. mathematics

Article

Accurate Goertzel Algorithm: Error Analysis, Validations
and Applications

Chuanying Li @, Peibing Du >*, Kuan Li 3©, Yu Liu ?, Hao Jiang * and Zhe Quan !

check for
updates

Citation: Li, C.; Du, P; Li, K,; Liu, Y,;
Jiang, H.; Quan, Z. Accurate Goertzel
Algorithm: Error Analysis,
Validations and Applications.
Mathematics 2022, 10, 1788. https://
doi.org/10.3390/math10111788

Academic Editors: Theodore E.

Simos and Charampos Tsitouras

Received: 13 April 2022
Accepted: 18 May 2022
Published: 24 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Computer Science and Electronic Engineering, Hunan University, Changsha 410082, China;
lichuanying@hnu.edu.cn (C.L.); quanzhe@hnu.edu.cn (Z.Q.)

Northwest Institute of Nuclear Technology, Xi’an 710024, China; liuyu05@nint.ac.cn

School of Cyberspace Security, Dongguan University of Technology, Dongguan 523106, China;
likuan@dgut.edu.cn

College of Computer, National University of Defense Technology, Changsha 410073, China;
haojiang@nudt.edu.cn

Correspondence: dupeibingl@nint.ac.cn

Abstract: The Horner and Goertzel algorithms are frequently used in polynomial evaluation. Each of
them can be less expensive than the other in special cases. In this paper, we present a new compensated
algorithm to improve the accuracy of the Goertzel algorithm by using error-free transformations. We
derive the forward round-off error bound for our algorithm, which implies that our algorithm yields
a full precision accuracy for polynomials that are not too ill-conditioned. A dynamic error estimate in
our algorithm is also presented by running round-off error analysis. Moreover, we show the cases
in which our algorithms are less expensive than the compensated Horner algorithm for evaluating
polynomials. Numerical experiments indicate that our algorithms run faster than the compensated
Horner algorithm in those cases while producing the same accurate results, and our algorithm is
absolutely stable when the condition number is smaller than 10'. An application is given to illustrate
that our algorithm is more accurate than MATLAB'’s ££t function. The results show that the relative
error of our algorithm is from 1015 t0 1017, and that of the £t was from 1012 to 1012,

Keywords: polynomial evaluation; goertzel algorithm; round-off error; error-free transformation;
compensated algorithm; numerical stability

MSC: 68U01

1. Introduction

Polynomial evaluation is ubiquitous in computational sciences and their applications,
such as interpolation and approximation practices and signal processing. This article will
investigate a broader situation of polynomial evaluation:

N
(U(Z) = Z ai’lzn/ (1)
n=0

where z, 49,41, ...,ay € C. The nested-type algorithms are usually used to evaluate polyno-
mials. The Horner algorithm is the most widely used polynomial evaluation algorithm [1].
In special cases, like z € C and ag,ay,...,ay € R, the Goertzel algorithm that can be
applied to compute the discrete Fourier transform (DFT) of specific indices in a vector [2,3]
is less expensive the Horner algorithm. The numerical stability of the Horner and Goertzel
algorithms was given by Wilkinson [4] and Smoktunowicz [5]. The computed results from
these algorithms are arbitrarily less accurate than the working precision u when the polyno-
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mial is ill-conditioned due to the round-off errors in floating-point arithmetic. The relative
accuracy of these algorithms verifies the following priori bound:

~

W < cond(w,z) x O(u), ?)
where @(z) is the computed result and cond(w,z) = YN |an||z|"/| LDy anz"| is the
condition number.

In order to improve the accuracy of double precision, Bailey [6] proposed a famous
library for double-double and quad-double arithmetic. However, this library needs to nor-
malize floating-point numbers in every operation, and thus the instruction level parallelism
is affected [7,8]. The compensated algorithm is improved to solve this problem with the
developments and applications of error-free transformation [9]. The relative accuracy of
compensated algorithms verifies the following priori bound:

|w(z) —w(z)]

|w(z)]

where @(z) is the computed result of a compensated algorithm.

Recently, compensated algorithms have been widely studied in evaluating polynomi-
als. Graillat [10] proposed a compensated Horner algorithm that achieves full precision
accuracy for polynomials that are not excessively ill-conditioned. Aside from that, he
extended the error-free transformation and compensated Horner algorithm in complex
floating-point arithmetic [11,12] and applied a compensated Horner algorithm to evaluate
rational functions [13] and solve all polynomial roots [14]. Polynomial series represented in
other basis were also considered, such as the Chebyshev form evaluated by a compensated
Chenshaw algorithm [15], the Bernstein form evaluated by a compensated de Casteljau
algorithm [16], and a compensated Volk and Schumaker(VS) algorithm [17]. Furthermore,
the compensated idea is also applied to matrix multiplication to obtain more accurate
results [18-20].

