1)1 e A.

Hence A realizes 3 x 3 skew-symmetric matrix-vector product. We observe that A may be regarded
as the cohomology ring of a torus, i.e., an exterior algebra of a two-dimensional vector space.

We now discuss the general case of n x n skew-symmetric matrix-vector product £, : A2(C") x
C™ — C™. We construct an algebra that realizes S5 starting with the inclusion of vector spaces

A?(C") < ((C[a;]/(x” + 1)) e W, (15)
where W is a linear subspace of C"*™ matrices satisfying the following conditions

(i) entries in the first row are all zeros;
(ii) diagonal entries are all zeros;

(ili) entries in the first column satisfy the relation a; 1 + ap42-;1 =0 for i =2,...,n.
Given A € A?(C"), the embedding is given by the decomposition
0 a1 a1,n—1 ain
—a1.2 0 a2.n—1 as.n
A= : = A+ Ay,
—Q1pn-1 —02np—1 0 An—-1,n
| 1 —a2.n —0p—1.n 0 ]
where _ 1
0 ai,2 Aln-1 Qip
—ai, 0 12 Q1p—1
A. = : : : € Circ,,_1(C)
—a13 —ai4 0 ai,2
| —a12 —a13 —a1n 0
is a skew-circulant matrix and
[ 0 0 0 0
—a12 +ain 0 a2.n—1 — Q1 p—2 G2p — 1 n—1
Ay = : : : ew.
13— 01p-1 (14 — 0251 0 Op—1,n — 01,2
| a12 —ain a1,3 — Gz 1n — Gp_1p 0
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Note that A., being skew-circulant, may be regarded as an element of C[z]/(z"™ + 1) as we have
discussed in Section [§ and we obtain the embedding in (I5]).
Since we also have

C" ~ Clz]/(z" + 1),

the bilinear map 3, : A2(C") x C® — C" may be realized as follows.

A(CM) ®C" ——L— (Cla)/(z" + 1) ® W) ® C"
id ~

R(C™) @ € —— (Cla]/(z" +1) ® C") & (W & C")
id ~

A2(C™) @ C* —— (Cla]/(z" + 1) ® Cla]/(z" + 1)) & (W @ C")
Ba m

cr — Clz]/(z™ +1) ~C"

We have identified the skew-circulant matrix vector product with the skew-circulant matrix-matrix
product (cf. Section [, i.e., the multiplication

Clz]/(z"+1) x C" = C"
is identified with the multiplication
Clz]/(z" +1) x C[z]/(z" +1) = C[z]/(z" +1).

This realization is another instance of the commutative diagram (@). To put all these in concrete
terms, given A € A2(C") and x € C", we compute the matrix-vector product via

Az = (first row of A, Circ(z)) + Ay

Theorem 15.3. The rank of the structure tensor of skew-symmetric matriz-vector product is
bounded above by n? —n — [(n —1)/2] + 1.

Proof. The first factor of the realization is the multiplication in the algebra
Clz]/(z™ +1) x Clz]/(z"™ + 1) — Clz]/(z™ + 1).

By Theorem L5 we see that the rank of the structure tensor of the algebra C[z]/(2™ + 1) is n. The
second factor of the realization is a bilinear map

W x C" — C™

A matrix-vector product with a matrix in W costs n? — (2n — 1) — [(n — 1)/2] multiplications —
there are 2n — 1 zeros by (i) and (ii) and we invoke Proposition [6.I} moreover there are [(n —1)/2]
identical terms by (iii). Therefore this realization gives an upper bound of

n?—n—[(n—1)/2] + 1. O

This upper bound is n + [(n — 1)/2] — 1 multiplications fewer than the usual matrix-vector
product. In particular, for n = 3 we obtain the upper bound in Proposition [5.2]
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16. COMMUTATOR

Our study of the bilinear complexity of commutators in this section covers only the case of 2 x 2
matrices. We do not yet know how to extend them to n x n matrices when n > 2.

We consider the bilinear map [, -] : C?*2 x C?*2 — C2*2 defined by [4,X] = AX — XA. We
will write
A-|@ b x|t Y
c d|’ z w|’
and therefore
_ bz — cy (a —d)y — b(x — w)
A, X] = [—(a —d)z + ¢z —w) —(bz — cy) ’
Hence the rank of . j € (C**2)* @ (C**2)* @ C**2, the structure tensor of [-,-], is at most six.
Now consider the matrix-vector product between matrices and vectors of the following forms
0 —c b T —w
b a—d 0 e C33, y | eC3
c 0 —a—d z
Notice that
0 —c b T —w bz — cy
b a—d 0 Yy =| (a—dy—blx—w) |,
c 0 —(a—d) z —(a—d)z+ c(z —w)
So the rank and border rank of the structure tensor p. ) of [-,-] is the same as the rank of the

following bilinear operation

s1 t1 S1ta + sat3
R C3xC®— (C3, So |, |2 — | —sat1 + s3t2| , (16)
S3 i3 —s1t1 — S3t3
where
s1=—-¢, S9=0b s3=a—-d, ti=x—w, to=y, t3=2.

