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Abstract. This paper discusses both the theoretical and statistical errors obtained by various
dot product algorithms. A host of linear algebra methods derive their error behavior directly from
dot product. In particular, most high performance dense systems derive their performance and
error behavior overwhelmingly from matrix multiply, and matrix multiply’s error behavior is almost
wholly attributable to the underlying dot product that it is built from (sparse problems usually have
a similar relationship with matrix-vector multiply, which can also be built from the dot product).
With the expansion of standard workstations to 64-bit memories and multicore processors, much
larger calculations are possible on even simple desktop machines than ever before. Parallel machines
built from these hugely expanded nodes can solve problems of almost unlimited size. Therefore,
assumptions about limited problem size that used to bound the linear rise in worst-case error due
to canonical dot products can no longer be assumed to be true today, and will certainly not be true
in the near future. Therefore, this paper discusses several implementations of dot product, their
theoretical and achieved error bounds, and their suitability for use as performance-critical building
block linear algebra kernels.
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1. Introduction. This paper discusses both the theoretical and statistical errors
obtained by various dot product algorithms. Canonical dot product has a worst-case
error bound that rises linearly with vector length. Because vector length has been
constrained by the availability of computational and memory resources, and due to
the fact that worst case errors are almost never encountered for long vectors, this
error has not been deemed intolerable, and many high performance linear algebra
operations use algorithms with this worst-case error. With the commoditization of
64-bit memories and multicore CPU dies, the present generation of workstations have
already greatly relaxed the computational and memory restraints preventing very
large problems from being solved. As continuing software and architectural trends
increase both the amount of installed memory in a typical system and the number of
CPUs per die, these historical restraints on problem size will weaken further and lead
to the possibility of routinely solving linear algebra problems of unprecedented size.
With such a historical expansion of problem size, it becomes important to examine
whether the assumption that the linear rise in worst-case error is still tolerable, and
whether we can moderate it without a noticeable loss in performance. It is for this
reason that we have undertaken these dot product studies.

Dot product is an important operation in its own right, but due to performance
considerations linear algebra implementations only rarely call it directly. Instead,
most large-scale linear algebra operations call matrix multiply (AKA: GEMM, for
general matrix multiply) [1, 3], which can be made to run very near the theoretical
peak of the architecture. High performance matrix multiply can in turn be imple-
mented as a series of parallel dot products, and this is the case in our own AT-
LAS [26, 25] project, which uses GEMM as the building block of its high performance
BLAS [14, 17, 9, 10, 8] implementation. Therefore, we are keenly interested in both
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the error bound of a given dot product algorithm, and whether that algorithm is
likely to allow for a high performance GEMM implementation. The implementation
and performance of GEMM are not the focus of this paper, but we review them for
each algorithm briefly, to explain why certain formulations seem more promising than
others.

1.1. Background and Related work. Because dot product is so key to the
error analysis of linear algebra, it has been well studied; Probably the main refer-
ence for linear algebra error analysis in general is Higham’s excellent book[15], which
extended the foundation provided by Stewart in [24]. We will therefore adopt and
extend the notation from [15] for representing floating point rounding errors:

(1.1) fllxoy)=(xoy)-(1+9), with 4] < u,

where (i) ois @y, 20y, r Oy, v ©y for floating-point (as opposed to exact) add,
subtract, multiply or divide operations; (ii) w is the unit roundoff error, defined as
u = 1B'7% (iii) B is the base of the numbers being used, and (iv) ¢ is the number of
digits stored. Also, we assume that |[§] < w and that dqnytning is reserved notation
for values such that |0unyihing] < w. By the IEEE floating point standard, for single
precision © = 2724 ~ 5.96x10~%, and for double precision © = 27°% ~ 1.11x10716.
This model presumes that a guard digit is used during subtraction, which is a required
feature of IEEE floating point arithmetic.

A floating point summation will be represented by Zga,z‘:l’ and a floating point
product by Hg)izl. We use bold lower case letters to denote vectors. Thus x, y
denote the vectors [z1,...,2,]T and [yi,...,y,]T. The dot product of these vectors
is xTy = St x;y;. Therefore we observe that the floating point computations in
dot product are multiplication and addition. We will see that the multiplicative error
does not compound in dot product except through accumulation, and hence the main
algorithmic opportunity for error reduction comes in strategies for summing individual
elementwise products. Therefore, the most closely related work is on reducing error
in summations, as in [20, 12, 19, 23, 22, 11, 2, 6, 21, 13]. To understand floating point
summation consider the summation of z1,...,x,. For example if n = 5 and we use
01 ...04 to represent the errors, we have

(((($1 (&) .%‘2) (&) .’L‘g,) D 1‘4) D :E5) = 1‘1(1 + (51)(1 + 52)(1 + 53)(1 + 54) + :Cg(l + (51)(1 +
92)(1 4 03)(1 4 04) + z3(L 4 02) (1 + 03) (1 + 64) + 4(1 + 63) (1 + 64) + x5(1 + 64)
Using the standard notation of [15] we have

n

[T +6) =1 +6,), with [6] <

=1

We can now bound 6,,. For example, assuming 0 < z;,7 = 1,...,n we obtain

Z 2 <a1(14+60p_1) +a2(1+0,1) +23(1+0,2)+...+x, (1+61).
Pi=1

21 and zo both have (1 + 0,,_1) as their error factor because they are equally involved
in the innermost addition, after which the error factor decreases by a factor of (14 )
for each subsequent variable added, indicating how many additions it was involved
in. It is important to note that multiple (1 + 6,) may represent distinct sets of J;
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and are not necessarily equal to each other. Equal (1 + 6,) cannot, in general, be
factored out for different terms in an equation. As we will show, one cannot even
assume some combination of §; can be found that would allow this factoring to take
place. In short, the (1 + 6,) are not multiplicatively distributive. However, these
terms can be combined and manipulated in the following way (for details and proofs
see [15]): A floating point multiply of two numbers with pre-existing error adds the
exponents of the errors together, and multiplies the error factor by (1 + §). So from
the definitions we have: x1 (14 6,) ©x2 (14 0,,) = (z1-22) (1 + 0ppme1). Critically,
however, z1 (1+6,) @ 22 (1+605,) = (z1 4+ 22) (14 Omax(pm)+1). This is the key
observation that leads to algorithmic reduction in error: if we can evenly balance the
size of p and m during addition, we can minimize the resulting error. Conversely, if
m =1 and p = ¢, as in canonical summation (where 4 is the induction variable), then
error growth is maximized.

This paper is concerned only with algorithmic improvements for controlling error.
A related and orthogonal approach is using extra and/or mixed precision arithmetic
to reduce error. Since this approach is not the focus of this paper, we do not cover this
area in detail, but [6, 7, 18] provide some information. The broader effects of floating
point error in linear algebra is also too large a pool of literature to survey in detail,
but more information can be found in the overview texts [24, 15], and in [5, 16].

1.2. Outline. The remainder of this paper is organized in the following way:
§2 discusses bounds for the (1 + 6,) products that these equations require for sim-
plification, including a tighter bound than we have found in the literature, while §3
introduces a more concise notation that we will use in our later proofs, which can be
used to track error more precisely than the standard (1 + 6,,) terms. Section 4 sur-
veys some known dot product implementations, including their error bounds, while
85 introduces a general class of dot product algorithms we call superblock which we
believe is new. Section 6 then shows some results from our statistical studies of these
algorithms, which will allow us to draw some conclusions about these techniques, the
most important of which are summarized in §7.

2. Bounding the Floating Point Error Terms. Lemma 2.1 (pg 69 of [15]) is
a bound on the term (1 +6,,) =[], (1 + §)*?, with each p; € {—1,+1} and |6] < u.
LEMMA 2.1.

2.1 51§U, i =1, nu <1, 1+6Zp1:1+07,, 0, <
p

=1

nu

1—nu ™

Noting that equality holds for |01].

Since 14§ can be > 1, a useful bound requires an additional limiting factor. If n
is the number of flops applied to a variable, we assume n - u < 1. We emphasize n is
the limit of the number of flops needed to compute a single result; so for IEEE single
precision this limits us to about 223 flops.

The above error bound is not tight, and in fact we can produce a tighter bound
by tracking the specific amount of floating point error in terms of the (1 + 6,,) factors.
First, we are given § € [—u,4u] and p € {—1,+1}, thus (1+6,,) = [T, (1 + 6;)7

has a minimum value of (1 — u)” and a maximum value of (ﬁ) . Thus, observe

that (i) r:?l,ipn H?:l(]' + ;)P = H?:l 52(1,1;2 (1+6;) = H?:l(]' —u) = (1 —u)" and
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() 55 TI, (4 007 = Ty 25 (ko) = Ty () = (25)" These
observations are used in the proof of Lemma 2.2.

LEMMA 2.2. We can bound 8, as follows:

1—(1—u)"™
==

Proof.

(1—u)” < (1+6,)< (ﬁ);» (l—w)—1< 6, < (L>"_1

= 10a] < max (|(1 = w)" - 1], ) (ﬁ)" _ 1D

Since (1 —u) <1, |(1—u)"—=1=1—(1—w)", and since (ﬁ) > 1:
() 1= (&) 1=~ = S > -0 -w
The final inequality holds because the divisor (1 — )™ < 1. Thus, we obtain

(=) D=

We now prove this bound is tighter than Lemma 2.1 Vn > 1.

max <|(1 —u)" —1],

PROPOSITION 2.3.
1—(1—u)"
(1—w) o
(1 —u)m 1—nu

Vn > 1,

Proof. To prove Proposition 2.3 we use an inductive proof by contradiction, where
we first show by contradiction that the new bound is not greater than or equal to that
of Lemma 2.1, for n = 2, and then use induction to show it is false Vn > 2. Obviously,
once we have proved that the new bound is never greater than or equal, it must be
strictly less than, and Proposition 2.3 is proved. To help with this proof, (2.2) shows
the reverse proposition which will be contradicted Vn > 1.

Proposition to be disproved:

1—(1—=u)" nu 1 nu
2.2 > = -1>
(2:22) l—-wr “1—nu ({Q—-u)m ~1—nu
1 1-— 1 1
(2.2b) > =)+ nu > = (1-uw"<1-nu

(1 —w)» — 1—nu (I—w)™ ~ 1—nu
We now disprove (2.2) by induction. For n = 2, (2.2b) reduces to

1—u)P<l-2u=1-2u+u?*<1-2u=u*<0,

a contradiction. So this inequality does not hold for n = 2. Now suppose it is true
for some first integer n + 1 > 2. If true, we have
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I-—uw)"<l-m+Du=1-u)(1-u)"<1—nu—mu.

Since this (n+ 1) case is the first for which (2.2b) holds true, it was false for the prior
(n) case, which implies (1 —u)™ > 1 — nu. Therefore, our inequality keeps the same
direction and becomes strict if 1 — nu on the right is replaced by (1 — u)™:

I-w)(l-uw)"<(1l-uw)"—u= (1-u)"—u(l—u)" < (1-u)"—u= —u(l—u)" < —u.

Dividing both sides by —u reverses the inequality, resulting in
u(l—w)" >u=(1—u)">1.
But this is a contradiction since 0 < u < 1 and n > 1, so the proof is complete. O

3. The Error Product Notation. Although the (1 + 6,,) notation is useful
for straightforward analysis, it becomes unwieldy when large numbers of terms are
involved and we must track the sources of the error factors. To facilitate such analysis
we introduce a notation similar to that of Stewart’s bracket notation, <k>[24]. We
denote by ﬁj the product []/_, (1484, )7, where the superscript a is used to indicate
a particular collection of d,, and p,,, with ¢ running from 1 to j. If no superscript
is present, then ﬁj refers to a general collection of §; and p; with ¢ running from 1
to j. To understand the motivation for distinguishing between generic and specific
sets, consider this hypothetical series of operations: We add x to y in floating point:
z=2®y = (x+y)(1+01), then expand the right hand side: z = x(1461) +y(1+61),
and subtract the y term from both sides in exact arithmetic, z —y(1+4d1) = z(1+ 7).

For some analyses (in particular backward error analyses) we require terms on the
right to be represented without error. To accomplish this here, we must divide both
sides by (14 d1). But division of error terms presents a unique problem: we know the
(1+4) is identical on both sides because we distributed an original single error value
to two terms. So we know it would cancel out, and we could write ﬁ —y =z
But during analysis, in order to make computations tractable, we often generalize in
ways that lose track of the individual 6. In thoie cases we can no longer divide: If all

+

we know is that |6] < u, then by definition %ﬁ — II,. To overcome this problem, a

superscripted ﬁ? is used to represent a particular combination of j §’s and p’s named

“a”. This allows us to cancel them by division; i.e. % =1.
j
We use ﬁj to represent j terms of the form ngl(l + 6;)P where for the purpose
of simplification we may have purposely lost track of the exact values of the 4; and
pi. Given II;, all we know is that all |§;| < u and each p; € {—1,+1}.

When collections are unnamed, we must presume such collections to be a unique
set of d’s and p’s, and we cannot perform any simplifications. Under these circum-

e e . . 11, = .
stances, division has a different result: ﬁ—] = IIy.;. Since we cannot know whether

there are any cancellations, we must follow the definition. Expanding the fraction by
the definition yields

J ; J J

i :1(1 + 61'1)1)1'1 ) . ~

1 = 1—|—511 Piy . 1—|—512 Piz =TI, ..
e |(ERNTE  (RENGE

io=1 1=

ig=1
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Superscripts can be used to track composition of a product in the superscript,
just as we track the number of entries in the subscript: (H?)(HZ) = H?fk. This allows
a concise notation with the possibility of regrouping or simplifying parts of the error
later in the development of an equation. We next state and prove a bound on the II;
error terms.

ProprosITION 3.1. Using the terminology introduced above, we obtain the follow-

ing bound on the error product terms: f[j — 1’ < W < 111;u =:7;

Proof. Using the definition and our previous results, we can bound ﬁj

R 1\’

1—(1—wu) < Jju
(I-wu)y —1-—ju

J
(1u)j1gnj1g< ) flé‘njq‘g

1—u
Note that Proposition 2.3 makes the inequality with ~y; strict Vj > 1. O

ﬁj is a direct replacement for Higham’s (1 + 6;). Thus Higham’s bounds, theories

and Lemmas that apply to (1 + 6;) apply equally to ﬁj because of (2.1), and our I
notation can be easily translated to and from 6 notation via (3.1):

~

(3.1) M, =1+6, — 0, =11, — 1

REMARK 3.2. This notation implies the following relations in exact arithmetic,
where z1, zo are scalars:

(’L) 211/_:[\3‘ . Zgﬁk = (2’1 . Zg)ﬁj+k
.. 11, =
(i1) 25 = 2f

These multiplication and division results follow directly from the definition.

Cram 3.3. In general, ﬁj 18 not distributive over addition i.e.

(32) Zlﬁj + Zgﬁj 75 (2,’1 + Zg)ﬁj.

Proof. If this relation were true, it would require that there exist a single error

factor ﬁj that can be applied to the sum to produce the same amount of error as the
two independent II;. This is not the case. Suppose 0 < zp < z; and the operation is
subtraction. Then 3.2 implies 3 a II7 such that

(3.3) zlﬁ? — Zzﬁ? =(z1 — zz)ﬁj

Where we have named the various ﬁj to help track them and indicate independence.
The left side of 3.3 varies with the error factors; its minimum occurs when 1% is at

its minimum and H? is at its maximum. Using our previous observations this yields

~ ~ ) 1
min (zll_[? - ZQHZ) =z1(1—u)! — 29 <(1—u)3> .
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Our assumption implies 3 a ﬁj that satisfies 3.3. The minimum value of ﬁ? is
(1 —u)?, implying
(1 —u) — 2 ((ﬁ)) (21 — 20) - ( Wy = 21 (1 — ) — za(1 — u) =
2 (ﬁ) > —z(l-u)f = iy <1 -w)=1<(1-u)’

a contradiction since 0 < u < 1. Thus ﬁj is not distributive over addition. O
The problem is the mixing of signs which creates a mix of min and max values for
I1;, and the non-specificity of H If we have more information about the operands
or error factors we can be more precise. For example, zlﬁ? + Zgﬁ? = (21 = zg)ﬁj
as expected; because in this case ﬁ? represents the same error factor. If scalars
z1, 22, .- . zx are all the same sign we can prove the following;:

PROPOSITION 3.4. Given same-signed values {z;}%_| then 3 a ﬁj such that
Zf:l Zlﬁ? = ﬁj 25:1 i

Proof. The proof is by induction. Suppose k = 2 and we have z = zlﬁ;‘l + 221/'\[?2,
with H?l and H?Q independent, and z1,z3 > 0. Then

min z = min(z; 1% + 2,019?) = mm(zlﬂ Y+ mln(zQH 2).
S, p 5, p J J 5, p 5, p

Now z; >0:>m1n211'[ =2 rgunl_[ !
5, p P

and a similar result holds for z5. Thus,

minz =z - mlnH + 29 - mmH 2, and since
S, p 5, p o, p

min 19" = min I1? = (1 — u)?, we have
s p 7 s p 7

rglinz =21(1 —u)? + 2001 —u) = (21 + 22)(1 — ).
P

The maximums work similarly, letting us conclude

z€ (21 +2)- |(1—u), A=y

This is precisely the range of II;, and since 1I; is continuous on its range, 3 a IIf such

that z = ﬁj(zl + z2). Then the induction step is trivial; assuming this is true for n
terms, for n + 1 terms we combine the first n terms to create this £ = 2 case. The
proof for all {z;}¥_, < 0 proceeds similarly. O

4. Known Dot Products. In this section we overview several dot products of
interest. Note that we are primarily interested in dot products that could likely be
extended into high performance GEMM implementations. Since GEMM has O(N?)
flops and O(N?) memory use, after tuning its performance is typically limited by
the amount of computation to be done, and therefore we do not consider methods
requiring additional flops (eg., compensated summation). For performance reasons,
we also avoid sorting the vectors of each individual dot product. Finally, we do not
consider using extra or mixed precision, as both the performance and accuracy of such



UTSA/CS Technical Report CS-TR-2007-002 8

algorithms is strongly influenced by the architecture and compiler, and our focus here
is on general algorithmic strategies.

Therefore, we present and analyze three known methods in this section, including
comments indicating their suitability as a building block for high performance GEMM
implementation. Section 4.1 discusses canonical dot product, §4.2 surveys two versions
of the blocked dot product, and §4.3 presents pairwise dot product.

4.1. Canonical Dot Product. The canonical algorithm is:
for (dot=0.0,i=0; i < N; i++) dot += X[i] * Y[il;

which calculates the dot product for two n-dimensional vectors, x = {x;}" ; and
vy = {yi}; in the order

(- (21 0Y) @220 Y2) D3O Y3) D ...) DXy O Yn)

In [15] and much of the summation literature, this method is called the recursive
algorithm. Since the pairwise algorithm (surveyed in §4.3) is naturally implemented
using recursion and this method is naturally implemented using a simple iterative
loop, we avoid this name and refer to this algorithm, which is certainly the most
widely used in practice, as canonical. We repeat the bound for the forward error
presented on page 69 of [15] as Proposition 4.1.

