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Abstract

Anti-Gauss formulae have attracted a great deal of interest in recent years. There are
two main reasons for this. On the one hand, they make it possible to construct new rules,
namely averaged or stratified formulae, which are characterized by a higher accuracy and
a lower computational cost, compared to formulae with the same number of nodes. On the
other hand, they provide numerical estimates of the error of the Gaussian rule for a fixed
number of points. This allows one to determine the number of nodes required to achieve
a prescribed accuracy in the integral approximation. In this paper, we provide a Matlab
toolbox, including an interactive graphical user interface (GUI), to assist the interested
reader in performing the computation of 1D integrals using anti-Gauss formulae and one
of their generalization. When coupled to Gauss rules, they lead to averaged and general-
ized averaged scheme, respectively. We also consider the computation of 2D integrals by
Gauss/anti-Gauss rules. With the exception of the GUI, the software also runs on Octave.

Keywords: Orthogonal polynomials, Gauss rules, anti-Gauss formulae, averaged schemes
(MSC2020: 65D30, 42C05)

1 Introduction
One of the most important and widely used integration formula is the Gauss quadrature rule
Gy [4] | i
1= [ fewids= Y. 4f5) +en() = GalF) +enlF), 1)
j=1

-1

where f is a known integrable function and w is the Jacobi weight given by

wx)=1-x)%14+x)P,  ap>-1 2)
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In (1), A; is the j-th Christoffel number, x; is the j-th zero of p,(w), i.e., the polynomial of
degree n orthonormal with respect to the weight w, and e, (f) is the quadrature error. It is an
interpolatory formula that exactly integrates polynomials p € P, 1, where P>, denotes the
set of algebraic polynomials of degree at most 2n — 1. Its main important feature is that it is the
optimal integration formula: there are no other formulae based on n points with a better degree
of accuracy. In a nutshell, if a n-point formula is such that e, (p) = 0 for any p € P,,_1, then it
is a Gauss rule.
Over the years, several researchers have been interested in estimating the error

en(f) =1(f) — Gu(f), (3)

to determine the number of nodes needed to achieve a given accuracy: too few nodes will pro-
duce an error greater than the desired one, while too many nodes will require the integrand to be
evaluated at an unnecessarily large number of points, leading to an increase in both computing
time and error propagation. A classical approach is to replace the exact value of the integral in
(3) by a new formula Q,,, with m > n, obtaining

en(f) = Om(f) — Gn(/)- 4)

A simple choice is to set O, (f) = Gnt1(f), but estimating the difference G,11(f) — Gn(f)
may be unreliable [1], and the degree of exactness would only slightly improve, from 2n — 1
to 2n+ 1. Motivated by this, Kronrod introduced the so-called Gauss-Kronrod formula for the
Legendre weight [1 1, 12], later developed for other kind of measures [9, 15]

n+1 R
G =Gulf)+ Y Aif (%)),
j=1

where the coefficients A j and X; are chosen so that the maximum degree of exactness is (at
least) 3n4-1. The obvious advantage of such a formula is that the degree of exactness improves
considerably, from 2n — 1 to 3n+ 1, at the price of n+ 1 further evaluations of the integrand
function f. The main disadvantage is that the existence of a Gauss-Kronrod rule with positive
coefficients, which is an essential stability condition, depends on the measure and on the num-
ber of nodes. Several cases of non-existence of such a formula are known. For example, in the
case of the weight (2) with min{¢, B} > 0 and max{o,} > 5/2, there is no Gauss-Kronrod
formula with positive coefficients, for n sufficiently lzgge; see [19, 20].

In 1996, D. P. Laurie constructed a new formula G, having the same degree of accuracy
as the corresponding G, formula and an error equal in magnitude to e, but opposite in sign,
when applied to polynomials of degree up to 2n+ 1 [14]. Because of this property, he called it
the anti-Gauss rule.

As Laurie noted in his paper, the idea of constructing a numerical method that produces
errors of the same magnitude but of opposite sign was not new. It had already been applied to
the numerical solution of initial value differential problems [2, 22]. The application of this idea
in the field of numerical integration has allowed the construction of more accurate and compu-
tationally advantageous formulae. These are known as stratified nested rules, a term coined by
Laurie in an earlier paper [13]; see also [18]. A pair of stratified nested formulae have the prop-
erty that the nodes of the first rule appear also in the second one, and the corresponding weights
are multiplied times a constant. The simplest stratified formula is the averaged formula, i.e. a
simple average of G, and G, 1; see relation (8). However, several stratified schemes have been
developed during the years, for several kind of weight functions [6, 23, 24, 25] and explored in
the context of the numerical treatment of second kind Fredholm integral equations [3, 4, 5, 7].
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In 2007, M. M. Spalevi¢ developed an optimal stratified rule Q5, | based on 2n + 1 nodes
that he called generalized averaged Gauss rule [24]. Its main feature is the degree of exactness:
it is exact for polynomials of degree at least 2n 4 2, but if the weight function w is even, i.e.,
w(x) = w(—x), the degree is 2n+ 3. Moreover, for specific measures the degree of exactness
is much higher; see [0, 16, 26]. In his paper, Spalevi¢ proved, in particular, the positivity
of the coefficients and the sufficient conditions under which the quadrature points belong to
the interval [—1,1]. He also observed that the Gauss nodes x; are a subset of the quadrature
points of the formula, and showed that nodes and weights can be computed by solving the
eigenvalue problem associated to a matrix of order 2n+ 1. It is in 2021, in collaboration
with L. Reichel [23], that he reduced the computational cost by decomposing the formula as a
convex combination of a Gauss rule G, and a new formula G, 1 further studied in [7] in terms
of stability and convergence. We refer to G, | as the generalized anti-Gauss rule.

The aim of this paper is to provide a Matlab package for the numerical evaluation of inte-
grals using the mentioned above formulae. In Section 2, we consider the univariate case and
present the anti-Gauss rule, the generalized formula, and the corresponding averaged rules. In
this context, we refer to [14] and [3] for the anti-Gauss rule, and to [23] and [7] for the gen-
eralized version. In Section 3, we approximate bivariate integrals by the anti-Gauss cubature
formula, developed for the first time in [4], and discuss the corresponding averaging formula.
Finally, in Section 4, we report a selection of numerical examples, some of which appeared in
the aforementioned papers, to both demonstrate the performance of the methods considered,
and explain to the reader how to use our Matlab software.

The software is available from GitHub at https://github.com/CaNAgroup/AGquad and at
the web page https://bugs.unica.it/cana/software.html.

2 The 1D case

In this section, we deal with the numerical treatment of integrals defined on [—1,1] whose
integrand function may have algebraic singularities at the endpoints 1. Such a problem can
be reformulated as X
1) = [ 1w, 5)
where f is a known integrable function and w is the Jacobi weight given in (2).
We point out that the choice of the interval [—1,1] is not restrictive, since any integral
defined on a generic interval [a, b] can be traced back to (5) by the change of variable

/abF(y)(b—Y)a(y—a)de = (b;“) o /_11 fx)w(x)dx,

where f(x) :=F <@(x—|—1)+a>.

2.1 The anti-Gauss rule and the averaged formula

The anti-Gauss formula 5n+1, given by Laurie in [14] to approximate (5), reads

n+1 5
Gui1(f) =) Aif(%)), (6)
j=1
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where the coefficients {1 j}’}g and the nodes {X j};’g are determined so that for the corre-
sponding quadrature error &, (f) it holds

Cnr1(f) = 1(f) = Gui1(f) = —en(f), forall f€Poyyy, (7

with e, given in (3).
From (7), one gets

1) = 5[Gur (1) + Gal1)] = Qaai(£), Forall £ € Payi, ®

which is a new formula involving 2n 4 1 nodes and is more accurate than the two single formu-
lae involved, having degree of accuracy 2n + 1. Such a formula is named averaged quadrature
rule and can be used in (4) to estimate the Gauss quadrature error

() Qon1 () = GalF) = 5[Gac1 () = Gal )] = 1), ©

In this way, one may choose the number of nodes n so that the Gauss rule G,, reaches a pre-
scribed accuracy. Let us also further emphasize that from (7) one can deduce that if f € Py, 1,
the Gauss and anti-Gauss rules provide an interval which contains the value of the integral, i.e.,
either

I(f) € [Gu(f), Gura ()] or I(f) € [Gnt1 (), Ga(S)]- (10)
This property is often denoted as bracketing of the exact integral. Notice that the size of the
interval decreases as n increases.

It is possible to prove that relation (7), and hence (10), is still valid for a generic f & Py,,11
only under suitable conditions; see, for instance, [21, Theorem 3.1] and [3]. Such assumptions
are only sufficient conditions for the bracketing property, and are rather restrictive. However,
numerical experiments show that the change of sign in the error is observed in a wide class of
integrand functions, at the point that it is rather difficult to find a function for which it does not
happen. It is still an open problem to prove that bracketing occur under wider assumptions than
those proposed in [21, Theorem 3.1]. A result in this direction is given in [3, Corollary 1] for
the Chebyshev weight.

Laurie proved in [ 14] that the coefficients {1 j ;‘i% of the anti-Gauss rule (6) are all positive,

and the nodes {*¥ J};li} are zeros of the polynomial defined by

~ x) = Pn+1<x>_ﬁn7 n:17
Pt () {Pn+l<x) — Bupn-1(x), n>1,

where {p;}7_ is the sequence of monic orthogonal polynomials on [—1, 1] with respect to the
Jacobi weight (2) and

5 _Anlnta)nipntatp)

2n+oa+pB)*((2n+a+p)>—1)’

Such zeros are real, distinct, and interlace the zeros {x j}7:1 of p,, i.e.,

n>1.

This means that ¥; € (—1,1) for j =2,...,n, while the first and last nodes may not belong to
(—1,1) and, in particular, they may coincide with the endpoints.

Next theorem is a reformulation of [ 14, Theorem 3.3] and provides sufficient and necessary
conditions on the parameters o and B so that the anti-Gauss formula is internal, i.e., &; €
[—1,1],j=1,....n+1.
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Theorem 2.1. The smallest node %, € [—1,1] if and only if

(2ﬁ+1)n2+(2ﬁ+1)(a+ﬁ+1)n+%(ﬁ+l)(a+ﬁ)(a+ﬁ+l) > 0;

the largest node %, € |—1,1] if and only if

(ZOH—1)n2+(2oc—|—1)(06+l3+1)n+%(06+1)((x+[3)(a+l3+1) > 0.

Moreover, the endpoint 1 = —1 is a zero if and only if B = —1/2 and o = £1/2; the
endpoint %,1 = 1 is a zero if and only if « = —1/2 and = +1/2.

Finally, in the Gegenbauer or ultraspherical case (o« = 3), the anti-Gauss rule is internal
ifand only ifa = > —1/2.

To our knowledge, a closed form for the zeros and coefficients of an anti-Gauss rule is only
known if @ = B = —1/2 [3, Theorem 2]

T
)Ej:cos((n—j+1)—>, Ji=1,..n+1,
n

T
P ]:1,1’1—|—1,
1= 2n
U W 4
- Jj=2,...,n
n

In all the other cases, one needs to compute them. Laurie [14] observed that, being 5n+1 a
Gauss formula, nodes and weights can be found by the algorithm introduced for the first time
by H. Wilf in 1962, known as the Golub—Welsh algorithm [10]. More precisely, one has to
consider the symmetric tridiagonal matrix JNnH

a0 VB
VBl o /B
T Jn 2[311en

Jn+1 = mey‘ y In= \/E fXZ )

with e, = (0,0,...,1)T € R” and

p>— o .
YT it 2jtatpr2) ;20 (1D
B - 4j(j+a)j+B)j+a+p) is1, (12)

2j+a+B)H(2j+a+B)>—1)

and solve the corresponding eigenvalue problem. In fact, the jth zero %; is the jth eigenvalue
of J,41 and the jth coefficient A; is proportional to the square of the first component v; ; of the

Jjth eigenvector, i.e.,

_ _ 2% P (e + OB+ 1)
Aj=Bovii,  Bo= T(otB+2) :

being I' the Gamma function. We recall that the computational cost for the construction of
each quadrature formula is O(n?). Therefore, the averaged rule (8) needs O(2n?) flops, which
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is cheaper than the cost of the Gauss rule G, based on the same number of points, which is
0(4n?).

We conclude this section by noting that the anti-Gauss rule is an interpolatory formula. In
fact, let us introduce a polynomial of degree n interpolating the function f at the n+ 1 points
Xj,with j=1,...,n+1,

n+1 n+l X — X
Ln+1(f,)€): Zgj(x)f(xj% KJ(X)ZHX._X ’
=T

Then, since the anti-Gauss rule is a Gauss rule with respect to the linear functional 21(f) —
G,(f) [14, relation (6)], we immediately deduce

n+1

~ 1 n
Y AiLun(£.5) =2 [ Lut(fow@de= Y. L (f.x))
=1 - j=1

that is, by the degree of exactness of Gauss rule,

n+1 n+1

. 1
Y hif(5) = Y1) [ 4lowi)dx.
j=1 j=1 -1
This implies the interpolatory property

Aj= /1 Ci(x)w(x)dx.

-1

2.2 A generalized anti-Gauss rule and a generalized averaged formula

The generalized anti-Gauss formula introduced by Reichel and Spalevi¢ [23] has the form

n+1
w1 (F) = X A (), (13)
k=1
where {A;}7*] are the corresponding coefficients and {x}/*| the quadrature nodes. As men-
tioned in the Introduction, such a formula is strictly related to the optimal generalized averaged
rule Q5, | developed by Spalevic¢ in 2007 [24]. The latter involves 2n + 1 nodes, as the aver-
aged rule 0,41 in (8), but has degree of exactness at least 2n -+ 2. Therefore, it is more accurate
than Qo1 1.

Despite these positive features, the initial formulation of 05, ; was much more expensive
than the averaged rule Q,,+1. Indeed, the computation of nodes and weights by the Golub
and Welsh algorithm would involve the resolution of an eigenvalue problem of order 2n + 1,
requiring O(4n?) operations. To avoid this drawback, Reichel and Spalevi¢ proved in [23] that,
similarly to 02,1, the optimal formula Q5 . ; can be expressed as a convex combination of the

Gauss rule G,, and the generalized formula G,,_ , as follows
* Bn-i—] Bn *
=7 Guf)t 55— , 14
Q2n+1(f) Bn +ﬁn+1 n(f) Bn +ﬁn+l n+1(f) ( )

where the 3, coefficients are given by (12). By this approach, the computational complexity
is reduced and becomes comparable with that of the average formula, i.e., 0(2n2). Moreover,
from (14) one obtains an estimate for the Gauss quadrature error as

B

en(f) ~ Q11 (f) = Ga(f) = m[ w11 () = Gu(F)] =2 1 (f)- (15)
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We note that the formula Q5, () may give better results compared to Q2,1 only for small
values of n. Indeed, we recall that for any o, B > —1 equation (12) implies that lim,,_,. 3, = %.
This means that the coefficients in (14) quickly approach % as n increases, making the formula
05, substantially equivalent to Q5,1 in applications where the integrand function is not
smooth, as the number of quadrature points must be increased to obtain good results; see also
the numerical experiments in [7].

Formula (13) has similar properties to the anti-Gauss rule. Firstly, the nodes are real and
distinct and coincide with the eigenvalues of the matrix

* — Jn V Bn+Bn+1en
et \V/ Bn + ﬁn—l—] ez; Oy ’

where B, and o, are given in (11)-(12), and the coefficients {4, }Zi% are proportional to the

squared first components of the normalized eigenvectors of J; ;. Secondly, the quadrature
Gauss points interlace the nodes x,’z (see also [7, Theorem 2.1]), i.e.,

X <X <Xy < e <Xy < Xy < