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Abstract. Fast algorithms for matrix multiplication, namely those that perform asymptotically
fewer scalar operations than the classical algorithm, have been considered primarily of theoretical
interest. Apart from Strassen’s original algorithm, few fast algorithms have been efficiently im-
plemented or used in practical applications. However, there exist many practical alternatives to
Strassen’s algorithm with varying performance and numerical properties. Fast algorithms are known
to be numerically stable, but because their error bounds are slightly weaker than the classical al-
gorithm, they are not used even in cases where they provide a performance benefit. We argue in
this paper that the numerical sacrifice of fast algorithms, particularly for the typical use cases of
practical algorithms, is not prohibitive, and we explore ways to improve the accuracy both theoret-
ically and empirically. The numerical accuracy of fast matrix multiplication depends on properties
of the algorithm and of the input matrices, and we consider both contributions independently. We
generalize and tighten previous error analyses of fast algorithms and compare their properties. We
discuss algorithmic techniques for improving the error guarantees from two perspectives: manipulat-
ing the algorithms, and reducing input anomalies by various forms of diagonal scaling. Finally, we
benchmark performance and demonstrate our improved numerical accuracy.
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1. Introduction. After Strassen’s discovery in 1969 of an algorithm for dense
matrix-matrix multiplication [25] that reduced the computational complexity from
the classical O(N?3) (for multiplying two N x N matrices) to O(N'°827)  extensive
effort has been made to understand fast matrix multiplication, based on algorithms
with computational complexity exponent less than 3. From a theoretical perspective,
there remains a gap between the best known lower bound [21] and best known upper
bound [14] on the exponent. From a practical perspective, it is unlikely that the
techniques for obtaining the best upper bounds on the exponent can be translated
into practical algorithms that will execute faster than the classical one for reasonably
sized matrices. In this paper, we are interested in the numerical stability of practical
algorithms that have been demonstrated to outperform the classical algorithm (as
well as Strassen’s in some instances) on modern hardware [3].

Nearly all fast matrix multiplication algorithms are based on recursion, using
a recursive rule that defines a method for multiplying matrices of fixed dimension
My x Kg by Ko x Ng MyKgNy scalar multiplications. In this work, we use the
notation (My, Ko, Ng) for these algorithms. For practical algorithms, these fixed
dimensions need to be very small, typically My, K, Ng < 10, as they define the factors
by which the dimensions of subproblems are reduced within the recursion. Many such
algorithms have been recently discovered [3, 24]. Most fast algorithms share a common
bilinear structure and can be compactly represented by three matrices that we denote
by [U, V, W], following the notation of Bini and Lotti [4]. Many key properties of the
practicality of an algorithm, including its numerical stability, can be derived quickly
from its [U, V, W] representation. We also note that, because recursive subproblems
are again matrix multiplications, different recursive rules can be combined arbitrarily.
Following the terminology of Ballard et al. [2] and Demmel et al. [12], we refer to
algorithms that vary recursive rules across different recursive levels and within each
level as nonuniform, nonstationary algorithms. If an algorithm uses the same rule for
every subproblem in each recursive level but varies the rule across levels, we call it a
uniform, nonstationary algorithm; those defined by only one rule are called stationary
algorithms.

Fast matrix multiplication is known to yield larger numerical errors than those
of the classical algorithm. The forward error guarantee for the classical algorithm is
componentwise: the error bound for each entry in the output matrix depends only
on the dot product between the corresponding row and column of the input matrices.
Fast algorithms perform computations involving other input matrix entries that do
not appear in a given dot product (their contributions eventually cancel out), and
therefore the error bounds for these algorithms depend on more global properties
of the input matrices. Thus, fast algorithms with no modification are known to
exhibit so-called normwise stability [4] (sometimes referred to as Brent stability [23]),
while the classical algorithm exhibits the stronger componentwise stability, which is
unattainable for fast algorithms [23].

Our main goals in this paper are to explore means for improving the theoretical
error bounds of fast matrix multiplication algorithms and to test the improvements
with numerical experiments, focusing particularly on those algorithms that yield per-
formance benefits in practice. For computing C = A - B, where A is M x K and B
is K x N, normwise stability bounds for full recursion take the following form:

IC —Cll < fag(K)|All[Be + O(e?),

where || - || is the max-norm, € is the machine precision, and fa, is a polynomial
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function that depends on the algorithm [4, 12, 16].! For example, fas(K) = K? for the
classical algorithm, with no assumption on the ordering of dot product computations.
We note that fas is independent of the input matrices, and ||Al|||B]| is independent
of the algorithm. In this paper, we explore ways of improving each factor separately.
Our main contributions include
1. generalizing and tightening previous error analysis of stationary fast algo-
rithms to bound fag in terms of the number of recursive steps used and two
principal quantities derived from [U, V, W];
2. presenting and comparing the stability quantities of recently discovered prac-
tical algorithms;
3. exploring means of improving algorithmic stability through algorithm selec-
tion and nonuniform, nonstationary combination of algorithms;
4. presenting diagonal scaling techniques to improve accuracy for inputs with
entries of widely varying magnitudes; and
5. showing empirical results of the effects of the various improvement techniques
on both error and performance.

The structure of the remainder of the paper is as follows. We describe related
work in section 2 and introduce our notation for fast matrix multiplication algorithms
in section 3. Section 4 presents the error analysis for bounding fai, for general fast
algorithms, and section 5 discusses the implications of the bounds on known practical
algorithms. We present diagonal scaling techniques in section 6, showing how to
reduce the contribution of the input matrices to the error bound. Finally, we discuss
our results in section 7 and provide directions for improving implementations of fast
matrix multiplication algorithms.

2. Related work. Bini and Lotti [4] provide the first general error bound for
fast matrix multiplication algorithms, and their analysis provides the basis for our
results. Demmel et al. [12] generalize Bini and Lotti’s results and show that all fast
algorithms are stable. A more complete summary of the numerical stability of fast
algorithms, with a detailed discussion of Strassen’s algorithm along with Winograd’s
variant, appears in Higham’s textbook [16, Chapter 23]. We discuss these previous
works in more detail and compare them to our error bounds in section 4.

Castrapel and Gustafson [8] and D’Alberto [9] discuss means of improving the nu-
merical stability of Strassen’s algorithm (and Winograd’s variant) using the flexibility
of nonuniform, nonstationary algorithms. Castrapel and Gustafson propose general
approaches to such algorithms, and D’Alberto provides a specific improvement in the
case of two or more levels of recursion.

Smirnov [24] describes strategies for discovering practical fast algorithms and
presents several new algorithms, including a rank-23 algorithm for (3,3,3) with the
fewest known nonzeros and an algorithm for (6, 3, 3) that yields a better exponent than
that of Strassen’s. Similar techniques are used by Benson and Ballard [3], who demon-
strate performance improvements over the classical and Strassen’s algorithms for both
single-threaded and shared-memory multithreaded implementations. Laderman, Pan,
and Sha [20], and later Kaporin [18, 19], considered another form of practical algo-
rithm that can achieve fewer floating point operations than the Strassen—Winograd
variant for certain matrix dimensions. Kaporin demonstrates better numerical sta-
bility than that of Strassen—Winograd and shows comparable performance. However,
because the base case dimensions proposed are relatively large (e.g., 13 or 20), we

IHere and elsewhere, the O(e?) term hides dependence on dimensions and norms of input

matrices.
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suspect that the performance will not be competitive on today’s hardware. Further-
more, because the [U,V, W] representations are not readily available, we do not
consider these types of algorithms in this work.

Dumitrescu [13] proposes a form of diagonal scaling to improve the error bounds
for Strassen’s algorithm. We refer to his approach as outside scaling and discuss it
in more detail in section 6. Higham [16] points out that inside scaling can also affect
the error bound, but he does not propose a technique for improving it. Demmel,
Dumitriu, and Holtz [11] and Ballard et al. [1] state (without proof) improved error
bounds using either inside or outside diagonal scaling.

3. Fast matrix multiplication algorithms. Fast algorithms for matrix mul-
tiplication are those that perform fewer arithmetic operations than the classical al-
gorithm in an asymptotic sense, achieving a computational complexity exponent less
than 3 for the square case. We consider such fast algorithms to be practical if it
has been (or likely can be) demonstrated that they outperform the most efficient im-
plementations of the classical algorithm on current hardware [3]. From a practical
viewpoint, because matrices arising in current applications have limited size, we can
consider a fast algorithm’s recursive rule being applied only a few times. In light of
this viewpoint, we state our algorithms (and error bounds) in terms of the number
of recursive levels rather than the dimension of the base case, where the number of
recursive levels need not be considered a fixed quantity. In the rest of this section, we
state the notation and terminology of the fast algorithms we consider in this paper.

3.1. Base case algorithms. A bilinear noncommutative algorithm that com-
putes a product of an My x Ky matrix and a Ky x Ny matrix (C = AB) using
R nonscalar (active) multiplications is determined by an MKy X R matrix U, a
KyNp x R matrix V, and an MyNy x R matrix W such that

R Mo Ko KoNo

1) = E wgym, where m, := s, - t,., S, := E WirQy, tp = E vjrbj,
r=1 i=1 j=1

for k =1,..., MyNy. Here, the single indices of entries of A and B assume column-

major order, the single indices of entries of C assume row-major order, and (-) sig-
nifies an active multiplication. We denote the dimensions of such an algorithm by
(Mo, Ko, No), the rank of the algorithm by R, and the set of coefficients that deter-
mine the algorithm by [U, V, W].

3.2. Stationary algorithms. Now we consider multiplying an M x K matrix
A by a K x N matrix B. We will assume that M, K, and N are powers of My,
Ky, and Ny; otherwise, we can always pad the matrices with zeros, and the same
analysis will hold. The fast algorithm proceeds recursively by first partitioning A
into My x K submatrices of size (M/My) x (K/Ky) and B into Ky x Ny submatrices
of size (K/Kj) x (N/Np) and then following (1) by matrix blocks, i.e.,
2)

R Mo Ko KoNo
Cr = ZwkT.Mr where M,. :=S,.-T,, S, := Z uir Ay, T, = Z v;rByj,
r=1 i=1 j=1
for k =1,..., MyNy, where (-) signifies a recursive call to the algorithm. Here, we are

using single subscripts on matrices as an index for the column- or row-major ordering
of the matrix blocks. The algorithms in this class of fast matrix multiplication are
called stationary algorithms because they use a fixed base case algorithm at each

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
Energy



Downloaded 06/26/18 to 131.243.172.148. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

1386 BALLARD, BENSON, DRUINSKY, LIPSHITZ, AND SCHWARTZ

recursive step [12]. However, we do not assume that stationary algorithms recurse all
the way to a base case of dimension 1; we assume only that the base case computation
(of whatever dimension) is performed using the classical algorithm. Thus, a stationary
algorithm is defined by the triplet of matrices [U,V, W] along with a number of
recursive levels L used before switching to the classical algorithm.

