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A STOCHASTIC ROUNDOFF ERROR ANALYSIS
FOR THE CONVOLUTION

DANIELA CALVETTI

ABSTRACT. We study the accuracy of an algorithm which computes the convo-
lution via Radix-2 fast Fourier transforms. Upper bounds are derived for the
expected value and the variance of the accompanying linear forms in terms of
the expected value and variance of the relative roundoff errors for the elemen-
tary operations of addition and multiplication. These results are compared with
the corresponding ones for two algorithms computing the convolution directly,
via Horner’s sums and using cascade summation, respectively.

1. INTRODUCTION

In this paper we use a statistical model of error propagation to derive bounds
on the first-order approximation of the absolute roundoff error of the algorithm
that computes the convolution product of two vectors via Radix-2 fast Fourier
transform (FFT). Circular convolution (CC) is a fundamental computational
tool in many different fields where repeated computations of convolution prod-
ucts of large vectors are needed. One such example is the implementation of
the class of digital filters which have an impulse response of finite duration.
The output samples of such filters are obtained from the results of convolution
products of the filter impulse response—the kernel—and sections of the input.
Owing to the dimensions of the vectors involved and to the need for repeated
computations, the direct evaluation of the convolution product is usually pro-
hibitively expensive [8]. While some studies of the rounding error for the fast
Fourier transform can be found in the literature (see [2, 6, 7, 9, 12, 14]), the
issue of the numerical stability of circular convolution is only briefly addressed
in [6].

In the present paper we compare the numerical stability of circular convolu-
tion using a unitary scaled Radix-2 FFT with the accuracy of two algorithms
which compute the convolution directly.

The model of error propagation employed, based on the usual assumptions
of floating-point arithmetic, is both linear and stochastic. The model is linear
in the sense that the absolute global errors are approximated by the first-order
terms of the Taylor expansion in local relative errors. It is stochastic in the sense
that the local relative errors are regarded as random variables, independently
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and identically distributed (i.i.d.) for each elementary operation in which they
arise. This method of analysis makes it possible to measure the error in the
final output by its statistical properties, i.e., its expected value and variance,
rather than in worst-case terms, thus yielding more realistic bounds on the size
of the error. In fact, the relative errors are random variables taking on values at
most as large as the constant &y, used in worst-case estimates. Therefore, their
expected value is smaller than &, or, in any case, not larger. It is common
practice in stochastic roundoff error analyses to assume that the relative errors
have zero mean, leaving to the root mean square the task of measuring the size
of the error. In this paper we do not adopt the zero mean assumption for the
relative errors in order to take into consideration the case where the expected
value of the relative errors for different operations are different and not equal
to zero. The statistical properties of the final output will depend in turn on the
distributional properties of the local errors arising in elementary operations.

The paper is organized as follows. In §2 we describe the model of roundoff
error propagation used and the method of error analysis used. Section 3 con-
tains the mathematical results which make it possible to use the FFT for the
computation of the convolution. In §4 we describe the three algorithms and
we derive their accompanying linear forms, estimating their expected value and
variance. In §5 we discuss the results of some numerical experiments testing
the validity of the bounds found in §4.

2. ASSUMPTIONS AND METHODOLOGY

The floating-point representation of a real number x # 0 in the machine M

is of the form
X =xmb!,

where b is the base of the machine, / is an integer such that —L </ < U,
and the mantissa m is a T-digit number in base b such that b=! < m < 1.
Let x and y be elements of R,,, the finite and discrete set of floating-point
representations of the reals in the machine A, and let f be an elementary
operation. The machine M will compute f(x, )2, which is in Rj,;, where

fx,»i=flx,»)(1 +e)

with |¢| < &), the constant &) depending only on M . The quantity ¢ is the
local relative error associated with the operation f. Equivalently,

S, )2 = flx, p)
f(x, ) '
The algorithms that we are going to examine start with a set of data, the
entries of the two vectors to be convoluted, and produce a set of intermediate
results, ¢, ..., #, such that