We will need to distinguish the three copies of C? in (I]), so for clarity let us denote them by U,
V', and W respectively, i.e.,
B:UxV —W.

Let {uq,u9,us}, {v1,ve,v3}, {wy,ws, w3} be the standard bases of U, V,W. Then the structure
tensor pg of 8 may be decomposed as

pg = (U1 @ va +us @ v3) @ w1 + (—uz ®v1 + u3 @ v2) @ wa + (—u1 @ V1 — Uz ® v3) @ ws
and we may apply Theorem [I5.1] to obtain the following.

Corollary 16.1. The rank and border rank of the commutator for 2 x 2 matrices are given by

rank(,u[ }):5 or 6

and
brank (,uM) =5
respectively.

In other words, for A, X € C?*2, computing AX requires at least seven multiplications (e.g.
Strassen’s algorithm) whereas computing [A, X] = AX — X A requires at most six multiplications.
We suspect that this is always the case, i.e., computing commutator is always faster than computing
matrix multiplication for n x n matrices.

We now construct an algebra A that realizes S and therefore [-,-]. Let

A= C<$17$2>/($%, x%v T1x2 + T2x7)
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and consider the embedding U ® V' — A ® A induced by

U] — 1, U+ To, uz+—1, vi— —1, vy X9, V3 —T1.
Given s = Z?:l s;u; € U and ¢t = E?:l t;v; € V, the images § and ¢ in A are

S = —s111 — S99 + 831, t=—t11 + toxg — t3m
respectively. Their product is
$t= (s1x1 + soxe + s31)(—t11 + toxg — t3zy)

= (—s1t1 — sst3)xy + (s1ta + sat3)w1x2 + (—S2t1 + S3ta)re + (—s3t1)1,
i.e., A realizes the bilinear map [-,-]. Observe that A is the same algebra that we used to realize
the 3 x 3 skew-symmetric matrix-vector product in Section

17. SIMULTANEOUS MATRIX MULTIPLICATION
We round out our list of bilinear operations with two examples of simultaneous matriz product.
Proposition 17.1. The following two matriz-matriz products:
a blle f a bllg h
I an
can be computed simultaneously with eight multiplications.

Proof. Let Dy = (x,y | 2* = 4> = 1, yay = ') be the dihedral group of order eight. The
multiplication of 2 x 2 matrices is realized by the subsets

Hy=(y)={y,1}, Hy= (%) ={a’y,1}, S3={a 'y 1}

_la b e f
A ] "
Then A, B correspond to A, B € C [D4] where

Let

A=a-(y 2% +b-(y ) +e- (@) +d- (1)
=a- (@) +b-(y) +c- (2%y) +d- (1),

B=c- (") a7 )+ f (@) +g- @y +h-(1)
=e- (@) + [ (%) +g- (@) +h-(1).

We compute the product A-BinC [Dy],

A-B= (ae +bg) - () + (af + bh) - (y) + (ce + dg) - (z3y) + (cf +dh) - (1)
+ (ag + be) - (zy) + (ah + bf) - (22) + (cg + de) - (z) + (ch + df) - (z°y)

and observe that the first four terms and last four terms are precisely the entries of

MCET R

respectively. In other words, we can calculate M; and My simultaneously by calculating A-B. On
the other hand, D, has four irreducible representations of dimension one and one of dimension two:
(i) trivial: (1,z,22, 23, y, 2y, 2%y, 23y) LN (1,1,1,1,1,1,1,1)
(ii) sign type 1: (1,2, 22, 23, y, zy, 22y, 23y) ¥ (1,1,1,1, -1, -1, -1, —1)
(iii) sign type 2: (1,x,2%, 23y, vy, 2%y, 23y) LN (1,-1,1,-1,1,-1,1,-1)
(iv) sign type 3: (1,2, 22,23, y, 2y, 22y, 2%y) ¥ (1,—1,1,—1,—-1,1,-1,1)
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(v) two-dimensional:
NI Lo > [-1 0 s [0 1
0o 1] SR UV B 0o —1]> T 7 |-1 0]
. 1 0 . 0 1 2, s -1 0 SN 0 -1
Y70 <1 T o) YT o o) YT o
By Wedderburn Theorem we have

CDg~CoCoCopCoC*xC?