3.3. Uniform, nonstationary algorithms. In contrast to the stationary al-
gorithms discussed above, uniform, nonstationary algorithms employ a different fast
algorithm, in the sense of (1) and (2), at each recursive level [2]. The fast algorithm is
the same at a given recursive level. Specifically, we will consider uniform, nonstation-
ary algorithms with L steps of recursion, so the algorithm is specified by matrices U[l],
VI W of dimensions MUK x RU, KUNI s R, MUNP < RO for1=1,... | L.

Uniform, nonstationary algorithms are of particular interest for maximizing per-
formance. The fastest algorithm for a particular triplet of dimensions M, K, and N
may depend on many factors; the same algorithm may not be optimal for the recur-
sive subproblems of smaller dimensions. Assuming performance is fixed for a given
triplet of dimensions, the flexibility of nonstationary algorithms allows for perfor-
mance optimization over a given set of fast algorithms. However, in parallel and more
heterogeneous settings, better performance may be obtained by the greater generality
of nonuniform, nonstationary algorithms described in the next section.

3.4. Nonuniform, nonstationary algorithms. The final class of matrix mul-
tiplication algorithms we consider contains nonuniform, nonstationary algorithms. In
contrast to the previous case, nonuniform, nonstationary algorithms use different al-
gorithms within a single recursive level as well across recursive levels [2], though we
restrict the dimensions of the partition to be fixed across base case algorithms at a
given recursive level. To define such algorithms, we must specify [U, V, W] for every
node in the recursion tree, a total of 1 + RN + RIREI 4 ... 4 H{:ll RU recursive
rules. We use superscript notation [l,r1,72,...,7-1] to denote a recursive node at
level [, in the top-level subtree r1, in the second level subtree ro, and so on.

We demonstrate in subsection 4.5 that the flexibility of these algorithms allows for
an improvement in the numerical stability of multilevel recursive algorithms. We sus-
pect that they also provide a performance benefit over stationary algorithms, though
this has never been demonstrated empirically.

4. Error analysis. The work of Bini and Lotti [4] provides the basic framework
for the forward error analysis of fast matrix multiplication algorithms. They pro-
vide general bounds for any square, stationary, bilinear algorithm with power-of-two
coefficients (so that there is no error in scalar multiplications), assuming that full
recursion is used (a base case of dimension 1). Demmel et al. [12] extend the work of
Bini and Lotti by (1) accounting for errors induced by the scalar multiplications in
bilinear algorithms, (2) analyzing uniform, nonstationary bilinear fast matrix multi-
plication algorithms (algorithms that use different fast matrix multiplication routines
at different levels of recursion), and (3) analyzing group-theoretic fast matrix mul-
tiplication algorithms. The bounds provided by Demmel et al. also assume the use
of square algorithms and that full recursion is used. Higham [16] provides bounds
for Strassen’s original algorithm as well as Winograd’s variant in terms of the base
case dimension ng, where the recursion switches to the classical algorithm. Higham’s
bounds are also slightly tighter (in the case of Strassen’s and Winograd’s algorithms)
than the general bounds previously mentioned. We note that any matrix multiplica-
tion algorithm satisfying the componentwise error bound must perform at least N3

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
Energy
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arithmetic operations; that is, we cannot get the same componentwise error bounds
even when using just one step of recursion of a fast algorithm [23].

The goal of the error analysis provided in this section is to generalize the previous
work in two main directions and to tighten the analysis particularly in the case when
nonzeros of U, V, and W are not all +1. First, we will consider rectangular fast
algorithms; that is, instead of considering recursive rules for multiplying two K x K
matrices, we consider the more general set of rules for multiplying an M x K matrix
by a K x N matrix. Second, we will state our general bounds in terms of the number
of levels of recursion used. Motivated by the results of recently discovered practical
algorithms [3, 24], we would like to understand the theoretical error guarantees of an
algorithm in terms of its [U, V, W] representation. The recent performance results
show that rectangular algorithms have practical value (even for multiplying square
matrices) and that, for performance reasons, typically only a small number of recursive
steps is used in practice. Several recently discovered practical algorithms include
fractional power-of-two coefficients (e.g., 1/2, 1/4, 1/8), and we expect that other
currently undiscovered, useful algorithms will include fractional coefficients that are
not powers of two. Therefore, we make no assumptions on the entries of U, V, and W,
and we derive principal quantities that can be tighter than the analogous quantities
in the previous works by Bini and Lotti [4] and Demmel et al. [12], particularly in
the case of fractional coefficients. This sometimes leads to much sharper error bounds
(see Example 4).

Finally, we point out that our representation of nonuniform, nonstationary al-
gorithms is more convenient than previous work. Careful choices of nonuniform,
nonstationary algorithms have been shown to improve the numerical stability over
stationary approaches (see Example 6) [9]. Bini and Lotti’s bounds [4] can be applied
to such algorithms in terms of the global [U, V, W] representation, but the size of
that representation grows quickly with the number of recursive levels. Our represen-
tation (see subsection 3.4) and error bound (see subsection 4.5), given in terms of
the base case rule used at each node in the recursion tree, allow for a more efficient
search of combinations of rules and have led to automatic discovery of more stable
algorithms (see Example 7).

After defining the principal quantities of interest and specifying our model of
computation, the rest of this section provides forward error bounds for each of the
types of fast algorithms defined in section 3. We warn the reader that there are
notational similarities and (sometimes subtle) inconsistencies with previous work as
a result of our tightening of the analysis.

4.1. Principal quantities. Following the approach of Bini and Lotti [4], we
identify two principal quantities associated with a fast algorithm that, along with
the dimensions of the algorithm and the number of levels of recursion, determine its
theoretical error bounds. The two principal quantities can be easily computed from
the [U, V, W] representation, and we define them in terms of the following vectors:

Mo Ko KoNo R
(3) o= Y I(uyp #0),  Bri= > Lvjp #0), = I(we #0),
i=1 j=1 r=1
MoKy ’ KoNo
(4) ay = Z [wir],s b, == Z [vjr]
i=1 j=1
forr=1,...,Rand k=1,..., MyNy, where I is the Boolean-valued indicator func-

tion with value 1 for true and 0 for false. That is, a is the vector of numbers of

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
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sizes.

TABLE 1

Principal quantities for a wvariety of fast matriz multiplication algorithms. The rank of the
algorithm (R) drives the asymptotic complexity, and the total number of nonzeros in the U, V, and
W (nnz) affects the constant in the complexity. Likewise, the E parameter drives the asymptotic
behavior of the stability bound, and the Q parameter affects the constant (see Theorem 3). The
stability exponent (stab. exp.) denotes the asymptotic stability of the algorithm assuming square
matriz multiplication (see (12)), which allows for comparison of algorithms with different base case

(Mo, Ko, No) Ref. MoKoN9o R nnz Q@ E Stab. exp.
(2,2,2) (classical) 8 8 24 4 2 1
(2,2,2) [25] 8 7036 8 12 3.58
(3,2,2) [25]" 12 11 48 8 12 3.03
(2,3,2) [25]* 12 11 48 9 13 3.03
(4,2,2) [25]* 16 14 T2 8 12 2.94
(2,4,2) [25]* 16 14 72 12 24 2.94
(3,2,3) Appendix B 18 15 94 10 20 3.21
(3,3,2) Appendix B 18 15 94 11 23 3.21
(3,3,3) [24] 27 23 139 15 29 3.07
(4,2,3) (3] 24 20 130 14 34 3.38
(3,4,2) (3] 24 20 130 14 30 3.38
(2,3,4) 3] 24 20 130 14 35 3.38
(4,4,2) Appendix C 32 26 257 22 89 3.90
(4,2, 4) Appendix C 32 26 257 23 92 3.93
(3,4,3) [3] 36 29 234 23 100 3.66
(3,3,4) (3] 36 29 234 18 71 3.66
(3,3,6) [24] 54 40 960 39 428 4.69
(3,6,3) [24] 54 40 960 48 728.5 4.69

* These algorithms correspond to straightforward generalizations of Strassen’s
(2,2,2) algorithm, using either two copies of the algorithm or one copy of the
algorithm combined with the classical algorithm.

nonzeros in the columns of U, B is the vector of numbers of nonzeros in the columns
of V, « is the vector of numbers of nonzeros in the rows of W, a is the vector of
column 1-norms of U, and b is the vector of column 1-norms of V. When U and V

have +1 entries, « = a and 3 = b.

DEFINITION 1. The prefactor vector q is defined entrywise by

(5)

fork=1,..., MyNy, and the prefactor @ is defined as

DEFINITION 2. The stability vector e is defined entrywise by

(6)

fork=1,..., MyNy, and the stability factor E is defined as

Qe = Yk + mﬁiX(Oér + /BT)H(wk?T 7é 0)

Q= Max g

R
€ = Zar : br : |wkr|
r=1

E = maxey.
k

The principal quantities for several fast algorithms are listed in Table 1.

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
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Bini and Lotti [4] provide a definition of q for two different summation algo-
rithms: sequential summation and serialized divide-and-conquer (see subsection 4.2).
We choose the looser of these two bounds (sequential summation) for generality and
simpler notation. However, our results are easily converted to the tighter case. Dem-
mel et al. use the serialized divide-and-conquer algorithm in their analysis. Bini and
Lotti’s analysis does not account for scalar (nonactive) multiplication by elements of
U, V, and W, so their ¥ parameter depends only on the nonzero structure, rather
than the magnitude of the elements in these matrices (cf. (4) and Definition 2). Dem-
mel et al. do account for the multiplication by elements of U, V, and W. However,
their ¥ parameter is identical to that of Bini and Lotti, and their bound includes an
additional factor of (||U]||V||W )%, where L is the number of recursive levels and
| - is the max-norm.