With the wide application of floating-point numbers and floating-point operations
in numerical computing, the analysis of rounding errors has become the focus [21,22].
Running round-off errors are analyzed and applied to many algorithms of polynomial eval-
uation [23]. Delgado [17] proposed an adaptive evaluation algorithm by using the de Castel-
jau algorithm and compensated VS algorithms with a dynamic error estimate. Jiang [24]
presented running round-off error analysis for evaluating elementary symmetric functions
in real and complex floating-point arithmetic. Barrio [25] developed a more complete
compensated algorithm library to evaluate orthogonal polynomial series with dynamic
error estimates. In addition, error analysis can also be used for machine learning and the
numerical solution of differential equations [26].

In this paper, our contributions are as follows:

< u+ cond(w,z) x O(u?), ©)]

¢  We design a new compensated Goertzel algorithm and prove that our algorithm can
almost yield full working precision to evaluate polynomials (1);

*  We propose dynamic error estimates, which can offer a sharper bound for our approach
without considerably increasing its computing complexity;

*  Numerical experiments show that our algorithm runs faster than the compensated
Horner algorithm in some cases while keeping a similar precision accuracy;

* Anapplication is given to illustrate that our algorithm outperforms MATLAB’s fft
when dealing with the DFT.

The rest of this paper is organized as follows. Section 2 introduces our compensated
Goertzel algorithm. A dynamic error estimate is proposed in Section 3. Section 4 analyzes
numerical experiment results and gives an application to illustrate that our algorithm
outperforms them. Finally, the full paper is summarized in Section 5.
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2. Goertzel Compensated Algorithm

We assume working with IEEE-754 floating-point standard [27] rounding to the near-
est value in this paper. Let I be the set of floating-point numbers, C represent the complex
number, and {®, 6, ®, 0} represent a floating-point operation. This part presents how to
design the Goertzel compensated algorithm. First, the Goertzel algorithm and its relation-
ship with the Clenshaw algorithm are listed. Then, the error-free transformations and sum
of squares algorithm are recalled. At last, we present the compensated Goertzel algorithm.

2.1. Goertzel Algorithm
By assuming A,z € C and z = x + iy, then we have a quadratic polynomial

(A—z)(A—2)=A*—pA+gq, )
where p = 2xand g = |z|2. By dividing the polynomial in Equation (1) by that in Equation (4),
we obtain N
w(A) =bp+biA+(A—2)(A—2) ) bA"2, (5)
n=2
where
a9 = by + qby,
ay = by — pba + qbs,
(6)
an = by — pbyy1 + qby 0.
Thus, the evaluated result of the polynomial in Equation (1) is
w(Z) = by + byz. (7)

Above Equations (5)—(7), we can find the Goertzel algorithm [2] with Algorithm 1.

Algorithm 1 Polynomial evaluation by Goertzel algorithm

Function : w(z) = Goertzel((a,)l_, z)
Require: z = x+iy € C, (a,))_, € C
Ensure: w(z) = YN a,z"

p=2xq=x*+y

bnt1=DbNi2=0

for n=N,N-1,..,1

by = an + pbuy1 — qbyy2

end

bo = 4ap +Xb1 — qbz

w(z) = bg + iyby

In floating-point arithmetic, a backward error bound for the computed result of the
polynomial evaluation by Algorithm 1 is presented by Smoktunowicz [5] as Theorem 1:

Theorem 1. Assume z,a, € F+ilF forn = 0,...,N. Let 10N2u < 0.1. Then the Goertzel
algorithm for evaluating the polynomial in Equation (1) is componentwise backward stable such that

N
CD(Z) = Z an (1 + An)z”, 8)
n=0

where
|An] < 10N%u + O(u?). )
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In fact, Algorithm 1 is a special case of the Clenshaw algorithm [2,5]. When we let
t = x/|z| and B, = by|z|", Algorithm 1 can be represented in Clenshaw form [28]:

By = an|Z|n +2tBy11 — Buyo. (10)

According to the properties of the Chebyshev polynomial series [29] evaluated by the
Clenshaw algorithm, we have

N
b= Y axlz[ " U (1),
k=n
3 (1)
b(] = Z ﬂk|Z|ka(t),
k=0
n=12,...,N.
where T (t) and Uy () are Chebyshev polynomials of the first and second kinds, respectively.
They satisfy
Te()] <1, [Uk(t)] <k +1, (12)
and
zF Y
2 = Ti(t) —i—zmuk,l(t) for k=0,1,...,N. (13)

2.2. Error-Free Transformations and Sum of Squares Algorithm

The basic algorithms of error-free transformations are TwoSum and TwoProd, which
were presented by Knuth [30] and Dekker [31], respectively. Graillat [11] extended the addi-
tion and multiplication to complex number cases, which are TwoSumCplx and TwoProdCplx,
respectively. In this paper, we shall use a new product error-free transformation of one real
and one complex floating-point number, which is called TwoProdRC in Algorithm 2.

Algorithm 2 Error-free transformation of the product of real and complex floating-point
numbers
Function :[x, y|] = TwoProdRC(a, D)
Require:a € F,b=c+id € F+iF
Ensure: x +y=axb
[p, e] = TwoProd(a,c)
[f,8] = TwoProd(a,d)
x=p+if
y=-e+ig

The details of the error-free transformations above are presented in Table 1.