PROPOSITION 4.1. Lets=y'x and §=y' ©®x. Then 3 a ﬁn such that

(4.1) |s = 3 < (|1 — 1) x] Ty ] < yalx]Tly].

Proof. We present this algorithm in more than usual detail to familiarize the
reader with a standard analysis using the new notation. We first account for the error
introduced by floating point multiplication, replacing x; ® y; with z; - y;11;, yielding:

(( .. (((1‘1 . ylﬁl) @ X9 - ygﬁl) @ T3 - y3ﬁ1) EB .. ) EB Ty - ynﬁl)

We replace & with +, adding one to each bracket on each side at each step. We
start with the final  and work our way inward:
(- (@1 'ylﬁz) D yzﬁz) D3 - y3ﬁ2) ©...) B Tp_1- yn—lﬁ?) +Tn - ynﬁz) =
(oo (21 ylls) B s - y2H3) ® w3 - y3H3) 2 F oot Ynalls + 2 yally) &
(oo (@1 -y Tly2) @ o - yoll,, 2) SEEE ysll,, 2) + ..+
Tn—1 " Yn— 1H3 + x5, - ynH2)

and so forth until we obtain
(4.2) (1 -1l + @2 - yolly + 23 - ysllyoy + ..+ 2 - ypllo)

The worst potential relative error in this equation is on the terms involving ﬁ
We cannot_know which terms actually have the worst error, but note if a < b, then
v H Jall, = H So, remembering our rule that all unnamed collections must be
presumed to be unique, we can replace all of the H in the above equation with H

yT®x: ($1y1Hn+ﬂC2y2Hn+$3?Jan++!Enynnn)

To get the standard forward error we subtract the exact answer as shown in (4.3)
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(4.3) yTQX—yTX:xl-yl(ﬁn—1)—}—1‘2-yg(ﬁ;—1)+...+xn~yn(ﬁn—1))

But (II,, — 1) is not distributive over addition for differently signed elements, so
to simplify further we must force identical signs on all the x; - y; terms, which we
accomplish with the absolute value function.

~7

yT ox—y"x| = |z -y (I — 1) + @2 2T, — 1) + ...+ 2 - g (I, — 1)
Applying the Triangle Inequality yields
YT Ox =y x| < |21yl | (T = V)] + |22 - ol (T, = D]+ + 2 -y [(TL, — 1))
Now we apply Proposition 3.4 to find 9 a ﬁn such that:
yTox—y'x < |~ Dly" Ox=|s & < |, ~ Dy ©x

Since by proposition 3.1 |ﬁn — 1] < 7, the proof is complete.
O

Without knowledge of the signs or magnitudes of the vector elements, we see that
the worst-case error will therefore depend on the greatest number of flops to which
any given input is exposed. This leads us to the observation that different algorithms
distribute flops differently over their inputs, and thus the more uniformly an algorithm
distributes flops over inputs the better it will be on worst-case error.

Implementation notes. Canonical dot product is the usual starting point for opti-
mized block products. A host of transformations can easily be performed on canonical
product (unrolling, pipelining, peeling, vectorization, prefetching, etc.); some of these
optimizations (eg. scalar expansion on the accumulator) can change the error behavior
slightly, but not enough to worry about here. However, canonical dot product results
in vector performance (which is often an order of magnitude slower than cache-blocked
matrix performance), when building a matrix multiply and so canonical dot product
is almost never used to directly build a high performance GEMM implementation.
Instead a blocked version of dot product is used, and so we survey this dot product
variant next.

4.2. Blocked Dot Product. For some optimizations it is necessary to block
operations into chunks that make good use of the various levels of local memory that
exist on computers. For a dot product of two vectors of large dimension N, this
implies breaking up the vectors into Np-sized subvector chunks that are computed
separately, then added together. There are two obvious algorithms for blocked dot
product, which we call pre-load and post-load; we show that post-load is strongly
preferable to the pre-load due to error growth. Figure 4.1 gives pseudo-code for both
versions of the algorithm (we assume N is a multiple of N} for expositional simplicity
throughout this section).

The pre-load algorithm of Figure 4.1(a) is probably the most obvious implemen-
tation. However, it is not optimal error wise. The term s is used in every intermediate
computation, so the error term on s will dominate the total error. The first add to
s is an add to zero that doesn’t cause error. So there are N — 1 adds to s, along
with the ITy error of the multiply, making the forward error exactly the same as the
canonical algorithm error bound.
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s=20.0
s=0.0 blocks = ﬂb
blocks = +- for(b = 0; b < blocks; b++)
for(b = 0; b < blocks; b++) { sb = (z[0] ® y[0])
{ for(i = 1; 4 < Np; i++)
for(i = 0; ¢ < Np; i++) sb = sb® (x[t] © y[i])
s=s® (z[i] © y[i]) s=s®sb
T += Np; y += Ny T += Np; y += Ny
} ¥
return(s) return(s)
(a) Pre-load blocked dot product (b) Post-load blocked dot product

Fic. 4.1. Pseudo-code for blocked dot products

Now consider a slight alteration to this algorithm, as shown in Figure 4.1(b).
Instead of accumulating on a single value throughout the computation, we accumulate
the dot product for each block separately, and then add that result to s. So the blocked
dot product consists of < Ny canonical dot products each of size Ny, each of which then
adds to the total sum. The forward error bound of the post-load algorithm is stated

in (4.4), and we prove it in Proposition 4.2:

PROPOSITION 4.2. Ifs=y'x and 5 =y' ©®x then 3 a ﬁNb-s-Nl—l such that the
b

forward error of post-load dot product is
(4.4) |5 =51 < (M4 g1~ 1)yl < VNHN%_lIXIT\YI

Proof. Let xp, and yp be the subsections of x and y operated on in the inner
loop of Figure 4.1(b). These are clearly canonical dot products of size Nj, which
we have shown produce an error of IIy,. Assigning each such subsection the value

51,82,... 5N, We have
b

A:slﬁNbGasQﬁNb@...@sN%ﬁNb,
Which by straightforward analysis similar to canonical dot product yields
S—SlHN+N 1+52HNb+N_+ +5NHN+N_1:>
|s — 3] = |31(HN+N_ —1)+ +sN(HN+N )

Note |s1|+|s2|+. . +\3NA| = |s| = |x|T|y|. So the above implies by Proposition 3.4
b
and by applying the Triangle Inequality, 3 a Iy, | N such that
b

s =51 < foallfl . o - —1|+...+\8N%||HM+N%_1—1|:»

|5 — 8 < My, 4 o1 = sl < v —alx(Tly -

Therefore, assuming a fixed N, post-load reduces error by a constant factor which
depends on Np. In examining (4.4), it is clear that as N grows with a fixed N, the
number of blocks eventually dominates the error term, which leads to the idea of
finding a way to minimize the error from adding the block results together. This is
the essential idea behind superblocking, which is discussed in detail in §5. If we look
at the error subscript as a function of Ny, say E(N,) = N, + Nﬂb — 1, minimizing
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it reduces the order of the error. In particular if N, = V/N then the error becomes
I, /7 _,, as mentioned in [15](pg 70).