4.2. Model of arithmetic and notation. We follow the notation of Demmel
et al. [12]. Let ©® = {6 | |0] < €} be the set of all errors bounded by € (machine
precision), and let A = {1+6 | 6 € O}. We assume the standard model of
rounded arithmetic, where the computed value of op(a,b) is op(a,b)(1 + 6) for some
6 € ©. We use the set operation notation: A+ B := {a+b| a € A, b € B},
A—B:={a—blac€ A, beB},and A-B:={a-b|a€ A, be B}.

We define A7 = A-A-...-A and note that A7 C A7t as 1 € A. Furthermore, we
will not distinguish between singleton sets and an element when using this notation,
e.g., op(a,b)(1+0) € op(a,b)A. Finally, we will use the standard hat or fI(-) notation
to denote a computed value, e.g., C or fl(op(a,b)) € op(a,b)A.

Under this arithmetic, the following fact for summation will be useful in our
analysis:

N N
(7) fl (Z fl(e; - ai)> S <Z C al-) AN,
i=1 i=1

where the algorithm for summation is simply to accumulate the terms a; one at a
time in sequential order. By using a serialized divide-and-conquer summation, we can
also achieve

N N
(8) fl (Z fl(e; - ai)) c (Z ¢ - ai> Al+[log, NT
i=1 i=1

For generality, we will assume the more pessimistic bound in (7). Our results can
easily be modified for the error bounds in (8).
We will also use the following property:

N N
9) fl (Z ciA“J) S (Z ci> ANFmaxj o,

i=1 i=1

4.3. Forward error analysis of stationary algorithms. The following theo-

rem states the forward error bound for a stationary algorithm in terms of the principal
quantities @ and E defined in subsection 4.1, which can be readily determined from its
[U,V, W] representation. The sources of error are floating point error accumulation
and possible growth in magnitude of intermediate quantities. The floating point error
accumulation depends in part on @) and grows at worst linearly in L. The growth of
intermediate quantities depends on F and grows exponentially in L, which typically
dominates the bound. Table 1 shows the values of these quantities for a variety of
algorithms.

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
Energy
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THEOREM 3. Suppose that C = A - B, where A € RM*K gnd B € REXN s
computed by using L recursive steps of the fast matriz multiplication in (2), with the
classical algorithm used to multiply the (M /ML) x (K/KE) matrices by the (K/KE) x
(N/NE) matrices at the base cases of the recursion. Then the computed matriz C
satisfies

IC ~Cll < (K/Kg +Q- L) (K/K§) - EX||A][|Blle + O(e?),

where || - || is the maz-norm.

Proof. We begin by analyzing how relative errors propagate as we form the S
and T matrices. Let a superscript index in brackets denote a matrix formed at the
specified level of recursion. Following (7), we have the following error at the first
recursive level:

DIPRS n R
Sr S Z uiT.AiAQ‘T, Tr S Z ’UjT.BjAﬁT7
i=1 j=1

where a and 3 are defined in (3).

This error propagates as we recurse. At the [th level of recursion, the inputs to
the fast algorithm are given as sums of matrices Ay and B, each with a possible
error of A* and A, respectively, for some index sets ¢ and 1 and some integers a
and b. Following (2) and (7), the algorithm simply accumulates an additional factor
of A% and APr before the matrices are passed to the subsequent level of recursion.
Thus, at the Lth level of recursion, we have

alL]

(10) st P

ESLL]AOCTI+"'+CVTL7 T, eTLL]AﬁTﬁm-kBTL’

with r =71 + (ro = 1)R+--- + (r, — 1)RE~L. Note that in exact arithmetic,

My Ky Ky Ny
L] _ ) ) ) (L] _ . . .
(11) Sr = Wiqry =" uZL"'LA“ TT - Ujiry © U]LTLB]7
i=1 j=1

where ¢ = il + (iz - 1)M0K0 +- (iL - 1)(M0K0)L71 and j = il + (]2 - 1)K0N0 +
oo+ (jr — 1)(KoNg)L =1 represent recursive orderings of the subblocks of A and B.

We now use the classical algorithm to multiply the computed S and T ma-
trices at the leaves of the recursion. Because the inner dimension of each leaf-level
matrix multiplication is K/K{, from (7) and (10) we accumulate another factor of
AK/KG 16 obtain

o]

M, " € ST Ax-+E/Kg

where x, = a,, + Br, + -+, + B, for 1 <r < RE
Next, the computed matrices M are added to form C following (2). At the Ith

level of recursion, sums of matrices M[¢L], for appropriate index sets ¢ and including
accumulated error A® for some integers a, are added together to form the intermediate
computed quantities M. In the final step at the top of the recursion tree, we have

R
Cre w, b A,
r=1

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
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(1]

- € M[Tl]A“ for some integers z,,

where + is as defined in (3). Following (9), if M
then

R
Ck c ZwkrMLI]A'yk—&-max,,w w,,«-]I(wkr;éO).

r=1

Likewise, a factor of A": is accumulated at every recursive step, and the con-
tributed error from the M matrices comes from the leaf that is involved in the
summation with maximum error. Leaf matrix MEL] is involved in the summation
for Cg if wi,py -+ Whyry, # 0, where 7 = 71 + (rg — )R+ -+ (rp — 1)RE™! and
k= kl + (kQ - 1)M0N0 + -+ (kL - 1)(M0N0)L71. Thus, we have

RL
Ck c E Wy pe - W M[L]Auk-&-maxrxr-H(wklrl~~-karL¢0)+K/K§7
171 1TL T
r=1

where pii, =y, + 0+ Yy -
Let 0 = pg + max, X, - l(wg,ry -+ Wi, r, # 0) + K/KE. In order to determine
the largest accumulated error, we compute the maximum over all output blocks Cg:

m]?'X(Sk = K/Kél + kma}li {Nk + max Xy ']I<wk1r1 CrWgprp 7é 0)}
1yeekL

T1y.+sTL
= K/KOL + max {'ykl + max(ay, + B ) N(wiyr, # O)} + .-
1 T1
+ n}lcax {’ykL + max(a,, + Br ) (wg,r, # 0)}
L TL

= K/KOL + max {'ykl + max(ay, + Br ) M(wi,r, # 0)} L= K/KOL +Q-L,
1 T1

where @ is given in Definition 1.
We now compute the forward error bound for each block of the output matrix.
We have E, = C, — C € >, Wiy ry oo wpyr, MIEI@%% | which implies (using (11))

RL
Bl <37 |wkars -+ e, ST e + O(e2)
r=1

R" My Ky Ky Ny
< Z|wk17“1 "'wk1TL| Z |ui17“1 "'uiL?”LHAi| Z "Ujlrl ...ij"’L||Bj|5k€
=1 i=1 j=1
+ O(€?)
RE MEKE K& NE
< Z |wk17"1 T wleL| Z |ui17“1 T uiLTL| Z ‘/U.jl'rl e ijT’L|
r=1 i=1 j=1

- (K/KQ)IA[Bloke + O(e?).

Let & = 32, [Whyry =+ Whyr | 225 [Wigry - Wigr, | Zj [Vjyry ++ Vjrp |- In order to de-
termine the largest intermediate quantity, we compute the maximum over all output

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
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blocks Cy:

maxfk = max Z |wk1T1 "'kaT’L| Z |ui1?”1 "'uiLTL| Z ‘Il}jﬂ"l o Ujprr
k k1 kL

----- . . . .
T1,.-5TL 11,521 J15--5JL

= H}Caxz |w/€1T1‘Z |ui1T1|Z|vj1T1|
S i1 J1
I%&XZ |wk’LT’L| Z ‘uiLTL | Z |ij7”L|
P iL JL

L

= H}Ca“xz|wk1T1|Z|ui1T1|Z|Uj1T1‘ = EL7
o i1 Ji

where FE is given in Definition 2.

Computing maxy |Eg| by maximizing over ¢y and . separately, we obtain our
result. We note that the two quantities may not achieve their maxima for the same k,
but we ignore the possible looseness, as the overall bound will typically be dominated
by the value of F. ]

Note that if L = logy, K (full recursion), the bound in Theorem 3 becomes
IC—Cll < (1+Q- L) E*5x0 M||A]|Blle + O(?),

which is the bound provided by Demmel et al. [12], assuming My = Ko = N,
M = K = N, all nonzeros of U have the same value, all nonzeros of V have the same
value, and all nonzeros of W have the same value. If L = 0 (no recursion), we get the
familiar bound

IC — Cll < K2||A[[[IB]le + O(e?).

Ezample 4. Because our definition of F (Definition 2) accounts for the magnitude
of the entries U, V, and W in situ, the bound from Theorem 3 can be tighter than
previous analyses [4, 12] when U, V, or W has entries outside of {—1,0,1}. As an
example, we consider a (4,4, 2) algorithm, where the U and W matrices have entries
in {—0.5,0.5} [3] (see Appendix C). For this algorithm, E according to Definition 2
is 89, while E according to previous work is 125.

4.4. Forward error analysis of uniform, nonstationary algorithms. Re-
call that uniform, nonstationary algorithms use a single algorithm at each recursive
level. We denote the prefactor vector, stability vector, and partition dimensions of al-
gorithm [[U[l], V[l],Wm]] at level [ by q¥, el!l and M(g”, K([)l], and N([)l]. Using analysis
similar to that in subsection 4.3, we get the following stability bound for this class of
algorithms.

THEOREM 5. Suppose that C = A - B is computed by a uniform, nonstationary
algorithm with L recursive steps of fast matriz multiplication, with the fast algorithm
[[U[l] , V[l], W[l]ﬂ used at level | and the classical algorithm used to multiply the matrices
at the base case of the recursion. Then the computed matrix C satisfies

c-C U EW) |A|IBle + O(€?).
oo ey ) ) () e

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
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Proof. The proof is similar to the proof of Theorem 3. The largest accumulation
error  now satisfies

K
max O = T —at n}gx{ oy max(a[l] + 5[1]) (w,[jl]r1 # 0)} +
Hl:l KO

(L] L L (L]
+ max {%L + H%?LLX(O(LL] + BENI(w, | # O)} ]_[l % Z QU,

=1

and the largest intermediate growth quantity £ satisfies

Rl Ml KN
} : [1] } : (1] E : (1]
maX é-k maX |wk:1 1 ‘uilTl ‘ | _717“1 |
7‘1— i1:1 j1:1
it Ml K KN L
(L] (L] _ [
max Z |kaTL Z ‘uiL'fL| Z |ij7‘L‘ - HE ’ o
rr=1 ir,=1 jr=1 =1

4.5. Forward error analysis of nonuniform, nonstationary algorithms.
We now consider nonstationary algorithms, where the algorithm may be nonuniform
at every given recursive level of fast matrix multiplication. That is, at any node in the
recursion tree, we may choose a different fast algorithm. For simplicity, we assume
that at level [ in the recursion tree, all algorithms have the same partitioning scheme
and rank (so that the [UlT1mi—al vl mial yylbriemi-il] representations have
the same dimensions across all values 71, ...,7,_1) and that after L levels of recursion,
all leaf nodes use the classical algorithm.