Table 1. Error-free transformations, their properties and operation costs.

Algorithm Properties Flops
[x,y] = TwoSum(a, b) x=a®dbx+y=a+b 6
[x,y] = TwoProd(a,b) x=a®bx+y=axb 17
[x,y] = TwoProdRC(a,b) x=a®bx+y=axb 34
[x,y] = TwoSumCplx(a,b) x=adbx+y=a+b 12
[p, e, £,g] = TwoProdCplx(a,b) p=a®bptet+f+g=axb 80

{®, ®} represents {+, x } in floating-point operations.

Furthermore, the sum of squares algorithm [32] is given in Algorithm 3. It requires
42 flops.
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Algorithm 3 Sum of squares by two floating-point numbers

Function: [x,y| = Sum0OfSquares(a,b)
Require:a,b € F
Ensure: x +y ~ a® + b?
[p, f] = TwoProd(a,a)
le, g] = TwoProd(b,b)
[x,h] = TwoSum(p, e)
=fdgdh

2.3. Compensated Goertzel Algorithm

Although Algorithm 1 is a special Clenshaw algorithm, computation via Equation (10)
is more expensive. Thus, using the compensated Clenshaw algorithm [28] to express the
compensated Goertzel algorithm is not a good idea. We design a compensated Goertzel
algorithm by using Sum0fSquares, TwoSumCplx and TwoProdRC algorithms to record the
round-off errors.

Assume 7 € [ is a computed result in floating-point arithmetic, and its perturbation is
€a such that

a=a+ea. (14)

SumOfSquares can find the approximate round-off error €7 of 4. Other round-off
errors in Algorithm 1 can be accurately computed by error-free transformation algorithms
TwoSumCplx and TwoProdRC. Then, we can combine all round-off errors by 7, and find the
approximate perturbation eAbn of by, forn = N —-1,N —2,...,1in each loop. The loop ends
using TwoProdRC and TwoSumCplx to calculate by and combines all round-off errors to obtain
the approximate perturbation. The round-off error of y ® b; should also be considered by
TwoProdRC. The compensated Goertzel algorithm is presented in Algorithm 4, and Figure 1
shows the flow chart of this algorithm.

Algorithm 4 Polynomial evaluation by compensated Goertzel algorithm

Function: w(z) = CompGoertzel((a,)N_;,z)
Require: z = x + iy € F +iF, (a,))_, € F + iF
Ensure: @(z) ~ YN a,z"
p=2x
Lﬁ, éq] = SAumeSqulz\ires(x/,\y)
by = an,byi1 = €by = eby1 =0
forn=N-1,N-2.,1
[F4, 7Tn] = TwoProdRC(p, by11)
(51, 0] = TwoProdRC(—7, by2)
[tn, 1n] = TwoSumCplx(ry, Sy )
[by, &4] = TwoSumCplx (£, a,)
[ @Un®ﬂn@§n@€q®bn+2
€bn = E Dp& Gbn+1 © l] & Gbn+2

end

[ro, 7T0] = TwoProdRC(x, by )
[s0,00] = TwoProdRC(—ﬁ,Ez)

[to, 170] = TwoSumCplx(r,So)

[E &o] = TwoSumCplx(tg, o)

Ty = 1o @0069170695096‘1@’52
ebo :? G xQeb G eby

[#, 4] = TwoProdRC(y, by)

)
Il

by i i(eby @y DY)
w(z) = by ®ip
w(z:) = @lz) o

w(z)de
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Initialize, and use SumOfSquares to
calculate q

Calculate using TwoProdRC and
TwoSumCplx

Combine all round-off errors and get the
approximate perturbation

l No
Use TwoProdRC and TwoSumCplx to obtain
floating-point arithmetic result

Combine all round-off errors and get the
approximate perturbation

Calculate using TwoProdRC and get the
approximate perturbation

End

Figure 1. The flowchart of the compensated Goertzel algorithm.

We remark that if (a,))_, € F, then we shall replace TwoSumCplx and TwoProdRC with
TwoSum and TwoProd in Algorithm 4, respectively.

3. Round-Off Error and Complexity Analysis

In this section, we consider the error bound and complexity of Algorithm 4 through
Higham's theories [33]. In our analysis, we assume that there is no computational overflow
or underflow. First, we present the priori bound by forward round-off error analysis. Then,
we show a dynamic error estimate by running round-off error analysis. At last, we compare
the complexities of Horner, Goertzel, their compensated algorithms and the compensated
Goertzel algorithm with a dynamic error estimate to evaluate the polynomial in Equation (1)
in real and complex coefficients.