& =

b= Ji(tis oo s tm15X05 - v s Xne15 Y05 -+« s Yn—1) 5
where f; is an elementary operation which operates on at most two of the
values ¢y, ..., tk—15 X0, -+ Xn—1 Y0, .-+ Yn_1. Since in computation each

data value x;, y; is replaced by its machine representation, X;, J;, and each ¢;
by its computed value t;‘. , if & is the local relative error for the kth operation,
then

lﬁ =ﬁ((t1A, ey tﬁ—l 3 X0, oo s Xno13505 -+- 5 )7,,_1)(1 +8k).
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In the present paper we assume that the initial data are machine numbers, hence
our roundoff error analysis does not take into account the effect of rounding
the initial data on the accuracy of the output. We will also assume that in
the course of the calculation we do not have any problems with underflow or
overflow. Since the elementary operations in the algorithms to be considered
are differentiable, we can write for each component of tﬁ
1 =t + A(e) + O(|lel|) -
The A’s, homogeneous linear functions of the local errors ¢ = (¢, ..., &),
are known as the accompanying linear forms of the algorithm [10, 11]. The first-
order absolute errors for the intermediate and final results of the algorithms to
be considered are completely described by these forms. Since |egx| < ey, it
follows that
|t — til < |Ak(em)| + O(exs) ,

from which worst-case type error bounds can be derived.

In the present work we assume that the local relative errors &; are random
variables with given distributions. The distributional properties of the first-
order approximation of the absolute global error can be estimated by computing
the expected value and variance of the accompanying linear forms in terms of
the corresponding parameters for the local errors.

The main results of this paper are the bounds on E(ia) and E(im) for the
output of the circular convolution in terms of the expected values of the relative
roundoff errors for the elementary operations of addition and multiplication. In
the course of the rounding error analysis of the circular convolution we utilize
the results of a similar type of analysis for the Radix-2 fast Fourier transform
[2]. The bounds for the expected value and variance of the contribution to
the linear approximation of the absolute roundoff error coming from additions
and multiplications for the Radix-2 fast Fourier transform are functions of the
expected values and variances of the relative rounding errors for addition and
multiplication, u,, 62, m, 62 , respectively.

3. THE CONVOLUTION

If x={xx} and y = {y;} are two sequences in the space II, of sequences
of complex numbers which are periodic with period » and infinite in both
directions, their convolution product is defined to be the sequence z = x*y in
IT, such that

n—1

1
(1) = XmVeom:
m=0

Each component of z is the sum of » products; since n such components
need to be computed, the cost of direct calculation of the convolution product
according to (1) amounts to n? complex multiplications.

The following theorem shows how the convolution product can be expressed
in terms of Fourier transforms.

Theorem 1. The discrete Fourier transform, i, of the convolution product of two
n-dimensional vectors x and y is a scalar multiple of the componentwise product
of their discrete Fourier transforms, that is,

(2) z=n(a0y),



572 DANIELA CALVETTI

where O indicates componentwise product and W is the discrete Fourier trans-
form of one period of w, for w=x,y, z, defined as follows:

Znijk)
).

n—1
w; = %gwjexp (—
Proof. See [5].
Let n=2' and W; be an n x n block diagonal matrix of the form
I, D,

1 |1, -D; .
W= — | J ’
2 - -
V2 . I Dy
where I; is the 2/~! x2/~! identity matrix and D; is the 2/~! x2/~! diagonal
matrix with entries
2mi(p — 1)21‘f)

Dj(p, p) = exp (— -

Corollary 2. If n is a power of 2, then

1 —
(3) z=xxy = - (Fa)(Fax) O (Fry)),
where F, is the matrix F, = W;---W,;, F, is its conjugate transpose, and O
is the componentwise product.
Proof. If n is a power of 2, n = 2!, the discrete Fourier transform of an n-
dimensional vector z can be computed via the Radix-2 FFT algorithm, that

is,
i=W- Wgz.

From Theorem 1 it follows that
1
Frz= > (Fx)D(F)).

Since the matrix F, = W;--- W is invertible and (F,)~! = F,, we have

Z=X*xy= %F,,(anDF,,y). O

The convolution product performed according to (3) requires three Fourier
transforms and n complex multiplications. Since the computational cost of
each Radix-2 FFT is only % - nlog, n complex multiplications, the computa-
tional cost of the circular convolution can be reduced to (% -logyn+1)-n com-
plex multiplications. The scalar multiplication by % is not taken into account
because it just amounts to a shift in the exponent in the binary representation
of the number.

4. ACCOMPANYING LINEAR FORMS

In this section we compute the accompanying linear forms for three algo-
rithms which compute the convolution product, and we obtain bounds for the
mean and the variance of these forms.
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We start with the accompanying linear forms for the algorithm which com-
putes the convolution directly using Horner’s sums. To compute recursively

n—1

1
Zk=;’zxmyk—m’ k=0""’n_17
=0

we define the intermediate components
14
Zk,p:zme’k—m, k=0,...,n-1,
=0

for p=0,..., n— 1. Theoretically,
p+1
Zk,0 = X0Vk Zk,p+1 = Z XmYVi—m -
=0

Hence, for p=0,...,n—-2 and k=0,...,n—1,

4) Zk,p+1 = Zk ,p T Xp+1Vk—p—1-

In computation, if we denote by Z the floating-point representation of z and
by (xopy)? the computed value of xopy, we have

Ze,0= (X0 yi)®, Zie,pr1 = (Zip + (i1 Vi—p—1)M)2.

Therefore, for each k£ and p,
Zk,p1 = (Zk,p + Xpr1Vk—p—1 (1L + 7 pi1))(1 + ok pi1)
(5) =Zgp (I + ok py1)
+ (Xp+1Vk—p—1 + Xp+1Vk—p—17k p+1) * (L + g pi1).
If we let
;Lk,p+1 = Zk,p+l — Zk,p+1>
then from (5) we have, to first-order terms in the local errors,
Zk,p+1 +)'k,p+l =Zk,p +ﬂ'k,p + Zk,pQk ,p+1 + Xp+1Vk—p—1
+ Xp+1Vk—p—1Ck ,p+1 + Xp+1Vk—p—1Tk ,p+1 -
From (4) we obtain the following recurrence relation for the accompanying
linear forms:
(6) Ak, pr1 = Ak, p + Xpi1Vk—p—1Tk p+1 + Zk, p+1Qk, pt1 -
Since the linear forms in (6) can be decomposed as
Ak,p = (A@)k,p + (AM) p

to account separately for the contributions from additions and multiplications,
we have

(7) ('q'a)k,p+1 = ('q'a)k,p + Zk,p+1C0k  p+1
and
(8) (AM)i py1 = (Am)g p + Xp+1Vk—p—1Tk p+1 -

The initial conditions for the difference equations (7) and (8) are

(Aa)k,0=0 and (Am)g o= Xoyimo.
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It immediately follows that

n—1

1
(A@)k,n-1 = P sz,iak,i
i=1

and
n—1

(;Lm)k,n—l = E qu *Vk—q* Tk ,q -
q=0
Under the assumption that the a; ;’s are i.i.d. with mean u, and variance
62, we derive the following bounds on the expected value of the accompanying
linear form for addition:

1 n—1 1 n—1 i
|E((A@)k,n—1)| < —la Zk,i= —Ha E XqVk—q
n n
(9) P i=1 \4=0

1 2
<ty (141 2) Iyl

Under the assumption that the m; ;’s are i.i.d. with mean u, and variance
a2 , we have the following bounds for the expected value of (Am)g ,_;:

n—1

1
(10) E((Am)ic,n-1) < - ttm Y 1XgVk=gl < ttm[IXloclI¥lloc -
q=0

The bounds on the variance of (a)x ,—; and (Am)g ,_; are as follows:
2

1 n—1| i 1
(1) var(Ga ) € 7502 3 (S xaviq| < (-3 ) 2NN
i=1 |gq=0
and
1 n—1
(12) var(Am)ic,n1) < - 30m > 1XgVk—ql < amlXIS ¥
g=1

An alternative method to compute the convolution directly is to perform a
cascade summation. Let
20,j = XjYk—j
for j=0,...,n—1,and
Zq,ij = Zq—1,2"j + Zq_ly2qj+2q—|
forg=1,...,/ and j=0,...,2/~79 1. In computation,
24,245 +/1qyzq] = [(Zq_l,ij +/1q_1’2qj)
+ (24-1, 204201 + Ag—1,20j420-1) (1 + g, )
= Zq,24j +1q_1,2qj +).q_1’2qj+2q—1 + 24,2004, ;.

Therefore, the accompanying linear forms A, », must satisfy the difference
equation

(13) lq,2"j = lq—l,Z"j +'1q—1,2‘1j+2‘1—' + Z4,20504,
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subject to the initial condition A ; = x;yx_;m;. If we separate the contribu-
tions to global errors from the operations of addition and multiplication, we

find that
201

(Am)g 20 = > Z X24j4+iVk—(20 j+i) 024 ji -
i=0

Therefore, the expected contribution to global roundoff error from multiplica-
tion in the kth entry of xxy is

291

1
|E(Am)| < — tm Y vkl < toml|Xoo 1Y oo
i=0

Consider now the contribution to global error from additions. From (13) it

follows that
1 L=
(/Ia q,29j = ;Z Z Zj,20j+iQ® 24«

i=1 j=0
Since
2—1
Zi,4j = Z 20,205+l
1=0
we have
| A2l 2
(Aa)g 205 = - DN 2002000 | isey -
i=1 j=0 \ p=0

The expected value of the contribution to roundoff error from addition in each
entry of the output is therefore bounded by

qg 2'—-1

1 )
|E(4a)| < 7 Ha D 2xllolI¥llos < 10gy MptaXlloo ¥l oo -
i=1 j=0

Under the assumption that the relative errors introduced at each step are inde-
pendent, we have the following bounds for the variance of the roundoff error
in each entry of the output:

1 2k—y 2k

1 1 20112 [1vll2

var(da) = —50; DD DI R < - logy nag|Ix|I lI¥llse
k=1 r=0 s=0

and

27k ¢

1 n+1 5, 5

var(Am) = —5 o, -y D 20,2 @reyes | < o Om Xl YIS -

k=1 r=0 s=0

We now turn our attention to the accompanying linear forms for the algo-
rithm that computes the convolution via Radix-2 FFT’s. In computation,

2= L{[F((F)* D (Fy) )P

= LR (FX)* D(EyA O+ m)lP.
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Since (F,x)* = F,x+ pAyx and (F,y)* = F,y + rA,, where gl is the accom-
panying linear form for the Radix-2 FFT of w, and
(Fn (w))A = Fn(w) + FAw

where Ay is the accompanying linear form for the inverse Radix-2 FFT of w,
it follows that

L. 1 . . 1
Z= - cFul(X+ FA) 0¥+ FAy) O+ 7,)] + > - FAEOy)

1 — .. 1 = . N . 1
=;~F,,(x|:|y)+Z-F,,[(xl:lply+yE|F).x+xElyEln,,)]+;-f).(,my)

by the linearity of the FFT. Therefore, since the accompanying linear forms for
the convolution via Radix-2 FFT are defined by

clz=i“za
it follows that
1 = . . N 1
c).z=E-F,,[(xljply+yE|le+x|:|y|:|1t,,)]+;~fl(;(|:|§,).

Since the accompanying linear forms can be decomposed as

A=4Aa+Am,
we have that
1 — . R 1
(14) [(Aa), = ; . F,,[xl:lp().a)y +y0r(Aa)x] + ; F (la)(f‘gy)
and

1 — . . P 1
(15) (Am), = - <Fyu[(XOfp(Am), +yO p(Am), +x0y0x,)] + - ~F(Am)zoy) .
The derivation of the accompanying linear forms for the Radix-2 FFT with
scalar factor 1 instead of ﬁ can be found in [2]. Although the derivation of
Aa and Am is not affected by rescaling, the infinity norm of the intermediate
results changes, therefore the estimates for the expected value and variance of

the global error change. For each k =1, ..., [ we have, with the scalar ﬁ ,

Izklloo < V2)12k—1loo »

where z; is the intermediate result at the kth step. From [2] it follows that
-2
Flay =Y Wi Wiz Ooy) + Wi(zmy Ooy_y) + (2 Oay).
k=1

Since each element of the matrix W has exactly two nonzero entries, each one
of absolute value % , for each entry of |E(rAaq;)| we have

-2
|E(rha)| < (Z 20K P2 4 7 20012 21/2) HalX]oc
k=1

= (2= 2V2)Vi + V2n - logy n)talX]lcc

(16)
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Similarly, from a simple modification of the results of [2] it follows that
-2
Fhm; =Y W Wy (b Oz Omy)
k=1
+ W (b1 0z _,0#;_) + (b0z_,0Om).

Therefore, for each entry of |E(rAm;)| we have

-3
1 _ _ _
[E(rAm))| < 5 <§ UK k12 4 p1/2 . pU=D2 ol 1>/2) U] oo

(17) k=0

= % (\/71 (logyn — 2 + \/5)) Hom1X]|oo -

The bounds for the entries of the covariance matrix of the global error for the
particular Radix-2 FFT considered here can be found by utilizing the results of
[2]. In particular, since

cov pAa; = g W, W ZEW, W+ WZE W+ Z ),
+H1 k"M k+1 ] 1-1""1 1

where Z? is the n x n dlagonal matrix such that
Z;(d,d)=(z;(d)?,
we have for each entry of the matrix cov riq;

cov(riay)ij

-2

(18) < (Z QUK 92kt 1)/2 | HU=K)[2 | 912, pU=1)/2 12 | 21) 2 Ix[1%

k=1
= (2nlog, n — 3n + n'?)a?||x||% .

Similarly, since
cov pAm; = —a (Z Wi Wi ZE Wy W+ WZE, W] + Z,2_1) ,

it follows that, for each entry of the matrix cov(rimy),
(19) lcov(pAmy)|ij < § - (2nlogy n — 3n +V2n)ay|x|I3 -

We now compute the bounds for the expected value and variance of the
accompanying linear forms for the circular convolution. From (14) it follows
that, for each entry of E(.(Aa),), we have

|E(c(4a |<—[2\/_\/ﬂ -log, 7 + (2 = 2v2)v/n)]tallXllo ¥l

(20) + —[\/2_71_ . log2 n+ 2 — 2\/5 \/;-l]nﬂa”x”oo”y”oo
= 3[\/2_n(log2n + (2 = 2V2)vn) 1 tal Xl oo 1Yl oo -

Similarly, from (15) it follows that, for each element of E(.(Am),), we have

(21) |E(c(4m),)| < v/n[3(logyn + V2 = 2) + 1ttm|Xloo ¥l -
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In order to find bounds for the variance of the components of the vectors
-(Aa), and .(Am),, that is, for the diagonal entries of their covariance matrices,
we express the accompanying linear forms in matrix notation:

. no F(4a)
da). = 1+ 1) (5 R g)(F(Aa>i )

! F(ia);0;
1 F(Am),
p— D T DA D A D ~
c(lm)z = ;(Fn I,,) ( Ox Oy (xO y) I(:l) Fg:»nm)x ’
F(Am);z0j

where Dw 1is the n x n diagonal matrix with the entries of the vector w =
X, ¥, X0y on the main diagonal. Then

1 — Dx Dy O
cov(c(la)z)=ﬁ(F,, I,,)(Ox Oy In)

r(4a)y, Dx 0 7
x cov | p(Aa)y Dy 0 [ "}
F()‘a)k Oy 0 I

and 1 Dx Dy DxOyp 0
—= X Dy Dx
covtetam)s) = 5 (Fy 1) (0 P D)
F(Am), Pk 0
. | £(2m); Dy 0 [F;}
x, pGO ol
F(Am))‘cDﬁ 0 I,

Under the assumption that the components of the vectors of the local relative
errors coming from addition and multiplication at each step of the computation
of %, ¥, and xO§ are independent, the matrices

[ F (4a)y ¢ (Am),
cov | p(Aa)x } and cov | g'm)"
LrAa)eos F(im); 05
are block diagonal of the form
r(da), cov(r(Aa)y)
cov | r(Aa), = cov(r(Aa)x)
w(4a)zop | cov(x(4a)zoy)
and
F(Am), cov(r(Am),)
cov | F (Am), _ cov(p(Am)y)
T, arzn I" ’
F(Am)z oy cov(p(Am);z o)

respectively. Therefore,

22) cov(c(Aa);) = %{F,,ch cov(r(4a),)DXF,

+ FoDy cov(r(Aa),)DyF, + cov(x(4a): )}
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and

23) cov(c(Am);) = — {F D% cov(r(Am),)DXF, + F,Dyp cov(r(Am),)DyF,

+ 03 (FaD(£09)D(2 OP)F,) + cov(z(Am);oy)} -
Since each entry of cov(rAay) is bounded in absolute value by
2n(logyn — 3n + Vn)ag||x||3 ,
we have for each entry of the matrix cov(.(4a);)
(24) |cov(c(4a).)ij| < 3(2nlogy n — 3n + Vn)ag |IXII3NI¥llZ -
Similarly, from (20) it follows that, for each entry of cov(.(Am),), we have

1 J1
Jcov(e(hm).)y | < i [+ 22mlogyn = 3n-+ VEm?] o3I Iyl

1
+oan 262 11X 2 11¥11%
(25) 1
+-3 [Z(Zn logyn —3n+ \/2n)] ol |IXO¥)%

3
<{entonn—3n4van) + 1} o3I

5. NUMERICAL EXPERIMENTS

In order to test numerically the consistency of the results of our roundoff error
analysis for the circular convolution using a unitary Radix-2 FFT with the errors
actually observed in computations, we generated, for each / = 5,6, ..., 10,
a total of 3000 pairs of n-dimensional vectors, with n = 2!, with the real
and imaginary parts independent random variables from the uniform [0, 1]
distribution. Each component was then rounded to eight significant digits and
the circular convolution was computed twice, once with the results of each
operation rounded to eight digits, and once with all operations performed in
double precision. The output vectors were compared componentwise, and the
absolute error in each component was calculated. The infinity norms of the
sample mean and sample variance for the different values of » are listed in
Table 1 (see next page).