In the case of stationary algorithms, one [U, V, W] defines the entire algorithm;
in the case of uniform nonstationary algorithms, L choices of [[U[”,V[”,Wm]] define
the entire algorithm; in this case, we have much more flexibility and can choose
1+ RM 4+ RURE ... 4 TI1— PRI different fast algorithms (the number of internal
nodes of the recursion tree). Recall that we use the notation [I,71,r2,...,7—1] as a
superscript to refer to the algorithm used at level [ in the recursion tree, where rq
defines subtree membership at level 1, ro defines subtree membership at level 2, and
so on, and 7;_1 defines the subtree node at the [th level.

Our analysis of these algorithms is fundamentally the same—we bound the ac-
cumulated error (§) and then bound the number of terms (£). However, maximizing
over all output blocks is not as straightforward and cannot be simplified as cleanly
as in the previous cases. In particular, we define the largest accumulation error 0

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
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. 1
recursively as maxy, 5,& ], where

1 K 1 2 1
5l[c] = W +’Y][ﬂ] + IIITZI%I)((SI[C il H(wl[q}rl #* O)7
=1 0
5’[€2,r1] _ 7][622,1”1] + max 5’[3,7”1,7-2] ) H(w,[i’;;] 7& 0)7
T2

[rayeori—a] o [ra,esri—1] [[4+1,r1,..0,m] [lr1,eymi—1]
0y, =Y, + IHTEliX d5. . H(wkm #0),

6][<:L,T1,...77‘L71] _ ’yl[@LL7T17M7TL71] + max x, - H<w1[€LL7:;’M7TL71] £0), and
TL

Yr = agll] +ﬁ7[11] + O[Li,m] +/@E,r1] 4o +aLi,T1,...,TL—1] _|_67[_IL4,7‘1,...,TL_1].

This expression does not simplify as before. Note that for block k£ of the output
matrix, node (r1,...,7-1) at level [ of the recursion tree accumulates error for the
additions/subtractions required by matrix Wlbrsesmi-al gt that node plus the max-
imum accumulated error from any of the combined terms. The expression for x,
reflects the number of additions and subtractions required to produce the factor ma-
trices S[TL] and T[TL] at the leaf nodes, and the error accumulated during the classical
matrix multiplications is included in the definition of 5,&1].
Likewise, the largest intermediate growth quantity £ is maxy, &, where

_ (1] [2,71] Ly, —1]
&k = Z ‘wkﬂ“lwlmm Wy
T15---,TL
1] |, [2,m1] [Lyry,...,rp—1] [1]  [2,r1] [L,ry,...,rp—1]
Z i1 Yigry Uipry, z : Yjir1 Vjara Yjipre ’
T1yee0sll, j1w~ij

which we can simplify to
1 2,r
& = 3wl | o) 37 fuf2r
T2

T1
E ‘w[L’Tl“"’TL*l] aLﬁv"'lw--y"'L—l]b[Lvrl7<~-»7"L—1],
L

017["2277‘1] b?;rl]

krrr TL

where a and b vectors are defined as in (4). Note that we cannot simplify further as
in the uniform case.

In subsection 5.2, we use nonuniform, nonstationary algorithms to improve the
numerical stability of fast matrix multiplication algorithms.

5. Algorithm selection. Theorem 3 immediately provides several options for
improving the numerical stability of fast matrix multiplication. First, we can look
for algorithms with a smaller () and E. Since prior work on finding fast algorithms
focuses on performance, this provides a new dimension for algorithm design. In sub-
section 5.1, we compare several stationary algorithms for the same base case as a first
step in this dimension of algorithm design. We then extend this analysis to nonuni-
form, nonstationary algorithms in subsection 5.2. Second, we can reduce the number
of recursive levels before using standard matrix multiplication However, fewer recur-
sive levels means an asymptotically slower algorithm. We examine this trade-off in
subsection 5.3. Finally, we can also reduce ||A|| and ||B|| by pre- and postprocessing
the data, and we provide several such strategies in section 6.

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
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5.1. Searching for better stationary algorithms. Typically, the only quan-
tity of interest for finding fast matrix multiplication algorithms is the rank of the
solution, which controls the asymptotic complexity. However, we can also search for
algorithms to minimize the @ and F quantities while maintaining the same rank. This
will improve the numerical stability of the algorithm without sacrificing (asymptotic)
performance. We will also consider the number of nonzeros (nnz) in the solution, i.e.,
the sum of the number of nonzero entries in U, V, and W, as this affects the constant
in the asymptotic complexity and has noticeable impact on empirical performance [3].
Thus, the parameters of interest for these algorithms is a performance-stability 3-tuple
(nnz, Q, E). In general, the number of nonzeros is positively correlated with @ and
E, since these quantities directly depend on the nonzero patterns of U, V, and W
(see (5) and (6)).

We first examined the base case (4,2,3), which has outperformed Strassen’s al-
gorithm in practice [3]. We found 479 algorithms with rank R = 20 using numer-
ical low-rank tensor decomposition search techniques [3]. Of these, there were 208
performance-stability tuples. The smallest nnz, @, and E quantities over all algo-
rithms were 130, 12, and 32, and the corresponding algorithms had performance-
stability tuples (130, 14, 34), (138, 12, 34), and (134, 13, 32). No algorithm we found
had parameters that achieved more than one of these minima, so we call these three
algorithms semi-optimal. Consequently, there is a theoretical trade-off between per-
formance and stability. We note that although this list of algorithms is not exhaustive,
they are the only publicly available (4,2,3) algorithms.?

We tested the stability of these algorithms by computing the product of samples
of random matrices A € R1096%256 and B € R2?°6%2187 The distributions were a;;,
b;; ~ Uniform(0,1) and a;;, b;; ~ Uniform(—1,1). In addition to the three semi-
optimal algorithms described above, we also tested an algorithm with a much worse
performance-stability tuple of (156, 26, 132), which we call a suboptimal algorithm.
For each pair of matrices, we ran the four algorithms with number of recursive levels
L =1,2,...,6. Our goal here is to compare the errors of different algorithms with
the same base case and varying number of recursive levels—we are not claiming that
any of these algorithms are the best to use for these problem dimensions.

To estimate ||C — C||, we computed C using the classical algorithm in quadru-
ple precision arithmetic. All other computations used double precision arithmetic.
Overall, we computed the errors for 100 random pairs A and B for each distribution.
Figure 1 reports the maximum error over the 100 trials for each algorithm and each
number of recursive levels as well as the upper bound on the error from Theorem 3.
We see the following results:

1. The error bounds are still pessimistic, even with the improved analysis from
Theorem 3. Furthermore, the error bounds for the three semi-optimal (4,2, 3)
algorithms are quite similar.

2. The true error increases with the number of recursive levels, as predicted by
Theorem 3 and modeled by the error bound.

3. For both distributions, the suboptimal algorithm has larger errors than the
semi-optimal algorithms, as modeled by the error bound.

4. The difference between the semi-optimal algorithms depends on the matrices.
For the Uniform(0, 1) distribution, there is a clear difference in error between
the algorithms. Interestingly, the (134, 13, 32) semi-optimal algorithm has

2All of our algorithms, as well as the software for finding them, are publicly available at https:
//github.com/arbenson/fast-matmul.
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10° Uniform(0, 1) 109 Uniform(-1, 1)
—%—(130,14,34) ——(130,14,34)
—>-(134,13,32) o —>-(184,13,32) O
—5-(138,12,34) o —5(138,12,34) o
5| (156,26,132) 5 (156,26,132)
10 iclassical O =8 10 iclassical O B
5 3 B

Ic—c|
Ic—al

1 2 3 4 5 6 1 2 3 4 5 6
Number of recursive levels (L) Number of recursive levels (L)

Fic. 1. Error for four (4,2,3) fast matriz multiplication algorithms with different stability
parameters and the classical algorithm as a function of the number of recursive levels, L. Three al-
gorithms are semi-optimal in the sense that they minimize one of the following quantities: number of
nonzeros, Q, or E. The solid curves are the maximum experimental error over 100 pairs of random
matrices, and the corresponding markers are the upper bounds from Theorem 3. The experimental
error increases with L, as modeled by Theorem 3. The semi-optimal algorithms with minimal nnz,
Q, and E all have similar performance, but the fast algorithm with a worse performance-stability
tuple is noticeably less stable in theory and practice.

larger errors than the (130, 14, 34), even though the former algorithm has
strictly better Q and E parameters. For the Uniform(—1, 1) distribution, the
errors of the semi-optimal algorithms are practically indistinguishable.

We also considered the (2,3,2) base case, which has optimal rank R = 11 [5].
One known algorithm that achieves the optimal rank uses Strassen’s algorithm on a
2 x 2 subblock and classical matrix multiplication on the remaining subblocks. The
base case of the algorithm is small enough so that we could use a SAT solver [10] to
find over 10,000 rank-11 (2, 3,2) algorithms (ignoring symmetries). We found that the
combination of Strassen’s algorithm with the classical algorithm had a strictly smaller
performance-stability triple than all of the other rank-11 solutions. We conclude that
this algorithm is likely optimal in both a performance and a stability sense for the
class of (2,3,2) algorithms where the scalar multiplications are +1.

5.2. Searching for better nonuniform, nonstationary algorithms. Sta-
tionary algorithms benefit from their simplicity, but nonuniform, nonstationary
algorithms provide a broader search space for algorithms with better numerical prop-
erties. We provide several examples below.

Ezample 6. D’Alberto [9] describes a nonuniform, nonstationary approach using
Strassen’s algorithm that obtains a smaller stability factor than that of the original
stationary algorithm (for L > 2). Strassen’s algorithm, with [U, V, W] as given in
Appendix A, has stability vector e = [12 4 4 12]; two levels of recursion with a
stationary approach yield a two-level stability vector of e ® e with maximum entry
122 = 144. D’Alberto shows that, for L = 2, a stability factor of 96 can be obtained
with a nonuniform approach using one variant of Strassen’s algorithm. One way to
achieve this stability factor is to use the alternative algorithm

wewi=[o( i[5 V(G el )]

for nodes [2,1], |

,3], and [2, 4] of the recursion tree, while using the original algorithm
at nodes [1], [2, 6

2
2], [2,5], [2,6], and [2,7]. Similar improvements can be made based
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on the Strassen—Winograd algorithm, which has a slightly larger stability factor.

A more generic nonuniform approach is described in a patent by Castrapel and
Gustafson [8]. They consider eight variants of the Strassen—Winograd algorithm,
defined by

o 11 _[o 117 0o 117 _[o 117 o 11” _[o 117
(B o] = o )ol o «f S vl ol <o )»].
with z,y, z € {1,2}. The correctness of these variants can be derived from the work of
Johnson and McLoughlin [17, equation (6)]. Castrapel and Gustafson suggest using
random, round-robin, or matrix-dependent selections of algorithms to more evenly

distribute the error, but they do not prove that any particular techniques will reduce
the stability factor.

Ezample 7. We can improve the two-level stability factor for the (3,2,3) case in
a similar manner. The smallest stability factor we have discovered for this case is
E = 20, given by the [U, V, W] in Appendix B, which has stability vector

e=1[20 20 2 12 4 20 4 12 20].

Compared to a uniform two-level stability factor of 202 = 400, we can achieve a
stability factor of 352 using 3 variants of the algorithm. We use the original algorithm
at nodes [1], [2,2], [2,6], [2,8], [2,14], and [2,15], the variant

[1 0 0 [1 0 0] 1 0 0 1 00
L®|0 0 1 )JU(|0 0 1{®I2|JV]|0 0O 1|®(0 0 1| |W
0 1 0 0 1 0 010 |o1 0
at nodes [2,1], [2,3], [2,10], and [2,11], and the variant
[0 1 0] [0 1 0] 0 1 0] [0 1 0]
L0 0 1| |U[(|0 0 1|®L|V]|0 0 1|® |0 11 | W
1 0 0] 1 0 0] 100 |1 oo

at nodes [2,4], [2,5], [2,7], [2,9], [2,12], and [2,13]. We suspect that better two-level
stability factors are achievable.

5.3. Performance and stability trade-offs with a small number of recur-
sive levels. In addition to searching for better algorithms, we may also consider the
effect of the number of recursive levels on the numerical stability. We now consider
the performance and stability of fast matrix multiplication algorithms across several
base cases and several values of L. Table 1 summarizes the best known (to us) stabil-
ity factors (E) for several practical base case dimensions. The columns of the table
represent the relevant performance and stability parameters for each algorithm, all of
which can be computed from the [U, V, W] representation.

The rank R and the number of nonzeros (nnz), along with the number of re-
cursive levels used, determine the number of floating point operations performed by
the stationary version of the algorithm. The rank can be compared to the product
MyKyNy, the rank of the classical algorithm for that base case. The quantities Q)
and F are computed using Definitions 1 and 2, respectively; for a given base case we
report the algorithm with the best known E along with that algorithm’s @. We do
not report both (My, Ko, No) and (No, Ko, Mp) because the best algorithms for each

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
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8
1071 Number of
recursive levels
6 o1 X
107 A2 %
=2 - ‘z O X
= X
T 104} o <3,6,3>, L=4
5 >F
£
o A
= 2
< 107 [ Strassen, L=1 Eﬁ(
o ® & o
100 L %\ trassen L=3
%g <3,3 3>, L=1 Strassen, L=2
o classical, L=1
10 ' !

0.8 0.6 0.4 0.2
Fraction of classical flops

—_

Fic. 2. Distribution of relative instability, (E/KZ2)L, and percentage of classical flops,
(R/(MoKoNo))E, for the algorithms in Table 1 with L = 1,2,3,4. A larger value on the y-axis
means a less stable algorithm, and a smaller value on the z-axis means a faster algorithm for large
problem sizes. There is a general log-linear trade-off between stability and number of floating point
operations.

have identical nnz, F, and ) parameters, due to transformations corresponding to
transposition of the matrix multiplication.

Although we stress that these algorithms will be used with only a few levels
of recursion, we also report the asymptotic stability exponent (stab. exp.) in order
to compare algorithms across different base case dimensions. If an algorithm for a
square base case (Ny, No, Ng) is used on square matrices of dimension N down to
subproblems of constant dimension, the bound of Theorem 3 can be simplified to

(12) IC — C|| < ¢ N5 Plog N||A[||Ble + O(e?),

where c is a constant that depends in part on Q. In this case, the stability exponent
is logy, £. We note that the first two rows of Table 1 match the results of Bini
and Lotti [4, Table 2]. The most stable rank-23 (3,3, 3) algorithm of which we are
aware is a cyclic rotation of the one given by Smirnov [24]. In the case of rectangular
base cases (Mg, Ko, Ng), we assume a uniform, nonstationary algorithm based on
cyclic use of algorithms for (My, Ko, No), (No, Mo, Ko), and (Kq, No, Mp), where the
three recursive rules are transformations of each other, either by cyclic rotations or
transposition (for more details, see Appendices B and C).

Figure 2 shows the distribution of relative instability and percentage of classical
flops for the algorithms in Table 1 for L = 1,2,3,4. We measure both terms asymp-
totically. Ignoring the quadratic cost of additions, the percentage of classical flops is
given by (R/(MoKoNp))~. For large matrix dimension and L small, we can ignore
Q by Theorem 3, and we define the relative instability to be (E/KZ)*, which is the
factor by which the error bound exceeds that of the classical algorithm. In general,
most algorithms follow a narrow log-linear trade-off between these two parameters.
However, there is still room to select algorithms for a fixed number of recursion levels.
For example, with L = 1, the (3,3, 3) algorithm has roughly the same stability and
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does fewer floating point operations than Strassen’s algorithm.

6. Scaling. We now turn our attention to strategies for pre- and postprocessing
matrices in order to improve numerical stability. The error bounds from section 4 can
be summarized by the following elementwise absolute error bound:

(13) leij = il < fag(K) Al Blle + O(€?).

Recall that fa, is the (at worst) polynomial function of the inner dimension that
depends on the particular algorithm used. Unfortunately, these bounds can often be
quite large when |c;;| is small relative to ||A||||B||. The purpose of this section is to
address the contribution of ||A|| and || B|| to the error bound, ignoring the particular
fast algorithm that is used. Thus, for the remainder of this section, we will ignore
falg and consider it a fixed quantity, so that fae(K)e = O(e), and we will focus on
relative error.

The following example shows that the relative error from fast matrix multiplica-
tion computations can be large. We note that for the purposes of this example and
subsequent examples throughout the paper, we assume that floating point operations
incur an € relative error even if the operands happen to be powers of two or if we are
subtracting identical values. This assumption does not limit the generality of our ex-
amples; instead, we have chosen the matrix entries to make the examples as simple as
possible. One could apply small independent relative perturbations on matrix entries
for the examples to work in standard floating point arithmetic.

Ezxample 8. Consider the matrices

(14) A—E H’B_t H,C—A.B—Bz 3}

for small z > 0. By (13), we have the following relative error bound:

(15) e — én <0 <|A||||B||€> —0(¢/2),

|c11] |c11]

which can be quite large for small z. Furthermore, this bound is actually achieved
with Strassen’s algorithm (see Appendix A for the definition of Strassen’s algorithm).
Specifically, Strassen’s algorithm computes

my = (a11 + a22)(bi1 +ba2) = (1+1)- (2 +1),
my = agz(br —b11) =1- (2 — 2),
ms = (a11 + ai2)bo2 = (14+1) - 1,
my = (a12 — a2)(ba1 +ba2) = (1 —1) - (2 + 1),
Cc11 = Mmi + myg — ms + mry.
There are terms of size O(1) in computing ms, my4, ms, and my, so the absolute
error |c1; — ¢é11| is O(e). Since ¢11 = z, the relative error is O(e/z).

We now demonstrate several methods for improving numerical stability issues by
preprocessing A and B and postprocessing C. The idea underlying these methods is
the following straightforward observation:

(16) C=D,D,'ADD 'BD,;'Dy
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for any nonsingular scaling matrices D4, Dp, and D. By taking advantage of the
associativity of matrix multiplication (in exact arithmetic) and scaling matrices D 4,
Dp, and D that are easy to apply, we can improve the normwise bound in Theorem 3
without significantly affecting the performance of the algorithm.

For the algorithms and analysis in this section, we will consider diagonal scaling
matrices with positive diagonal entries. In order to simplify the analysis, we will as-
sume that there is no numerical error in applying or computing the scaling matrices.
This could be achieved, for example, by rounding the scaling matrix entries to the
nearest power of two. Regardless, the error introduced by the fast matrix multipli-
cation algorithm has the larger impact on the stability, and the scaling matrices can
curb numerical inaccuracies.

6.1. Outside scaling. In light of (16), Dumitrescu proposed the following out-
side scaling matrices [13]:

7 K3

The resulting procedure is Algorithm 1.

Algorithm 1. Outside scaling for fast matrix multiplication.

Require: matrices A and B

Ensure: C=A-B

: Dy +— diag(maxj |aij|)

A« D'A

Dp «+ diag(max; |bi;|)

B’ + BD}'

C’ + A - B with fast matrix multiplication.
C «+ DAC/DB

Clearly, the algorithm correctly computes C = A -B in exact arithmetic, provided
there are no all-zero rows in A or all-zero columns in B. Importantly, the normwise
bound in Theorem 3 applies to the scaled matrices A" and B’. In particular, we get
the following improved bound [13].

PROPOSITION 9. Using Algorithm 1,

|cij — Ciz| < O(e)llas,:

o-511-

Proof. Outside scaling ensures that ||A’|| = ||B’|| = 1, so by (13), ||C’ — CI|| <

O(e). Since C' — ¢ = D4(C — C)Dg, the result follows from the fact that the ith
diagonal entry of D4 is ||a; .|| and jth diagonal entry of Dp is ||b. ;|| 0

For the matrices in Example 8, the bound from Proposition 9 improves upon (15):
& .
len —énl <|a1,.|| I .,1|€) _0(0).
le1 | S

This indeed improves the numerical stability of Strassen’s algorithm. For the
matrices in (14), the outside scaling is

oM L U1 o 202
AFL 1],39[1 1],C_A-B_[2 2],
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and when computing C’ with Strassen’s algorithm,

my = (a'11 4+ a’22)(b'11 +b22) = (1+1)- (14 1),
my=a's9(b'o1 —b'11) =1-(1-1),
ms = (a'11 +a'12)b'90 = (1+1) -1,
mr = (a'12 —a'92) (V21 +b'22) = (1 1) - (14 1),
c11 = my +my —ms +ms.
Now, all subterms are on the order of unity, so the relative error in computing
chy is O(e).
6.2. Inside scaling. There are pairs of matrices in which outside scaling is not
sufficient for numerical stability.
Ezxample 10. Consider the matrices

1 =z z z 2z 2z
(17 AL z}’B[l 1:|’CA.B|:22 22}

for small z > 0. Using outside scaling on these matrices does nothing since D4 =
Dp = I. However, using a fast algorithm can still have severe numerical stability
issues. Computing cio with Strassen’s algorithm uses the following computations:

mg = a11(biz — b)) =1-(2—1),

ms = (a11 + ai2)baz = (1 +2) - 1,

C12 = M3 + ms.

The computation of ms3 and ms has terms of unit size, so |c12 — ¢12| is O(¢€) and the
relative error is O(e/z). This is reflected in the bound from (13),

[A[IIBIl/|c12] = 1/(22).

We now propose a technique called inside scaling based on the following matrix:

(18) D= diag<1 Jma [ ’”).
max; |aik|

The resulting procedure is in Algorithm 2. The idea is to scale the columns of A and
the corresponding rows of B to have the same norm. In general, we get an improved
error bound, as detailed in Proposition 11. We note that there exist several references
to inside scaling [1, 11, 16, 22], though to the best of our knowledge this is the first
explicit statement of the diagonal values in (18). A crude inside scaling method was
proposed earlier by Brent [7], where the inside scaling matrix is D = /||B||/||A| /L.

ProrosITION 11. Using Algorithm 2,

1€~ I < O(€) maelasel b |
Proof. By (13),

|G~ Cl| < O()|AD|[D'B|| = O(e) (m,gx ||a:,kdkk) (mlaxdﬁlllbz,:l) .
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Algorithm 2. Inside scaling for fast matrix multiplication.
Require: matrices A and B
Ensure: C=A-B
D« diag( (/b))
max; |aik|
A"+ AD
B'<~D'B
: C+ A’ - B’ with fast matrix multiplication.

=

L

By the definition of D,

la: illdik = digg 1w |l = \/llac 1.

so the two maxima are attained at the same index. The result then follows from the
fact that [|a. k||||bk..
For A and B in Example 10, max; i j |a;x||br;| = 2, and we get an O(e) relative

error bound for computing each entry in C. The inside scaling updates to the matrices
in (17) are

= max; k. ; | @ik |b;]- :

b= [\of 1/%’

Strassen’s algorithm now computes
ma = ay (ba — b)) = Vz - (Vz = V2),
ms = (a1 + aip)byy = (V2 +Vz) - V2,

/
Cig = M3 +ms.

A [\/Z \/ﬂ

v we [

VA &

This time, the computation of m3 and ms involves terms on the order of z instead of
on the order of unity, and we get an O(e) relative error in the computation.

6.3. Repeated outside-inside scaling. Next, we consider repeatedly applying
outside and inside scaling in alternating order, as shown in Algorithm 3. This process
can only improve the error bounds, and it eventually converges. Outside and inside
scaling can simply be applied several times, or the user can specify a cheaply computed
stopping criterion that will guarantee a relative distance from the limit point.

We start with our accuracy analysis. In our analysis, we use AY and B® to
denote the values of A’ and B’, respectively, after ¢ steps of Algorithm 3. We also
use rgt) and sét) to denote the diagonal elements of D4 and D g, respectively, after ¢
steps. The initial values of these variables correspond to ¢ = 0 in our notation.

PROPOSITION 12. Let t be the number of steps of Algorithm 3 that we complete.
The computed product satisfies

A ®) (@) | Al®) (®)
? 1, = .
|cij — Ei| < O(e) ri7s;” AV BY]]

Proof. If the last step is an O step, then following the proof of Proposition 9,
JAD| = |BD|| = 1 and |c}; — &;| < O(e). If the last step is an I step, then by
Proposition 11,

cfj — eyl < Oe) max|a(?|Iby])| < O() | AV BV

vy

A

The result then follows from the fact that C — C = D 4(C’ — C)Dg. d
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Algorithm 3. Repeated outside-inside scaling for fast matrix multiplication.

1L A—A B B Dy«+IDg«1I
2: alternate

3 O step

4: D/, + diag(maxy|a’ix|)
5: D+ DAD;X

6 A’ «— (D)) tA’

7 D’; « diag(maxg|b's;|)
8 Dp + D/BDB

9: B’ «+ B'(D;)!
10: end
11: I step
12: D « diag( %:ij\lf:/k;\‘ )
13: A’ A'D
14: B «+ D 'B’
15: end

16: until converged
17: C' + A’ - B with fast matrix multiplication.
18: C+— D4C'Dp

We now state the main result of this section.

THEOREM 13. The sequence
rsOIAOBY| fort=0,1,...

is monotonically nonincreasing and converges linearly.
Proof. See Appendix D. O

This result implies that we can safely iteratively apply inside and outside scaling
to improve the error bounds, but this process provides diminishing returns.

Next, we introduce our stopping criterion, which requires the following additional
/(t) /(t)
i J
nal elements of the matrices D’y and D', respectively, that we compute in step t.

notation. Whenever step ¢ is an O step, we use r,°’ and s. ’ to denote the diago-

Similarly, if step ¢ is an I step, p;f(t) denotes the diagonal elements of D.
The stopping criterion works as follows. We test the intermediate scaling factors

p;c(t), ;(t), and s;-(t) in each iteration starting with the one that immediately follows

the first O step. In the I steps, we test whether all of the p;jt) fall within the interval

[(147)77,(1+7)7], and in the O steps, we test whether all of the ™ and s;(t)
are greater than the threshold (1 +7)~!/2. Whenever one of these conditions is true,
Theorem 14 below states that we are within a relative distance 7 from the limit, and
so we stop iterating. In practice, we may just specify t steps of scaling a priori, so
as to have a better handle on the overhead of the preprocessing. We explore the
performance overhead of the preprocessing in subsection 6.5.

We now state the theorem that justifies the stopping criterion. As we show in
Appendix D, the sequences rgt), s§t)
* to denote their limits, so that

r

,JAY|, and |B® || converge. We use a superscript

t t * * *
r e W AD ) S A9, B BW,
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and we let oo -
* * *
i s IAONBY | — s A B

[ri”s5” 1A B |

0 =

be the relative distance of rgt)sg-t) |AD [ IB®]| from the limit. We use to to denote the
index of the first O step of the iteration.

THEOREM 14. Let 7 > 0 be a user-specified tolerance parameter. We have that
fort=to,to+2,...,

if mkinp;c(HU >(1+7)”

NG

and m]?xp;c(tﬂ) < (1+7)%,

masif <7 i el 2 (1)

Nl
N

and  min s;-(tﬁ) >(1+7)7z2.
J

Proof. See Appendix E. ]

Finally, we note that Algorithm 3 does not specify which form of scaling to apply
first. While the analysis in this section applies to either choice, we note that the limits
of the two sequences are not identical—they depend on which step is applied first.
We conclude this subsection with examples demonstrating that these two choices can
produce significantly different results (in the case of one iteration of Algorithm 3) and
that neither choice is always preferable. Example 15 shows a case where performing
outside followed by inside scaling is more accurate than performing inside followed by
outside scaling; the opposite is true for the case of Example 16.

Ezxample 15. Consider the matrices

12t 2z 1 . 142 14271
A‘L 1]’ B_L 1}’ C_A'B_{zz 2

for small z > 0. We consider one step of alternating scaling. Performing outside and
then inside scaling computes

/ z 1 , 11 , 142z 14z
(19) Ae[l J,BHL 1],0%{2 2},

and inside followed by outside scaling computes

21 212 Z1/2 L4214 14 21/4
(20) A/“[ 1 Zl/2:|’ B/%[ 1 1 :|a C/F{Q_ZUQ 2.Z1/2}

Consider the computation of entry co; with Strassen’s algorithm:
may = (ag; + ag)biy,  ma = ahy(by —byy), ¢y =ma +ma.

With A" and B’ in (19), all subterms are O(1) and cj; is O(1), whereas for A" and
B’ in (20), there are O(2'/*) subterms and cj; is O(z'/?).

From Proposition 12, the absolute error bound for entry co; = O(z) with no
scaling is O(1/z), with outside and then inside is O(z), and with inside and then
outside is O(1/2z'/?). Thus, using only one step of Algorithm 3, the accuracy of
starting with an O step can be much better than that of starting with an I step.

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
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Ezxample 16. Consider the matrices

1 =z z 1 2z 2
A_L z}’ B_{l zl}’ C_A.B_L—l—zz 1+z}

for small z > 0. We consider one step of alternating scaling. Performing outside and
then inside scaling computes

, 1 =z , z 1 , 2422 14z
(21) A<—[1 J,B<—L 1],C<—{QZ 2],

and inside followed by outside scaling computes

! 1]- / ].]. / 2 2
(22) A%[z 1}’ B<_L 1]’ C<_L+z 1+z}

Consider the computation of entry co; with Strassen’s algorithm:
my = (ay; + an)biy, My = ahy(byy —byy), chy = ma +ma.

With A" and B in (21), ¢, is O(z) but there are O(1) subterms, whereas for A’ and
B’ in (22), b, and all subterms are O(1). This case illustrates that when using only
one step of Algorithm 3, the accuracy of starting with an I step can be much better
than that of starting with an O step.

6.4. Scaling is not always enough. We now provide a simple example that
shows how Strassen’s algorithm computes a result with large relative error, using any
of the scaling algorithms presented in this section.

Ezxample 17. Consider the matrices

1oz |1z . _ 1+ 22 2z
(23) A_[z 1}’B_L 1]’C_A'B_{ 2z 1+z2]

for small z > 0. In this case, both outside and inside scaling leave the matrix un-
changed. When computing ¢y,

ms3 = all(b12 - b22) = 1(2 - 1)7
ms = (a11 + a12)bae = (1 + 2)1,

C12 = M3 + ms.

There are subterms on the order of unity, so the relative error is O(1/z).