3.1. Forward Round-Off Error Analysis

Let 4 {®,6,®,0},0 € {+,—, %, +}and a,b € F. Then, a floating-point computa-
tion obeys the model

aob
a@b=(aob)(1+¢)= T1e) (15)
where |e1], |e2| < u. We define
N
<N>::1+9N:H(1+€n)pn, (16)
n=1
where |e,,| < u,pn = £1 and
nu
< = —_—
|9ﬂ| > Tn (1—1”11/[), (17)
forn=1,2,...,N and Nu < 1. We assume that @ and b in real arithmetic are denoted by
c=aob, whlch will be used in our later analysis.
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Lemma 1 summarizes the properties of the error-free transformations in Table 1:
Lemma 1. Fora,b,x,y € F, [x,y] = TwoSum(a, b) verifies

yl < ulxl, |yl <ula+0], (18)
In addition, [x,y] = TwoProd(a,b) verifies

yl <ulxl, |yl < wulaxbl. (19)
Fora,b,x,y € F+iF, [x,y] = TwoSumCplx(a, b) verifies

yl <ulxl, ly| < ula+b], (20)
Additionally, [x,y] = TwoProdRC(a, b) verifies

yl <ulxl, |yl < ulaxbl. (21)
Fora,b,p,e, f,g € F+iF, [p,e, f,g] = TwoProdCplx(a, b) verifies

le+ £+l < Vamla xbl. (22)

Proof. Equations (18)—(22) are presented in [9,11]. In Algorithm 2, it is easy to obtain
Equation (21) from Equation (18). O

Lemma 2 shows the property of Algorithm 3:
Lemma 2. Fora,b,x,y € F, [x,y] = SumOfSquares(a, b) verifies

x| < (1+72)[a® + 6%,
lyl < 7lx|, (23)
X +y — (> + 57| < uysla® + 12,
Proof. According to Algorithm 3 and Table 1, x = a4 ® a ® b ® b. With Lemma 1, we obtain
|f| <ulp|,|g| <ule|and |h| < u|x|. From Equations (15)-(17), we have
x| = |a%<2> 4+ b?<2>| < (1 + 72)|a® + 12|,
Iyl = |f<1> 4+ g<2> + h<1>] < (T4 72)(If] + Ig] + |1]) (24)
< u(l+72)(lpl + el + |x]) < 2u(l+ 72)|x| = 72[x].

From Theorem 4.2 in [32], |x +y — (a* + b?)| < %MZ + 02| <uysla® +b?. O

Theorem 2 presents a priori error bound of Algorithm 4 to evaluate the polynomial in
Equation (1) in complex floating-point arithmetic.

Theorem 2. Assume z,a, € F +iF forn =0, ..., N. Then, the relative forward round-off error
bound in the compensated Goertzel algorithm for evaluting w(z) = Y0, ayz" in floating-point
arithmetic satisfies

|CompGoertzel((ay) o, z) — w(z)|

|w(2)]

Proof. Assume the error of @(z) is e (i.e., @(z) + e = w(z)). Then, we have

<u+ 3N2’)’15’)’3N+1 COIld((/J,Z). (25)

(26)
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and
e =¢€eby+ i(ebly + 1), (27)

where eby and eb; are the error of by and by, respectively, such that

€by = Uy + peby, 1 + qeby o,

(28)
eby = 4y + xeby + geby,
where ¢, = 71, + 0y + §n + Cn — €qbyp forn = N —1,N —2...,0. Similarly, let
¢=eby+i(ebyy + 1),
¢ Do .(Al}/ ¥) 29)
e=ebyDileh @y dYP),
where
by = Uy + peb,, .1 + Geb, 1o,
~n An P~ n+1 ~q n+2 (30)
eby = ly + xeby + geby,
and
€by =0y ® p @ €byi1 ® G by,
n nop n+1 94 n-+2 (31)

by =Ly B xR eby B G €by,

where 2,1 =T, B0 BN BEnOEq ®§n+2 forn =N —-1,N—2...,0. Then, Equation (26)
can be simplified as

|@(2) —w(z)] < ulw(z)| + (1+u)(le —e[ + e —e]). (32)

First, we consider the bound of |e — ¢]. From Equations (11), (28) and (30), we have

N
eby = Y Lulz|" U, (1),

n=1

N
eby = Y Lulz|"Tu(t),
n=0

N (33)
eby = Y Culz" MU, (1),
n=1
~ N ~
€by = 2 Lnlz|" T ().
n=0
Then, by Equations (13), (27) and (29), we deduce
_ _ N-1 N N-1 N
le — e = |(eby — ebg) +i(eby —eby)y| = | Y (bn —£n)2"| < Y |00 — Cnllz|". (34)
n=0 n=0

In Algorithm 4, according to Lemmas 1 and 2, we obtain

|70 ] < | pbysa| < 2ufz|[byia],

|oa < ul@usal < u(1+72) 2 Bus2l,

n] < 1t|pbuss — Gousz| < u(1+72) (202l [Bagr| + 122 busal), (35)
|Cn| < ulay + PEnH — Gbuso] < u(1+72)(|an| +2|Z||En+l| + |Z|2|En+2|),

€] < 720l < 72(1+72) |2/,
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forn=0,1,...,N, and then
|7l + 1] + 11| + Enl + €3] [Br2] (36)
<(Bu+72) (1 +72) (|an| + 2[2[Bus1| + [2[*[ba2])-
In Algorithm 4, from Equations (15)—(17), we have
by-1 = pan<2>+any-1<1>,
EN_Z = p@N_1<3> —qan<5> 4 an_»<1>
= an(p® — 9)<5> + pan_1<3> + ay_<1>,
R R R (37)
by = pbr<3> — qb3<5> + a1<1>
=an(pN T 4+ )BN — 4> +an 1 (pN 2+ BN —5> - - -,
50 = x51<3> — 5752<5> + ap<1>
=an(pN+-- VBN —1>+ay_1 (PN 1+ )BN=2>+---,
Then, by induction, we get
|bn _En| < 13(N—n)-1/bnl, (38)
and
[l < (14 Y3(n—n)—1)|bal- (39)
Assume that N
=Y |aullz|" " k=0,1,...,N, (40)
n=k
Given this, then
ZgnIZI” (N +1)go (41)
By combining Equations (11), (12) and (40), we have
by| < (N—-n+1)¢,,n=1,...,N.
bl < ( )2 w)
lbo| < go-
It is easy to obtain that
Uy = T1,<4> + 0, <4> + 11,<3> + £,<2> — €qby 12<2>,
Through Lemma 2 and Equations (36)—(42), we deduce
|63 = Cal < va(|70al + on] + 1] + 1G] + [€01[Bas2]) + [eqbur2 — €|
<74 Bu + 72) (14 72) ([an| + 202l (b i1] + 217 [Baa]) + l€q][bas2 — busal
+ |eq — €q|[bn2|
<Yav5([an] + 202 B + |22 [Bas2l) + V2v3(n-m) =712 1bura| + ur3|z* (b2 @)

<B4 Y3(Non)-a) T 12Y3(N-n)—7) (|an| + 2|z[ g1 | + 2]*|bus2])
<Y57Y3(N-n)+1(an| +2]z||by 11| + |2[?|ba])

<Y5Y3(N-m)+1 (@] +2(N = 1)[z[gni1 + (N = n = 1)|z[°gn12)
<3Y573(N-n)+1(N = 1)gn.
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Thus, from Equations (34), (41) and (43), we obtain

N-1
le—2e] < Y [0y — ullz]" < 3N?y573N-1180- (44)
n=0

Second, we consider the bound of |¢ — &]. In Algorithm 4, according to Equations (15)~(17),
we have

ebn_1 = Un_1,
eAbN,z = p?N,1<2> +?N,2<1>,
eAbN,g = peAbN,2<3> — qA?N,1<3> +ZN,3<1>
= ZN,l(pz — §)<5> + ply_p<3> +On_3<1>,
(45)
eAbl = peAbz<3> — ﬁeAb3<3> +?1<1>
=N (PN 24 )<BN =75+ I o(pN P 4 )<BN =8> 4 -+,
eAbo = xeAbl <3> — quAbz<3> +?0<1>

=TI (pN T 4 )<BN — 4>+ Oy o (pN 24 BN = B> 4 -

Then, by induction, from Equations (13) and (33) as well as Lemma 1, we deduce

N R _ N N-1__ N-1 _
|(ebg — €bo) +i(eby — €br)y| < van—a| Y €nz"] < yan-a Y [€u]lz]", (46)
n=0 n=0
and
|€bo + i(€bry + )| <|ebo + iebyy| + |y|

N-1
<(1+r3n-a)| Y luz"| + ulyby|
n=0

(47)
N-1 _ N
< +73n-4) Y [lull2]" + ulz[|b1].
n=0
Thus, through Equations (29), (30), (46) and (47), we obtain
& — 2] =|ebo +i(ebry + ) — €bg<2> — i(ebyy + )<3>|
<|(ebo — €bg) + i(eby — €b)y| + ys|ebo + i(ebry + )] (48)

N-1
<yaN-1 Y [lullz]" + urys|z|[bs].
g

n

According to Equations (36), (39) and (42), we get

[6al <(1+95) (|70l + lou] + [l + 16u] + €71 [Ba-2])
<Y9(|an| +2|z|[bs1| + 2[*[bns2])
<yo(1 4+ V3(N-n)—a) (|an] + 2|z[[bui1| + |2[*bps2]) (49)
<Y9(1+v3(n-m)—a) (|an| +2(N = n)|z[gni1 + (N — n = 1)|z]*gn12)
<379(L+ Y3(n-n)—4) (N — 1)gn.
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Then, by Equations (39), (41), (48) and (49), we obtain

N-1
e~ <Byoran-1 Y (1 +Yan-n)—a) (N = 1)gn +uys(1+ yan-a)N|z[g1

n=0 (50)
<(1+93v-4)N(BNY9y3n-1 + uY3)80

<3N*71073N-180-

Hence, when combining Equations (32), (44) and (50), we have

@(z) — w(z)| <ulw(z)|+ (1+ u)3N*(1573n8+1 + Y1073N-1)80

(51)
<ulw(z)| 4+ 3N*Y1573n-+180-

Thus, with cond(w, z) = go/|w(z)|, we deduce Equation (25). O

3.2. Running Round-Off Error Analysis

Theorem 3 gives a running error bound of Algorithm 4 to evaluate the polynomial in
Equation (1) in complex floating-point arithmetic:

Theorem 3. Assume z,a, € F +ilF forn =0,..., N. Then, the running round-off error bound in
the compensated Goertzel algorithm for evaluting w(z) = Y.\ a,z" in floating-point arithmetic
satisfies

@(z2) —w(2)] < (le| @) © (1 2u), (52)

where
c=w(z)®decw(z),
=1 QEQ (166(N—1)®u),
_ A - s (53)
Eby = |n| © |p| ® Ebyy1 © |§] @ Ebpya,
Eby = || © |x| ® Eby @ |§] ® Eb,
n=N-1N-2,...,1.

Proof. Assume e is the error of @(z), i.e., @(z) +e = w(z). Let @w(z) + ¢ = @(z) + e. Then,
we have

=|w(z) — (©(z) +e—e+e)] (54)

Considering the round-off error eg in Algorithm 4, from Lemma 2, we have eq = €4<2>,
and thus

In-1 = TTN_1<3> + on_1<3> + N_1<2> + En_1<1>,

ZN_Z = TIN_2<4> + ON_2<4> + IN_2<B> + CN_2<2> — quN<4>,

(55)
?0 = m<4> + 0p<4> + §9<3> + §<2> — eq52<4>.
Combined with Equation (45), we can deduce that
eby — €bp| = |eby — <3N — 1>eby| < yan_1Ebo,
lebo — ebo| = [ebo ol < van-1Ebo 56)

|eby — €by| = |eby — <3N — 4>eby| < yan_4Eby,
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and

|ebo| = |<3N — 1>eby| < (1+ y3y-1)Eby,

~ (57)
leby| = |[<BN —4>eby| < (1+ v3n-4)Eby,

where Eb,, can be derived from
Eby = |€n| + [p|Eby11 + |§|Eby2,
Eby = |€0| + |X‘Eb1 + |£/]\|Eb2,
by =100 + 0y + n + gn - qunJrZ/ (58)

by = 710 + 00 + 170 + Co — €qby,
n=N-1,N-2,...,1.

Furthermore, through Equation (15), we have

~ 1 1 1
10| ={{[(7tn +‘7n)1 el +71n]1 e +€n}1 e
1 1 ~ 1 1
_€q1+£41+£5bn+21+£6}1+£7/ (59)
Eb =[([Tal + |plEbyor 1) 1 + 1 Ebrsag )
" " P n+11—|—88 14 ¢9 q n+21+£10 1+£11,
where |e;| < ufork =1,2,...,11. Then, we obtain
€] + |P|EBuy1 + | Ebuy2 < (1+u)°Eby. (60)
By induction, we get
Eby < (1+u)®(N-DEp,. (61)
Assuming that E = Eby + iEbq |y|, we have
E < (1+u)®N"D(Eby +iEbi|y|) < (1+ u)®N~SE. (62)

From Equations (15)—(17) and (29), we gete = €bg<2> + ip<2>+ ieAbly<2> = <2>¢. Then,
by Equations (56), (57) and (62), due to v, < (14+u)yrand (1+u)"E<E@ (1&(n+1)®u),
we deduce

le €] < |e— & +72[e] = |lebo — ebo| + ileby — b1 |[y|| + y2lebo + iebyy|
< 13n-1(Ebo +iEb1|y|) + 72(1 + van-1) (Ebo + iEb1 |y |) (63)
< 1an+1E < 1an1(1+ )N PE < iy ®E0 (166(N—1) @u) :=&.

Thus, by combining Equations (54) and (63), we obtain
@(z) —w(z)| < e[ +|e—2] < ([c] @) @ (1©2u). (64)
O

Considering a dynamic error estimate to evaluate the polynomial based on Theorem 3,
we can improve Algorithm 4 into Algorithm 5, whose flowchart is shown in Figure 2.
We can see from Algorithm 5 that a new approximate perturbation term is obtained by
combining all the dynamic error estimates in each calculation, and participating in the
following computation makes the final result more accurate.

3.3. Computational Complexity

The Horner and its compensated algorithm CompHorner [12] are recalled in
Algorithms 6 and 7. We shall use TwoSum and TwoProd instead of TwoSumCplx and
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TwoProdCplx, while the inputs of Algorithm 7 are real floating-point numbers. A compar-
ison of the computational costs of Algorithms 1 and 4-7 is shown in Table 2. As we can
see, each of the compensated algorithms (i.e., CompHorner or CompGoertzel) can be less
expensive than the others in different cases. For example, CompGoertzel is half as expensive
as CompHorner whenz € C,z # +1and a, € R. Forz € C, |z| # 1 and z # %1, the cost of
CompGoertzel is also less than that of CompHorner. Even in these cases, CompGoertzelwErr
costs less than CompHorner. However, for z € R, CompGoertzel is twice as expensive as
CompHorner regardless of a;,.