Implementation notes. Most high performance GEMM implementations use one
of these blocked algorithms, where the IV} is chosen to fit the operands into the cache
(which cache level this GEMM kernel fills depends on both the implementation and
the architecture). It is perhaps not obvious, but the post-load algorithm requires
no extra storage when extended to GEMM. In GEMM, dot’s scalar accumulators
naturally become output matrices. However, these output matrices must be loaded
to registers to be operated on, and thus the architecture provides a set of temporaries
that are not present in storage. This is indeed where the algorithms get their names:
in pre-load, the summation-so-far is loaded before beginning the loop indexing the
common dimension of the input matrices, but in post-load the summation is not loaded
until that loop is complete. Therefore, whether the pre-load or post-load algorithm
is used varies by library (ATLAS mostly uses the pre-load algorithm at present);
indirect experience with vendor-supplied BLAS seems to indicate that many use the
pre-load version, but it is impossible to say for sure what a closed-source library
does algorithmically. However, personal communication with Fred Gustavson (who
is strongly involved in IBM’s computational libraries) indicates that at least some
in the industry are aware of the error reductions from post-load, and have at least
historically used it.

Since NNy is selected to fill a level of cache, it cannot typically be varied exactly
as called for to get the II, 5_; bound; In our own ATLAS (and we suspect in other
libraries as well), N, is allowed to vary to a limited degree, but does so only due
to performance considerations. However, even libraries with a fixed N, can produce
lower-order worst-case errors for a reasonable range of problems sizes, and those that
can choose amongst several candidate Np’s can do even better, as we outline in §4.2.1.

4.2.1. Optimal and Near-Optimal Blocking for Post-Load Dot Product.
Post-load blocked dot product has the error given in (4.4). To derive the optimal Nj
to use, we treat the error subscript as a function of Ny; E(Ny) = Np + Nﬂb — 1. Notice

E(1)= N and E(N) = N, but E(2) = £ +1 < N for any N > 2. Thus E() starts out
decreasing but eventually increases, when the number of blocks to be added outweighs
the block length. To minimize this function we set its first derivative to 0, and solve

for Ny:
(45) FE'(Ny)=0=-N-N,;>4+1=0=N-N,?’=1= N, =VN

Applying N, = VN to (4.4) shows the error will now be
w1y = hyaa

However, assuming that as discussed in the implementation notes we have only a
few fixed block sizes to choose from, can we still get the lower-order error bound for
a reasonable range of problem sizes? The answer turns out to be yes: using a slightly
non-optimal block factor merely results in a larger coefficient on the square root term.
More formally, suppose for some small constant ¢, N, = ¢-v N. Then the error factor
on each term will be

~

Hovmr = ymitvm1 =Heynvm1
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Implementation note. For an intuition of how this could help, consider ¢ = 2, and
a dot product (or GEMM) with N, = 60. Such an algorithm would achieve a worst-
case error of ﬁ2.5\/ﬁ_1,V{N : 900 < N < 14,400}. Thus, a few carefully selected
block sizes could achieve square root worst-case error across the range of reasonable
problem sizes (note that very small N do not have substantial errors, and so their NV,
could either be omitted or handled by other optimizations with similar error results
as small blockings, such as accumulator expansion). N, = 60 is a midsized L1 cache
blocking factor; using moderately smaller blocking factors will typically not have a
sharp affect on performance. One could therefore imagine a GEMM implementation
that has several smaller block sizes available, and also larger sizes that block for the
L2 cache, and thus can produce square root worst case error across all typical problem
sizes with minimal loss in performance.

F----- ar-mm-- Aar------ armmmm- L it Py L

1 ©yinze © y2,23 O y3;wa O ya, m 30 Yn— 3n 20 Yn— zn 10 Yn— tﬂrnQyn |

s P T

NNV \ VAN
scalar dotProduct
(Vector X, Vector Y)
{ scalar sum; ®

int n = X.length;

int n1 = n/2;
int n2 = n - ni; T e
if (n == 1) return (X[1] * Y[11); @

sum = DotProduct(X[1:n1], Y[1:n1]);
sum += DotProduct(X[ni+1:n2],Y[n1+1:n2]);
return (sum);

} // END *** dotProduct **x*

(a) Pairwise pseudo-code (b) Pairwise summation diagram

Fic. 4.2. Pseudo-code and flop exposure of pairwise dot product

4.3. Stability of the Pairwise Dot Product. Finally, we consider the pair-
wise algorithm, which can be naturally implemented using recursion, as shown in
Figure 4.2(a). This algorithm performs precisely as many flops as the canonical form,
but instead of accumulating the products one by one, it constructs a [logy(n)] deep
binary tree of them, as shown in Figure 4.2(b). Thus this algorithm has the property
of distributing the flop load exactly equally among its inputs and thus minimizing the
worst-case error. Pairwise is discussed in [15] (p70), where Higham produces an error
bound for the forward error for this algorithm which we cite as Lemma 4.3:

LEMMA 4.3. Let us denote by |x|, |y| the vectors of absolute values of the elements
of x andy. The following bound hold true on the forward error of the floating point
pairwise dot product:

=~ T
|Sn - 8n| < Vog, n]+1|x| |Y|
We prove the equivalent error bound in our analysis.

PROPOSITION 4.4. The following bound holds true on the forward error for the
recursive dot product computation: 3 a Ilf1116g,(n)] 8-1-

(46) ‘Sn - §7\L| < |H(1+log2(n)] - 1| ! |X|T|y| < V1+logy n] |X|T|y"

Proof. We note that in the canonical algorithm the various pairs of vector element-
products are subject to different numbers of additions. However, in this algorithm all
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products are subject to the same number of additions, namely, [log,(n)] of them. In
our first (lowest) level, we form the products

1 'y1ﬁ1 D x2 'y2ﬁ1 SERUE 'y3ﬁ1 D w4 'y4ﬁ1 D...DTn—1 'yn—1ﬁ1 D Tp - ynﬁl
The next level we add neighboring pairs, adding I error,
(71 'y1ﬁ2 + 2 'y2ﬁ2) @ (v3- y3ﬁ2 + g y4ﬁ2) @...0(Tn1 'yn—lﬁz + T ynﬁ2)
At the next level we add neighboring pairs of parentheticals, adding ﬁ1 error,
(1 - s + 22 - yolls) + (s - yslls + 24 - yally)) @ ...

@ (T3 yn—3ﬁ3 + Tp_2- yn—QﬁS +Tp—1- yn—1ﬁ3 +Tp Z/nﬁ3))

and so on, until we reach our final sum after [log,(n)] steps. Since we also have
to account for the ® which adds II; error, our final summation is

21 - Y1 (M r1410g, (1) + 22 - Y2 (M 1410g,(n)1) + - - -+ Zn - Yn (14108, (0)])
As we have done on earlier analyses, we can take absolute values, apply the
Triangle Inequality and Proposition 3.4 to find 3 a Il 414g,(n)) Such that:

s — 8] < M 14108,y — UXITIY] < Y14 10g, (1 X[ Tyl O

Pairwise demonstrates an instance where recursion, by distributing usage of prior
results uniformly, inherently improves the accuracy of the result. In general, this is
a powerful principle: The fewer flops elements are subjected to, the lower the worst-
case error. We will demonstrate in §6 that these lower worst-case error algorithms do
indeed produce lower actual errors on average versus canonical.

Implementation notes:. Despite its superior error bound, this algorithm has sev-
eral drawbacks that prevent it from being the default dot product for performance-
aware applications. First, the general recursive overhead can be too expensive for
most applications. Further, the smaller sizes found towards the bottom of the recur-
sion prevent effective use of optimizations such as unrolling, pipelining, and prefetch.
These optimizations often must be amortized over reasonable length vectors, and for
optimizations such as prefetch, we must be able to predict the future access pattern.
Straightforward recursive implementation limits or completely removes the freedom
to perform these optimizations, and so it generally is much less optimizable than a
loop implementation, even when the recursive overhead is minimized. We note that
the naive version of this algorithm requires § workspaces (stored on the stack in the
recursive formulation) to store the partial results. With smarter accumulator man-
agement, we may reduce the worskpace requirements to (1 4 loga(n)), as mentioned
in [15] (which cites earlier work [4]). We will derive a similar result using our su-
perblock algorithm, in §5. However, since in matrix multiply these workspaces must
be matrices (as opposed to scalars for dot product), pairwise is usually not practical
due to memory usage, even if the performance considerations highlighted above do
not discourage its use.

5. Superblocked Dot Product. The idea behind superblock is that given ¢
temporaries, perform the necessary accumulations of dot in ¢ levels, where each level
gets the same amount of adds, and the lowest level consists of a dot product with that
same number of adds. This generalized superblock is shown in Figure 5.1(a), where
for clarity it is assumed that v/N is an integer. Note that it is possible with superblock
to have each temporary experience a different number of adds, but the best error case
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scalar dotProd(Vec X, Vec Y, int t) scalar dotProd(Vec X, Vec Y, int nb)
{ int n = X.length; { int n = X.length;

int nb = pow(n, 1/t); int nblks = n/nb;

scalar tmp[t] = {0.0}; int nsblks = sqrt(nblks);

int cnt[t] = {0}; int blksInSblk = nblks/nsblks;

scalar dot=0.0, sdot, cdot;
for (i=0; i < n; i++)

{ for (s=0; s < nsblks; s++)
tmp[t-1] += X[i] * Y[il; { sdot = 0.0;
if (++cnt[t-1] == nb) for (b=0; b < blksInSblk; b++)
{ {

for (j=t-2; j; j—) cdot = X[0] * Y[0];

{ tmpl[j]l += tmp[j+1]; for (i=1; i < nb; i++)
tmp[j+1] = 0.0; cdot += X[i] * Y[il;
cnt[j+1] = 0; sdot += cdot;
if (++cnt[j] < nb) break; X += nb; Y += nb;

} }

} dot += sdot;
} }
return(tmp[0]); return(dot) ;
} }
(a) t-level superblock (b) 3-Level Fixed-N, superblock

Fic. 5.1. Pseudo-code for Superblock Algorithms

is the one shown, where all levels are exposed to roughly the same number of adds.
This algorithm therefore has the advantage of distributing the additions as optimally
as possible for a given amount of workspace. Additionally, notice that at t = 1,
this algorithm becomes canonical, for t = 2, it becomes post-load blocked, and for
t = log2(N) it becomes space-optimal pairwise (this will be shown in Proposition 5.3).
Therefore, all the algorithms surveyed in §4 may be viewed as special cases of the
superblock class of dot products.

PROPOSITION 5.1. For at temporary superblock summation, the optimal blocking

factor is N%, which will produce an error of Ht(N%il).

Proof. The proof is inductive on t. The proposition is trivially true for ¢ = 1.
For ¢t = 2, suppose we block the lowest level by N, then the second level will consist
of Nﬁb results (for simplicity, we assume N evenly divisible by N;) each of which has

a Il N,—1 Dreexisting error from the level-1 summation. Adding these level-1 blocks

requires Nﬂ — 1 nonzero adds.
b

We therefore see that the error of a two-level superblock of size N will be a
function of Ny, as shown in (5.1a), which we minimize by setting its derivative to zero
and solving, resulting in an optimal N, = v/N as shown in (5.1b), which leads to the
required error bound, and the basis case is complete.

N
(5.13) E(Nb) =Np+——-2

Ny
(5.1b) E'(Ny)=1-NN;?=0=N}=N= N, =VN

Therefore, assume the proposition is true for ¢. For ¢t + 1 level blocking, we must
decide on the lowest level blocking factor, which we will call N,. This will produce an



UTSA/CS Technical Report CS-TR-2007-002 15

error of TI N,—1 on each block summation, with N% blocks remaining to be added in the
subsequent ¢ levels of the addition. By the proposition, the ideal blocking factor for
these remaining ¢ levels is (%)%7 and will produce additional error of II ( Y ) 1 .
(1)

We therefore see that the error of a t + 1-level superblock of size N will be a function
of Ny, as shown in (5.2a), which we minimize by setting its derivative to zero and
solving for Np. as shown in (5.2b). )

(5.2a) E(Ny) =Ny —1+1¢ ((]J\;[) ‘o 1)

b

, 1 -1 =14 1 —(t+1) 1
(5.2b)E(Nb):1+t(Nt><T><th ):O:>1:Nt><Nb T = N,=N*

Therefore, the remaining blocks to be added by all subsequent levels is %’ =
A],v; =N t%l, which by our assumption means that all subsequent levels will also be
t
using N, = N%, and so this is our optimal N, V¢. Substituting this N, in (5.2a) gives
the error

~ ~

II ! — 1II A
N1_1+t(<Nm>t_1> (t+1)(NTFT 1)

which is the rest of the required result.
0

PROPOSITION 5.2. The following bound holds true on the forward error for the t
temporary superblock dot product computation:

(653)  sw—5al < (T gmaen = U) XTI < (emy ) Tl

Proof. Superblock dot product differs from summation only in that it has 1
additional error from the multiply, and we note that adding 1 to the result proven in
Proposition 5.1 yields (5.3). O

PROPOSITION 5.3. An N = 2¢, t-level superblock dot product is equivalent to the
space-efficient pairwise dot product.

Proof. Applying Proposition 5.2 tells us the error must be

-~

Ht(N%_1)+1 =1Lt 1y = Merr = Thog, ()41

If we apply this result to vectors x and y of length NV we will find 3 a ﬁlog2( N)+1
such that:

Is — 5| < Mo, (ny+1 — 1] - x|yl < 71og2(N)+1|X|T|Y|

identical to the pairwise result (4.4), accomplished in t = log,(NN) workspaces. O

Higham[15] notes that Caprani[4] showed pairwise takes |loga(NN) ] + 1 storage lo-
cations, which disagrees with our count of ¢t = loga(N) (where we assume |loga(N)| =
[log2(N)]) as just shown in (5.3). We have been unable to obtain a copy of [4] directly
to be sure, but from our own analysis it appears likely the extra storage location for
powers of two comes from insisting on an extra storage location to hold the result of
an individual x[i] * y[i], which we do not count as storage in our algorithm (given
a machine with a multiply and accumulate instruction, no such location is necessary,
though registers for loading x[i] and yli] would be, which neither algorithm accounts
for). Therefore, we do not claim to require less storage, despite the differing counts.
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5.1. Fixed-N, Superblock. As so far presented, superblock is interesting mainly
from a theoretical standpoint, since its implementation would probably be only a little
more practical than pairwise. However, we can make a straightforward adaptation to
this algorithm which makes it a practical algorithm for building a high performance
GEMM (at least in the way we perform GEMM in ATLAS) in those cases where
the problem size is too great for post-load GEMM alone to to give the lower-order
worst-case error term. As previously mentioned, in implementation N, is either fixed,
or at most variable across a relatively narrow range. Therefore, we assume N, is not
variable when deriving our practical superblock algorithm. The second choice is how
many temporaries to require. Depending on the types and levels of cache blocking
applied by ATLAS’s GEMM, each additional temporary beyond the problem’s output
N x N matrix and the machines registers (which handle the post-load dot product
in the innermost loop) would require either an N, x N, temporary in the best case,
or a N X N, in the worst. Also, additional storage locations will tend to depress
performance due to added cache pollution. Therefore, we choose to add only one
additional workspace beyond the problem’s output and the machine’s registers, lead-
ing to the ¢ = 3 algorithm shown in Figure 5.1(b) (for clarity we again assume that
all block calculations produce non-zero integral answers). This produces an error of

. . 3
HNb+2(\/NIb—1) (note that, as expected, this is the same as (5.3) when N, = ¥/N).

We believe this algorithm, requiring only one additional buffer, will provide reason-
able error reduction on pretty much all problem sizes that are practical in the near
and medium term (§6 puts some statistics behind this belief), without unsupportable
workspace requirements or sharp performance reductions.

6. Numerical Experiments. It is widely known that worst-case errors are
almost never seen in practice. This is mostly due to the fact that a prior over-
estimation is often balanced by a later under-estimation, so that the worst-case bound
is loose indeed. Many practitioners believe that with these extremely loose bounds
and the self-cancelling nature of floating point error, all the algorithms perform fairly
indistinguishably for most data. This idea is endorsed in a limited way in [22], which
demonstrates that there exist particular data and orderings which will make any
of these ‘better’ dot product algorithms produce worse results than the others (eg.,
pairwise gets worse error than canonical). The conclusion of this paper goes further
(remember that the ‘recursive summation’ of Higham is our ‘canonical’):

However, since there appears to be no straightforward way to predict
which summation method will be the best for a given linear system,
there is little reason to use anything other than the recursive sum-
mation in the natural order when evaluating inner products within a
general linear equations solver.

This section provides results of statistical studies we have undertaken, which
show that there is indeed a benefit on average to using the lower worst-case error
algorithms, and that this benefit grows with length (though not at anything like the
rate suggested by the worst-case analysis). For each of the charts shown here, we
compare the surveyed algorithms against canonical. The algorithms are pairwise,
autol3superblock (superblock with ¢ = 3 and N;, = ¥/N), 13superblock60 (superblock
with ¢t = 3 and a fixed lowest-level blocking of N}, = 60), autoblock (post-load blocked
with N, = v/N), and block60 (post-load blocked with N;, = 60). These parameter
values were chosen due to practical reasons: N, = 60 is a typical midrange blocking
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(a) For random data in range [-1,1] (b) For random data in range [0,1]

Fic. 6.1. Ratio of average absolute errors of canonical over various algorithms

factor, and t = 3 requires only one additional workspace in GEMM. Therefore, the
symbol key to each graph is: pairwise (hourglasses, black) autol3superblock (dashed
line, red) 13superblock60 (solid line, dark blue), autoblock (point-down triangle, light
green) and block60 (squares, light blue).

For each size, we randomly generate 10,000 different vectors, and each algorithm
(including canonical) is run on each of these vectors (so algorithms are always com-
pared using the same data). We believe that there are two main cases of interest in
unstructured data, and so we have separate charts for when the elements are gen-
erated continuously in the range [-1,1] and [0,1]. In general, the mixed sign vectors
have large condition numbers, while the all-positive vectors of course always have a
condition number of 1. All of these experiments were run on an x86 machine using
the single precision SSE instructions (so that true 32 bit precision is enforced).

Our error results are tracked as absolute errors in terms of u, but if these are
charted directly, the fast-rising canonical error makes all other algorithms indistin-
guishable due to scale. Therefore, all of the charts given here track the ratio of
canonical’s average absolute error divided by the average absolute error achieved by
the improved method. Thus, an algorithm with a plotted ratio of 10 achieved an av-
erage absolute error 10 times smaller than canonical on the vectors of that size. The
average is over the 10,000 trial vectors (each algorithm uses the same unique 10,000
vectors for each vector size).

Figure 6.1 shows the average (over the 10,000 trials) absolute error of the canonical
algorithm divided by the average error of the surveyed algorithms on the range N =
[1000, 100, 000] in steps of 1000, with the problem sizes along X-axis and error ratio
along the Y. Figure 6.1(a) shows this chart for mixed-sign vectors, and Figure 6.1(b)
shows the same for all-positive vectors. The first thing to note is that the error ratios
for the all-positive data is much larger than for the mixed sign. This may at first be
counter-intuitive, as all-positive vectors have a condition number of 1. However, one
of the main ways these algorithms reduce error is by minimizing alignment error (i.e.,
bits lost when mantissas with differing exponents must be aligned prior to adding) by
tending to add elements that are likely to be in the same basic range (since they have
been exposed to a more balanced number of flops). Alignment error is less of an issue
for mixed-sign data, as the dot product accumulator does not grow at each step as it
does with same-sign data.

The worst performer of the improved algorithms is always block60, which nonethe-
less produces 7 (8) times less error on average than canonical for long vectors (mixed
and same sign, respectively). It may at first seem surprising how competitive with
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autoblock block60 is, since block60 essentially has O(N) error where autoblock has
O(V/'N). However, our analysis in 4.2.1 shows that block60 will give O(v/N) error
across much of this range in the worst case. Since errors actually build up much
slower in practice, block60 maintains this lower-order behavior longer as well (note
that the range where block60 is almost the same as autoblock, N < 10,000, is well
within the lower-order range proven in Section 4.2.1). Since this form of GEMM re-
quires no extra storage, this is a strong suggestion that even in the absence of other
measures, it makes sense to utilize post-load in modern GEMM algorithms, and that it
effectively produces lower order worst-case errors on most problem sizes in use today.

Another surprising result is how much difference separates the 13superblock algo-
rithms from the autoblocked algorithm, since they both have O(v/N) error. The dif-
ferent 3-level superblock algorithms, as expected, behave almost the same in practice,
which indicates that a fixed-N; (much friendlier to HPC implementation) superblock
will be adequate for error control. In mixed sign data, the 3-level superblock algo-
rithms behave as expected: autol3superblock is general slightly better, but since the
lines are so close, superblock60 occasionally wins. For same-sign data, superblock60
actually wins across the entire range, though again the difference is minor. It is dif-
ficult to say why this might be the case, but we note that the optimal block factor
is based on worst-case error, which doesn’t happen in practice, so using larger N,
should not cause a problem. It may be that N, = 60 results in less alignment error on
average when adding the higher level blocks (eg., the summation totals for N, = 60
are more uniform than for N, = VN ), but this is pure speculation on our part. We
note that 13superblock is substantially better error-wise (with an error almost 23 (55)
times better than canonical, respectively) than post-load blocked for all but the very
beginning of this range, which suggests that error-sensitive algorithms may want to
employ superblock even for reasonably sized vectors if the performance effect can be
made negligible.

Finally, we notice that pairwise is decidedly better across the range. The amount
of area between pairwise and 13superblock60 indicates that it may be interesting to
study higher level superblocks, and see how the performance/error win tradeoff plays
out in practice. We note that the pairwise algorithm displays a sawtooth pattern for
the same-sign data, with the least error (maximum ratio) found at powers of two.
Again, the reason is probably due to alignment error: when pairwise’s binary tree
becomes unbalanced because N is slightly above a given power of 2, each branch of
the tree will yield markedly different-sized values, and thus more error is incurred. It
seems likely that changing the algorithm to manually rebalance the addition tree could
moderate the drops, but since pairwise is not our main focus, we did not investigate
this further.

Space considerations rule out detailed presentation of our full experimental re-
sults, but we can summarize some interesting points. First, since we presented ra-
tios, we give some context by mentioning that canonical’s absolute error does indeed
start small, and then rise: for N = 1000, its average error was 70.5u (1403u), while
for N = 100,000 the average error was 7018w (1,794, 144w) for mixed (same) sign
data. We mentioned that worst-case bounds are rarely seen in practice: in fact, for
N = 1000 canonical, the worst error found in 10,000 trials was merely 0.33% (2.84%)
of the Proposition 4.1 bound. In general, the longer the vector, the less % of the
bound is achieved (for instance, over the 10,000 trials, the worst error seen for the
N = 100,000 case was 0.004% (0.40%) of the Proposition 4.1 bound). These algo-
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FiG. 6.2. Ratio of average absolute errors for small problems

rithms’ advantage over canonical is also not due to a one-time win in an uncommon
case: in the above experiments for N = 1000 to N = 100, 000, 13superblock60 won or
tied vs canonical for 98.75% of all cases, and in those cases where it lost to canonical,
13superblock60 error was still, on average, less than 12.5% (4.1%) of canonical’s aver-
age error, and never exceeded 82% (23%) of canonical’s average error (i.e., the cases
where 13superblock60 lost were cases where canonical did abnormally well).

Since standard methods work fine in practice for smaller problems, we have con-
centrated primarily on these large problem sizes. However, as many people are inter-
ested in small-case behavior, Figure 6.2 gives the same information for N = [10, 1000]
in steps of 10. Here we see less algorithmic difference, as one would expect. For
instance, VN < 60, canonical, 13superblock60 and block60 are all the same algorithm.
These fixed-size block algorithms do not strongly distinguish themselves from canon-
ical until any N mod N, is overwhelmed by problem size, as we see. Therefore, the
fixed-IV, algorithms are mainly interesting for decreasing error for large problems;
since these are precisely the cases in which we most need to ameliorate the build up
of error, this is not a drawback in practice.

7. Summary and Conclusions. In summary, we have presented a tighter
bound for the forward errors of dot products and summation (§2), a concise notation
that retains more information for tracking details in these kinds of error analyses (§3),
and a survey of several of the most important known dot products along with their
error properties (§4), which includes some discussion on getting lower-order error with
a range of block sizes (§4.2.1). Further, we have presented a new class of dot product
which subsumes these known algorithms, including a modification which is suitable
for high performance GEMM (§5). Finally, we have presented a statistical argument
that despite the extreme looseness of these worst-case bounds, and the dependence
on order inherent in these types of calculations, there is still a significant statistical
difference between these algorithms in practice (§6).

Our main conclusion is two-fold. The first is that contrary to some thought, algo-
rithms with lower worst-case error bounds behave noticeably better in practice. The
second is that, with the strategies we have outlined, using such algorithms should be
possible with little to no performance loss in HPC libraries such as ATLAS. As solv-
able problem size continues to rise, we believe it will become increasingly important
that such libraries do so.
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