6.5. Numerical experiments. We tested the scaling algorithms on samples of
random matrices whose entries were not as contrived as those in the prior sections.
We used a sample of A € RV*N and BN *¥ from the following distributions:

1. a;j,b;; ~ Uniform(0, 1)
2. ai; ~ Uniform(0,1/N?) if j > N/2; otherwise, a;; ~ Uniform(0,1); b;; ~
Uniform(0,1/N?) if i < N/2; otherwise, b;; ~ Uniform(0, 1)
3. a;j ~ Uniform(0, N?) ifi < N/2 and j > N/2; otherwise, a;; ~ Uniform(0, 1);
bi; ~ Uniform(0,1/N?) if j < N/2; otherwise, b;; ~ Uniform(0, 1).
Samples from the first distribution are well-behaved for fast matrix multiplication
algorithms. On the other hand, samples from the second and third distributions are
adversarial and model the matrices in Examples 10 and 15, respectively.

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
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F1c. 3. Relative error of Strassen’s algorithm as a function of the number of recursive steps,
L, for several scaling techniques. The results in each plot are for matrices A and B sampled from
different probability distributions. Left: Stability is well-behaved, and no scaling is necessary for
small relative errors. Middle: The matrices are adversarial, and inside-outside and 2-times repeated
outside-inside scaling have the smallest relative errors. Right: The matrices are adversarial, and
outside, outside-inside, and 2-times repeated outside-inside scaling have the smallest relative errors.

We sampled 100 pairs of matrices (N = 2000) from each distribution and com-
puted the error of Strassen’s algorithm with L recursive levels, L = 1,2,...,6. Specif-
ically, the error was the maximum value of max;; |¢;; — ¢;;|/|ci;| over the 100 samples,
where C was computed with quadruple precision. Figure 3 plots these errors. For the
first probability distribution, the relative errors are all roughly the same. With the
second distribution, only inside-outside scaling and 2-times repeated outside-inside
scaling compute relatively accurate solutions. In this case, inside and outside-inside
scaling are moderately more accurate than no scaling or outside scaling, but they still
produce relative errors several orders of magnitude larger than the best case. Finally,
for the third distribution, inside scaling and no scaling result in much larger relative
errors, and inside-outside scaling is slightly worse than outside, outside-inside, or 10-
times repeated outside-inside scaling. These experiments demonstrate that with no
prior knowledge of the distribution, repeated outside-inside scaling is the safe choice
for fast matrix multiplication.

Each iteration of outside or inside scaling is O(M K + KN+ M N) flops, so scaling
does not affect the asymptotic performance. However, quadratic costs do affect the
practical implementation of fast matrix multiplication [3]. Subsequently, we tested
the performance impact of scaling. We use effective gflops [3, 22] to measure the
performance of multiplying an M x K matrix by a K X N matrix:

2-MKN - MN

: : le-9.
time in seconds

(24)

This lets us compare fast matrix multiplication algorithms to the classical algorithm
on a familiar inverse-time scale. All experiments were conducted on a single compute
node on NERSC’s Edison machine. Each node has two 12-core Intel 2.4 GHz Ivy
Bridge processors and 64 GB of memory. Our experiments were single-threaded. We
report the median of five trials for each timing result.

Figure 4 summarizes the performance results for Strassen’s algorithm (L = 1),
with and without two steps of Algorithm 3, for multiplying square matrices of dimen-
sion N. There is a noticeable impact on performance. Strassen’s algorithm without
scaling outperforms the classical algorithm for N > 2500, while scaling pushes this
threshold to N > 3500. As N grows, the performance impact of scaling gets smaller.
This follows from the asymptotic analysis—as N grows, the impact from quadratic
terms shrinks.

7. Discussion. One of the central components of our algorithmic error anal-
ysis is that two data-independent quantities drive the error bounds for fast matrix

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
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o8 Performance of N x N X N matrix multiplication

——Strassen
—¥— Strassen + 2x O- scaling
—>¢—Classical

N
(e}

Effective GFLOPS
N nN
N ~

20 . . . . .
1000 2000 3000 4000 5000 6000 7000
Dimension (N)

Fi1G. 4. Performance of Strassen’s algorithm (L = 1), with and without two steps of inside-
outside scaling, and the classical algorithm.

multiplication. First, ) captures the accumulation error from adding matrices. Sec-
ond, F bounds the growth in the magnitude of intermediate terms. Our results in
section 5 show that having a small E' is important, but this does not fully characterize
stability in practice. The same result has been observed when comparing Strassen’s
algorithm and the Winograd variant [16]. An encouraging result from our experiments
is that the number of nonzeros in the U, V, and W matrices, which determines the
constant in the computational complexity, is positively correlated with E. In other
words, for a given base case and algorithm rank, by improving performance, we gen-
erally also improve stability. Another lesson from our analysis is that we should not
think of using fast algorithms asymptotically but rather as having a fixed number
of recursive levels. This leads to better performance in practice [3] and also to the
improved error bounds and numerical stability presented in sections 4 and 5. Finally,
because the principal quantities for understanding algorithmic error (E and Q) are in-
dependent of the asymptotic complexity, we have new metrics over which to optimize
when searching for fast matrix multiplication algorithms.

For performance reasons, the best choice of fast algorithm depends on the shape
of the matrices being multiplied [3]. In general, a choice of algorithm can be made at
each recursive level. Subsequently, we believe that uniform nonstationary algorithms
are the right choice in practice for achieving the best performance. Theorem 5 provides
the appropriate error bounds for this case.

The analysis in subsection 4.5 formalizes the error analysis for existing techniques
to improve stability of Strassen’s algorithm and the Winograd variant [8, 9] and also
generalizes the approach for all fast matrix multiplication algorithms. The analysis
provides the formula over which to optimize when considering nonuniform, nonstation-
ary algorithms. However, finding the best algorithm is a combinatorial optimization
problem that grows exponentially in the number of recursive levels. Algorithm design
in this space is an interesting avenue for future research.

Using these algorithmic techniques improves the normwise accuracy of the com-
puted product. However, because the errors are normwise, small elements of the
product can be computed less accurately than warranted by their condition numbers.
By pre- and postprocessing the data, we can improve componentwise accuracy as well.
Specifically, we analyzed a hierarchy of diagonal scaling techniques that reduce the
number of cases where fast matrix multiplication yields relatively inaccurate small
entries in the product. Nevertheless, there are cases that cannot be solved by our
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diagonal scaling algorithms (e.g., Example 17). When scaling helps, a few iterations
are sufficient, and this is backed up by Theorem 13.

The asymptotic operation cost of diagonal scaling is proportional to the size of the
matrices, so it is dominated by the cost of current matrix multiplication algorithms. In
our experiments, we found that scaling does incur a noticeable performance penalty for
reasonably sized matrices, but fast matrix multiplication with diagonal scaling still can
outperform the classical algorithm. We note that our diagonal scaling implementation
is not fully optimized; for example, it is possible to overlap inside and outside scaling
and delay updating actual matrix entries, both of which can reduce the memory traffic
overhead.

Appendix A. Strassen’s algorithm. Strassen’s algorithm [25] is a (2,2,2)
algorithm specified by the following U, V, and W matrices:

1 0 1 0 1 -1 0
o 0 0 o0 1 0 1
U= o 1 o0 o 0 1 o0 |
11 0 1 0 0 -1 |
1 1 0 -1 0 1 0]
o 0 1 0 0 1 o0
V= o 0 o0 1 o0 0 1 |’
1 0 -1 0 1 0 1 |
1 0 o0 1 -1 0 1
o 1 0 1 0 0 o0
W=1l0o 0 1 0 1 0 0
1 -1 1 0 0 1 0 |

Note that the rows of U and V correspond to a column-major ordering of the entries
of the input matrices, and the rows of W correspond to a row-major ordering of the
output matrix, following the convention of previous work [6, 17]. We point out that
this algorithm is cyclic-invariant, so that [U, V, W] = [W,U, V] = [V, W, U] (up
to permutations on the columns of the matrices), which implies that all three rotations
have the same () and E values.
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Appendix B. (3,2, 3) fast matrix multiplication algorithm. The following

n = 1
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Note that the rows of U and V correspond to a column-major ordering of the
entries of the input matrices, and the rows of W correspond to a row-major ordering
of the output matrix, which implies that [W, U, V] is an algorithm for (4,2, 4) and
[V,W,U] is an algorithm for (2,4,4). However, [V, W, U] yields an F = 102,
which is greater than [U,V, W]’s 89. The E value can be maintained for base case
(2,4,4) by using the following different transformation that corresponds to transposing
the matrix multiplication: [P42V,P44U, P24 W], where P, ,, is the so-called vec
permutation matrix [15], exchanging column-ordering for row-ordering in a vectorized
m X n matrix.

Appendix D. Convergence analysis of alternating scaling. In this appen-
dix we prove Theorem 13. We start with its first part.

LEMMA 18. The sequence
OO A BOY fort=0,1,...

is monotonically nonincreasing.

Proof. If step t is an O step, then
t t—1 t—1 t t—1 t—1
|AO=BY =1, A=l s =TI

and therefore
t t t—1 t—1 t—1 t—1
r s AP NBO | = Vs a5
t—1 t—1)
_ﬁ ’% AT B

Next, assume that step ¢ is an I step. Column k of A’ is transformed so that

1
t—1) 1\ 2
o _ (1Y e
Qi = 1) A
la.,
and therefore,

(Sl ) T
(25) w%ﬂ=<”t1” H“ = /lal Vg
:,k

and similarly

1 1
(26) 1821 = /a1
Hence,
1) -1 -1 -1
JAD) = B = max /llacf VIO = s = s,
and therefore,
2
—1 —1 1) —1
i A IBY | =i (el )
—1 —1 1 —1
= Vs ([l g )

< DAY B O

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
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Next, we prove that the factors in the sequence of Theorem 13 converge individ-
ually. This is required in the subsequent analysis.

LEMMA 19. The sequences 7’1@, slg.t), |AD [, and |BY| fort=0,1,... converge.

Proof. As we showed in the proof of Lemma 18,
1A = B =1,

A = BV = max a6 for t =toto 42,

Therefore,

A = max /[l < IAONBO =1,

and hence
(27) P = o) < AT <1
The sequence rft) satisfies
rz(to) _ rz(to-i-l) _ r;(tO),
pot2) _ (to+3) _ s(to) s(to+2)

% % % 7

It is nonnegative because r;(t) > 0, it is monotonically nonincreasing by (27), and
hence it must converge. The same is true for s§t).

Consider the effect of the first ¢ steps of the iteration on A’ and B’. The cumu-
lative effect of the O steps is to divide the rows of A’ by rgt) and the columns of B’
by s§-t),

norm to the corresponding row of B’. Therefore,

0 _ 1 (max;lby/si
max; |aik/r(t_1)

and that of the I steps is to make sure that every column of A’ is equal in

2
|> fOrt:t0+17t0+2,...,

A %

which shows that the convergence of rgt) and sg-t) guarantees the convergence of aEZ),
and hence also the convergence of |A®||. The same is true for |[B®]. 0

The following lemma shows that the intermediate scaling factors that we compute
in each step rapidly converge to 1. We use the notation

w® = max(max|1og r;(t) }, max|log‘ s;(t) |) ,
i J

w = IH]§X|logP;€(t+l) for t =to,to+2,....

LEMMA 20. The following bounds hold:

w® < -1

w(t+1) < 05w(t) for t=to+2,t0+4,....

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
Energy
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Proof. Assume that t = tg+ 2,t9 +4,.... Because step t — 2 is an O step, there

is a column g so that ’ag_m‘ =1, and therefore,
t t—1 t—2) s(t—1 t—2 — _
rit = maxaf; ™| = max|af”?p V] > Jag p Y] = pY.

Taking logarithms yields
log r;(t) > logp’g(t_l) .
Both sides of this inequality are nonpositive because T;(t) <1 by (27), and so
|log T;(t)| = —log r;(t) < - 1ng;(t71) _ |logp’g(t*1)| )
A similar analysis shows that
|log s;(t)‘ < llogp}(t_l)

for a suitably defined row f, and these two inequalities imply the first bound in the
statement of the lemma.
Next, let us prove the second bound. We have that

ey = meslti | maxalb /0] maf ] max (1/5°)
' maxifo)| ~ masilall D /e T maxifal D /)]

Inequality (27) states that r;(t) <1, and therefore

)

max|af”" /| > max|af "],
3 K2

which we substitute into the previous inequality, obtaining

max; ‘ b,(:{ R | max; (l/s;(t))

(p/(t+1))2 <

F maxi‘al(-,ifl)
By (25) and (26),
-1 -1 -1 -1
max|afi™"| = flali | = 167 = max|piV]

which implies
()" < max; (1/571).
A similar analysis shows that

(H1))2 1 .
(pe )" 2 maxi(l/T;(t))

Taking the logarithm of these two bounds and interchanging the positions of the
logarithms with those of the max operators yields

—max(log(l/r;(t))> < 210gp;c(t+1) < max(log(l/s;(t))) .
7 J

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
Energy
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Because r;(t) < 1, we have that log(l/r/(t)) = |log r;(t) |, and similarly for s;(t). Ap-

i
plying this to the previous inequality yields

(

— max|1og r;(t)} <2 logp;vtﬂ) < maxflog s'(t)} ,
i J

J
and therefore

()

2’10gp;€(t+1)| < max(miaxhog 7“; ’m]?ix‘log s;-(t)‘) :

which implies the second bound in the statement of the lemma. 0

The following lemma proves linear convergence, and therefore completes the proof
of Theorem 13.

LEMMA 21. There is a sequence v\ so that

uy <0, p T <y,

and
pD = ) V2 < 05,0 fort=to,to+2,....

Proof. Assume that t = tg,t9+ 2, .... Rearranging the definition of uz(-;), we may
write

—1
) = (s ADBOY) (Vs AR IBO )T -1,

We have that

rf®) = gD O

SO _ (o) Jto+2) s;(t) . AD | = BD| =1,

%) Fi Fi
and therefore

Tz(*) _ T{(to)rf(to+2) .

i % ’ 35*) = 5/‘(t0)5/‘(t0+2) cee

J J ’

IAY) = |B™|| = 1.

Substituting this into the above yields

Mz(;) - (T;@o)3;(t0>rg(to+2)$;(to+2) . ,,T;(t)sg(t)) (T;(to)sg(to)rg(t0+2)8;(to+2) .. .)‘1 -1
(o I(E42) (t42) r(t+4) 1(t+4) -1
= (7"1‘ s; T s, ) —1.

Applying the definition of w® to this, we obtain

Mf-;) _ (T;(Hz) s;(t”)r;(”“) S;(t+4) .. .)—1 1
1(t+2)
[

1(t+2)
J

1(t+4)
i

—log s —logr

_ log s/,(t+4) — .. ) —1

= exp(—logr !

= exp(|log r;(t+2)| + |log s;(t+2)| + |10g r;(t+4)| + |10g s;»(t+4)| + - ) -1
< exp(gw(tw) + ot 4. SIS
We define

(0 — exp(2w(t+2) 42wt . ) -1, p(tH) = ()
thereby guaranteeing that ,uz(-;-) < v® | as the lemma states. Since rl(t)sg-t) AP |IBD|
is monotonically nonincreasing, so is its relative distance to its limit, meaning that

41 ¢
Ngj : < :U’gj)v

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
Energy
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and hence

P < ) < O = D)

This proves another condition in the statement of the lemma, leaving us with only
the condition v*+2) < 0.50® to prove.
By Lemma 20,

wtt3) < 0.511)(’5'*'2)7 wttd) < w3 < O.5w(t+2)7

w9 < 05wt < 0250w WO < (D) < 0 25 (HH2)

Therefore,

w®? = (0.5 +0.25 + - - )
= 0.5w®? 4 0.250 2 + ...
> () 4 p(t6) 4L

and thus
exp(20+2)) > exp (2w 4 20O 4.
Applying this bound to the definition of #(¥), we obtain
O eXp(Qw(t+2) + 20D 4 .. -1
_ exp(?w(t“)) exp(2w(t+4) 4+ 20(t+6) 4 .. S
> (exp(2w(t+4) +2wtH0) 4 .. ))2 —-1.

We define x = exp (2w“+4) + 20w tH0) .. -), so that the above expression has the form
22 — 1 and v**2) = z — 1. Then we have

v > 42 1= 2+z-1)(z—-1)= (2 + y(t+2)) p(H2) > 9, (t4+2)

which implies that v(*+2) < 0.50(®) as the lemma states. O
Finally, we show that the analysis in Lemma 21 is asymptotically sharp.

LEMMA 22. There are matrices A and B and indices i and j so that

ugﬂ) = /%(';‘) , [LZ(-;-+2)//L§;) — 0.5 fort=to,to+2,....
Proof. Let
1 0 1 0
A= [1 22“} » B= [0 1}
for some integer v. Let us start the iteration with an O step, and assume that
t = tg,to + 2,.... A straightforward calculation, which we omit for brevity, shows

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
Energy
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that
1 0 ON
&t) - v—(t—t :| 3 1 = s
_1 9—2 (t—tg)/2 rét)_ _1
B® — 1 0 sgt) B 1
- _0 1’ Sét) - 2_21’(1_2*@%0)/2) 5
A+ [ 0 Sl I P
"1 oo NGl I PO
Bt _ (1 7“04 o S§t+1) _ Sgt)
_0 2—2 0 ) Sét—i-l) Sgt) B

and therefore

(%) (*)
() _ 1 0 ) _ 1 0O Ty _ 1 Sq _ 1
A [1 1} P {0 I o A R Pl B ol
and
IAD | = IBY| = A = BV || = |AY| = |BP| =1.

Substituting the above into the definition of ul(;) yields

W _ w8 sS AN IBY ) — s | A B |

22 = Hag
[ry” 5| A B
(28) |272’U(1727(17t0)/2) _ 2721)
= |2_27)
_ 2211—(t—t0)/2 Y
Let © = 22" """ 5o that the above expression has the form 2 — 1. Then
ugt;rz) =z — 1, and we have that

piy = a2 —1=Q2+z—-1)(@—1) = 2+ p5™) ps?,

and therefore
t+2 t t+2
s usd =1/ 2+ uls™)

From (28) we conclude that uétjz) — 0, and therefore M(Qt2+2)/u§t2) — 0.5. O

Appendix E. Proof of Theorem 14.

Proof. In the proof of Lemma 21 (see Appendix D), we show that for all ¢, j and
t=to,to +2,...,
t+1 t
i <

/%(‘;') < exp(2w(t+2) 42wt 4 .. ) 1,

eXp(Zw(t+4) 42 (tHE) 4 ) < eXp(Qw(t+2)) '

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
Energy



Downloaded 06/26/18 to 131.243.172.148. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

1416 BALLARD, BENSON, DRUINSKY, LIPSHITZ, AND SCHWARTZ

Putting these three statements together yields
,ugiﬂ) < ,ugi) < exp(2w(t+2) + 20+ 4 .. ) -1
= exp(?w“*”) exp(2w(t+4) + 2wtF0 4. ) -1
< exp (2w(t+2)) exp(2w(t+2)) -1
= exp (4w(t+2)) —1.

Lemma 20 guarantees that w*t2) < w(+1  and substituting this into the above yields

(29) ,ugj-ﬂ) < exp(4w(t+1)) —1.
Similarly,
(30) ,ug;ﬁ) < exp(2w“+4) + 2wtH0) 4 .. J-1< exp(2w(t+2)) —1.

Next, let us prove the first statement of the theorem. Assume that
(1477 <p V< +7)s
for all k. Taking logarithms yields
—0.25log(1 + 7) < log p) "™ < 0.25log(1 + 7)

or, equivalently,
log p" M| < 0.25log(1 + 7),
and therefore
wt = rnkax|logp;§(t+1)| <0.25log(l+ 7).
Substituting this into (29), we find that
,uS-H) < exp(4w(t+1)) -1< exp(4 -0.25log(1 + T)) 1=

for all 7, j, which proves the first statement of the theorem.
Let us prove the second statement of the theorem. Assume that

(1+ 7)7% < TQ(H_Q) (1+ T)ié < s;.(H_Q)

)

for all ¢ and j. Taking logarithms yields

1(t+2)

7 9

t42)

—0.5log(1+7) <logr —0.51og(1+7) < log 8;(

We show in the proof of Lemma 19 that TQ(H_Q) < 1, and therefore log rg(t+2) < 0 and
similarly for s;(H_Q). Hence

log r;(t+2)‘ <0.5log(l+17), ’10g s;-(Hz)’ <0.5log(1+7),
and hence
w2 = max (max‘log P2 |, max|log s;(tJrQ) D <0.5log(1+4 7).
i J
Substituting this into (30) yields
/LE;-+2) < exp(2w(t+2)) —1<exp(2-05log(l+7))—1=7

for all 4, j, which proves the second statement of the theorem. 0

(© 2016 Sandia Corporation, operator of Sandia National Laboratories for the U.S. Department of
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