Algorithm 5 Polynomial evaluation by compensated Goertzel algorithm with a dynamic
error estimate
Function: [w(z), u] = CompGoertzelwErr((a,)N_;,z)
Require: z = x + iy € F +iF, (a,))_, € F +iF
Ensure: @(z) ~ YN ja,z", |w(z) —@(2)| < u
p=2x
[q, éq] = SumOquuares(x y)

by = an, byy1 = by = €by.1 = Eby = Eby11 =0
forn=N-1,N-2,..,1

[P, 0] = TwoProdRc(p,EnH)

[$n, 0] = TwoProdRC(—7, by2)

[ nr iyn] = TwoSumelx(rn,sn)

[E &n] = TwoSumCplx(fy, ay)

n = nn®an@ﬂn@én9€q®bn+2

ebn EE@ PR ebnﬂ o7T® ebn+2A

BBy = (0]  p| © Ebyar @ [7] ® Ebs
end
r0, o] = TwoPTodRC(x, by)
[s0,00] = TwoProdRC(— ﬁ,@z)
[to, 170] = TwoSumCplx(r,so)

/\

by, &o] = TwoSumCplx(to, ag)
Zo = ﬂo@tfo@%@éo@eq@gz
ebo —Ko@x®eb1 @q@ebz
Ebo = [0o] & |x| ® Eby @ || ® Eb,

b, lp] = TwoProdRC(ylgl)

~

e=eby@i(eh @y ® )
E=Eby®iEb ®y

O(z) = by @ igp

@(z) = @z) ®e
c=0(z)deow(z)

= (Tanp ®E) 0 (106(N—1)®u)
u=(lcleoa)o (1o2u)

Algorithm 6 Polynomial evaluation by the Horner algorithm

Function : @(z) = Horner((a,)N_, 2)
Require :z=x+iy € F+iF, (a,)) € F+iF
Ensure: &(z) ~ YN a,z"

bn+1 =0

for n=N,N-1,..,0

by =b,11 @z ay
end
@(z) = by
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Initialize, and use SumOfSquares to
calculate q

Calculate using TwoProdRC and
TwoSumCplx

Combine all round-off errors and get the
approximate perturbation

Consider dynamic error estimates to get the
approximate perturbation

No

Use TwoProdRC and TwoSumCplx to obtain
floating-point arithmetic result

Combine all round-off errors and get the
approximate perturbation

Consider dynamic error estimates to get the
approximate perturbation

Calculate using TwoProdRC, consider dynamic error
estimates, get the approximate perturbation

End

Figure 2. The flowchart of the compensated Goertzel algorithm with dynamic error estimates.

Algorithm 7 Polynomial evaluation by the compensated Horner algorithm

Function :@(z) = CompHorner((a,)N_,, z)
Require :z=x+iy € F+iF, (a,)N € F+iF
Ensure : @(z) ~ YN ja,z"
bny+1 =€bni1 =0
forn=N-1,N-2.,0
[F, 7Tn] = TwoProdCplx(by.1,z)
(b, 0] = TwoSumCplx(ry, ay,)
ef77n 2677,1+1®ZEB7T"EBUH
end
@(z) = by + €by

Table 2. Comparison of computational costs of Horner, Goertzel, CompHorner, CompGoertzel and
CompGoertzelwErr algorithms.

Variates Coefficients Horner Goertzel CompHorner CompGoertzel CompGoertzelwErr
ZE€R a, € R 2N 4N + 4 26N + 3 55N + 45 59N + 60

a, € C 4N 8N + 6 52N + 6 110N + 66 114N + 81
zeCand |z #1 a, €R 7N — 4 AN +7 90N + 6 55N + 91 59N + 106

a, € C 8N 8N + 12 97N + 6 110N + 150 114N + 165

a, €R 7N — 4 3N +4 90N + 6 34N + 26 39N + 41

z€C, |zl =1and z # %1

a, € C 8N 6N +9 97N + 6 68N + 90 72N + 105




Mathematics 2022, 10, 1788 15 of 19

4. Numerical Experiments

In this section, we test the accuracy, performance and application of our algorithm. All
numerical experiments are performed in IEEE-754 double precision as working precision.

4.1. Accuracy

The accuracy measurements in this part were found in MATLAB R2019b, and the
exact results were obtained by the Symbolic Toolbox in order to compute the relative errors.
As in [12], we considered the expanded form of the polynomial

w(z)=(z—-1-0)" (65)

at z = 1.333 + 1.333i for n = 3:42, while the condition number varied from 103 to 10%3.
The relative accuracy of the Horner, Goertzel, CompHorner and CompGoertzel algorithms
as well as the theoretical bounds of CompGoertzel in Theorems 2 and 3 are exhibited in
Figure 3. We can observe that the CompGoertzel algorithm, which had almost the same
accuracy as the CompHorner algorithm, was absolutely stable when the condition number
was smaller than 10'°. Moreover, the numerical results and the error bounds had a good
agreement, especially the running error bound, which was almost the same as the real
relative errors, along with the results while the condition number was smaller than 10'3.

£ |[#Horner
10%F |+ Goertzel
L “*CompHorner
- |®CompGoertzel
10 ForErrBound
RunErrBound
4 [ RunErrbound |
e
° 10
= E
; 6L
- 107
e k
S 100
z 10
o
L
©1n-10
10
._g
©1072
44

_._.
e, <
> =

4
S
®

10° 1010 10'% 1020 10 10%
Condition number

Figure 3. Accuracy of evaluation of w(z) = (z — 1 — )" at z = 1.333 4 1.333i for n = 3:42.

4.2. Running Time

In this part, we show the practical performance of the Goertzel, CompGoertzel, CompHorner
and CompGoertzelwErr algorithms in terms of measured computing time. The tests were
performed in the following environments:

¢ Envl: Laptop with Intel Core i7-7700 CPU, 4 cores each at 3.6 GHz and with Microsoft
Visual C++ 2012 with the default compiler option /od on Windows 7;

. Env2: Node of workstation with Intel Xeon E5-2697A CPU, 16 cores each at 2.6 GHz
and with gcc 7.4.0 with the default compiler option-O0 on x86_64-Ubuntu-linux 18.04.

We generated the test polynomials with random coefficients in the interval [—1, 1], whose
degree varied from 50 to 10,000 by a step of 50. The average time ratios for CompGoertzel
/Goertzel, CompGoertzel/CompHorner, CompGoertzelwErr/CompGoertzel and CompGo
ertzelwErr/CompHorner are reported in Tables 3 and 4, while the coefficients of the test
polynomials were a, € R and a,, € C, respectively. As we can see, CompGoertzel was faster
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than Goertzel in practice, especially when testing in Linux. We note the good agreement of
the numerical and theoretical results except for CompGoertzelwErr/CompHorner whilez € C,
|z| #1,z # £1and a, € Cin Env2. This is because CompHorner takes more benefit than
CompGoertzelwErr from the Fused-Multiply-and-Add instruction [34,35] and the instruction-
level parallelism [7,8]. However, CompGoertzelwErr was still faster than CompHorner in this
case in Env1.

Table 3. Theoretical computational complexity and measured running time ratios in a, € R.

. C Goertzel CompGoertzel CompGoertzelwErr CompGoertzelwErr
Variates % CompHorner CompGoertzel CompHorner
Theoretical 13.75 2.12 1.07 2.27
zeR Evnl 9.15 1.42 1.13 1.59
Evn2 2.76 1.35 1.11 1.49
Theoretical 13.75 61.14% 1.07 65.59%
z€Cand |z] #1 Evnl 9.29 64.19% 1.13 72.22%
Evn2 2.81 67.71% 1.1 74.14%
Theoretical 11.33 37.79% 1.15 43.35%
z€C, |zl =1and z # £1 Evnl 6.53 44.09% 1.1 48.43%
Evn2 2.22 53.66% 1.09 58.38%

Table 4. Theoretical computational complexity and measured running time ratios in a, € C.

. C Goertzel C Goertzel CompGoertzelwErr C GoertzelwE
Variates % gxplf:rnii Col:anerrtzel orggmg;-lozri: =
Theoretical 13.75 2.12 1.04 2.19
zeR Evnl 10.32 1.24 1.17 1.46
Evn2 4.8 1.16 1.35 1.57
Theoretical 13.75 1.13 1.04 1.18
ze€Cand |z| #1 Evnl 10.37 1.25 1.19 148
Evn2 4.8 1.17 1.35 1.58
Theoretical 11.33 70.13% 1.06 74.26%
z€C,|z] =1and z # +1 Evnl 7.21 84.61% 1.17 98.54%
Evn2 3.67 89.22% 1.33 1.18

4.3. Application

The test environment in this part was the same as the accuracy measurements. We con-
sidered the polynomial in Equation (1) with ag,a1,...,ay € Rand zx = e~ 2mtki/(N+1) Then,
the DFT, which could be computed by the function “fft” with the polynomial’s coefficients
in MATLAB returned w(z;) for k = 0,1,..., N. The Goertzel algorithm can also compute
the DFT with the polynomial’s coefficients of specific indices zj in a vector. Figure 4 shows
the relative errors of Goertzel, CompGoertzel, and £ft applied to polynomials whose de-
grees varied from 50 to 1000 by a step of 10 with random coefficients in the interval [—1, 1],
where the relative error was defined as |[rescomput — r€Sexact||2/||T€Sexact||2. In Figure 4, al-
though ££t was more accurate than Goertzel, the relative errors of Goertzel and £ft were
all increasing, while the degree of the polynomial grew. However, CompGoertzel always
obtained full-precision accurate results in this test, and the relative error of our algorithm
was 10%° to 10'7, while the £ft was from 102 to 10%°.
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Figure 4. The relative errors of DFT for polynomials with random coefficients.

5. Conclusions

In this paper, we presented a compensated Goertzel algorithm with dynamic error
estimation to evaluate polynomials in complex floating-point arithmetic. The forward
error analysis and numerical experiments show that the algorithm can yield full working
precision accuracy. Furthermore, although the algorithm is as precise as the compensated
Horner algorithm, it is quicker in certain situations. The algorithm also performed well in
the application of computing the DFT of specific indices.
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