where the first four C’s correspond to the four 1-dimensional representations and the C? ® C?
corresponds to the 2-dimensional representation. Under this isomorphism, we may identify A and
B as 6 x 6 block diagonal matrices,

a+b+c+d 0 0 0 0 0
0 a—b—c+d 0 0 0 0
- 0 0 at+b+c+d 0 0 0
0 0 0 a—b—c+d 0 0
0 0 0 0 —a+b—c+d 0
0 0 0 0 0 —a—b+c+d
and
e+f+g+h 0 0 0 0 0
0 e—f—g+h 0 0 0 0
5o 0 0 —e+f—g+h 0 0 0
0 0 0 —e—f+g+h 0 0
0 0 0 0 —f+h e—g
0 0 0 0 —e—g f+h
Hence the computation of A - B costs eight multiplications. O

Corollary 17.2. Suppose

Then the product

can be computed with four multiplications.

Proof. If the given condition holds, one may obtain the required product from the first four diagonal
entries of A - B, which costs four multiplications. O

We restate Proposition I7.1]in terms of the structure tensor us of the bilinear map
Br: C¥2 x C¥? — C¥? @ C*?,  (A,B)— (AB,AB"),

where B denotes the operation of switching the first and second row of B. Note that
L € ((C2><2)* ® ((C2><2)* ® ((C2X2 D (C2X2) ~ (C4 ® (C4 ® (CS‘

Proposition 17.3. The rank and border rank of the structure tensor for the simultaneous matriz-
matriz product in [IT) are given by

rank(uf) = brank(uf) = 8.

Proof. Tt is easy to verify that span(us(C?*? ® C?*2)) = C?*2. Hence the required result follows
from Propositions 3.2 3.4, and I7.11 O
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Corollary 17.4. Consider the matrices

b e es - ep fi fo - fa 2
A: a €C2X2, B = |: 1 2 :|6(C2><n, Bf:|: G(C Xn, 19
[c d] fi fo ot e er e (19)

where n is any positive integer. Then AB and AB' can be computed simultaneously with 8n mul-
tiplications.

Proof. We may realize the bilinear map
C22 x C¥" — C¥" @ C**", (A,B)+ (AB, AB')
by the algebra C[Dy4] x --- x C[Dy4] (n copies). O
Suppose we are instead interested in computing

alle ] e
simultaneously. We start by realizing 2 x 2 matrix product by the algebra Clz]/(z® — 1). Let
A, B € C**2 be as in ([I8). Consider the embedding

j:CP2@C?2 5 Clx]/(2® — 1) ® Cla]/(2® — 1),
(A, B) > (az® + ca® + bx + d, g2® + ex* + ha® + f),

and the projection

7
. 8 _ 2%2 i ur U3
proj : Clz]/(x° — 1) — C**=, z;uzx — {% UJ .
1=
We may verify that for these choices, the diagram in (5l) commutes. The product
(ax® + cx® + bx + d)(gab + ex? + ha® + f)
in C[z]/(z8 — 1) gives us the following counterpart of Proposition [7.1l

Proposition 17.5. The following two matriz-matriz products:

a blle f a bl |h g
N | e
can be computed simultaneously with eight multiplications.

Again, we may restate Proposition [[7.5]in terms of the structure tensor pg of the bilinear map
Bg : CP? x C¥? 5 C¥*? @ C*%, (A, B) — (AB, AB®)

where B® is the matrix obtained from B by switching the first row and the second row and then
switching the first and the second entry in the first row. The following analogue of Proposition 7.3l
follows from Propositions 3.2 B.4] and I7.5]

Proposition 17.6. The rank and border rank of the structure tensor for the simultaneous matrix-
matriz product in [20) are given by

rank(pg) = brank(ug) = 8.
We also have the following analogue of Corollary [[7.4]

Corollary 17.7. Let A € C**2 and B € C**" be as in ([9). Let B& € C**" be the matriz obtained
from B by switching the first and second row followed by switching 2ith and (2i — 1)th entry in
the first row fori =1,2,...,|n/2|. Then AB and AB® can be computed simultaneously with 8n
multiplications.
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Proof. We may realize the bilinear map
C*? x C¥" — C¥" @ C**", (A,B) > (AB,AB?)
by the algebra Cla1,...,2,]/(x8 —1]i=1,...,n). O

18. CONCLUSION

The Strassen tensor rank approach gives us a simple way for quantifying bilinear complexity
whereas the (generalized) Cohn—Umans approach gives us a constructive way that allows for the
rich properties of various algebras to be used in analyzing bilinear complexity. The two methods
can be applied hand-in-hand to systematically discover algorithms of optimal bilinear complexity.
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