The [/, norm of the mean and variance of the global error is a somewhat
conservative measure of the error affecting the output, in the sense that it mea-
sures the largest sample mean and sample variance of the global error affecting
each individual component of the output. In order to provide, in addition, an
overall measure of the mean and variance of the global error in the output, we
list in Table 2 (see next page) the /, norms of the mean and variance of the
global error. Notice that the /, norms are much smaller than the corresponding
I, norms, because instead of looking for the largest entry we average all entries
over the full vector.

The slow growth of the infinity norm of the variance and expected value of
the global error predicted by the analysis are confirmed by the numerical experi-
ment, at least when the data has real and imaginary parts uniformly distributed
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TaBLE 1. [, norm of the mean and variance of the global
error for circular convolution. Sample size = 3000.

n mean variance
32  9.17E-8 8.78E-17
64  8.60E-8 5.00E-17
128 1.02E-7 1.78E-17
256  2.92E-7 1.49E-17
512 5.48E-7 2.3I1E-16
1024 4.05E-7 1.48E-16

TABLE 2. [, norm of the mean and variance of the global
error for circular convolution. Sample size = 3000 .

n mean variance
32 1.68E-8 1.88E-17
64 1.13E-8 1.48E-17
128 9.27E-9 1.92E-18
256 2.01E-8 1.30E-17
512 3.79E-8 1.23E-17
1024 1.33E-8 2.54E-18

in the interval [0, 1]. More specifically, the ratio of the bounds for the expected
error for two successive values of / is of the order of v2(/+1)//, not far from
the ratios of the corresponding sample means. The overall trend observed in
the numerical experiments is that of a slow growth of both mean and variance
of the global error. The occasional reduction of either parameter as / increases
can be attributed to the characteristics of the particular sample selected.

Theoretical and numerical estimates of the expected value for the relative
error for addition and multiplication of floating-point numbers uniformly dis-
tributed in [0, 1] suggested that their values are approximately b~~! and
b=2 | respectively. In view of this observation, the value of the sample mean
for the error in circular convolution at n = 32 is very close to the theoretical
bound, which is approximately 1.02x,]|X]|o0[|¥]loo -

In order to compare the accuracy of the circular convolution with the accu-
racy of an algorithm which evaluates the convolution directly, we computed the
convolution of the same pairs of vectors used to test the accuracy of circular
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TABLE 3. [, norm of the mean and variance of the global
error for direct convolution. Sample size = 3000.

n mean variance
32 4.67E-8 2.85E-17
64  6.94E-8 4.66E-17
128 2.81E-7 1.77E-16
256 4.36E-7 2.86E-17
512 1.45E-6 2.27E-15

TaABLE 4. [, norm of the mean and variance of the global
error for direct convolution. Sample size = 3000.

n mean variance
32 8.97E-9 7.25E-18
64  9.35E-9 1.06E-17
128 2.69E-8 1.98E-17
256 2.98E-8 2.31E-17
512 3.69E-7 1.29E-16

convolution by means of a cascade summation. The /,, and /, norms of the
sample mean and sample variance of the global error, with / =5,6,7,8,9,
are listed in Tables 3 and 4.

On first sight the entries in Table 3 seem to disagree with the theoretical
bound for the expected error, which is approximately 1og, 744 ||X||oo||¥]lco > SiNCE
the /,, norm of the sample mean grows at a rate larger than (/+1)//. The value
of u,, however, is a function of the numbers being added together, hence as
the size of the vector increases the interval containing all terms added together
becomes larger, thus yielding a larger value for x, .

A comparison of the values of the expected value and variance of the global
error listed in Tables 1 and 3 suggests that the faster algorithm is as accurate as
the one computing the convolution via cascade summations. We conclude by
pointing out that the amount of work required by the two algorithms, O(n?)
flops for the direct calculation versus O(nlog, n) for the circular convolution,
together with the results of our error analysis point to the circular convolution
using a unitary Radix-2 FFT as the algorithm of choice.
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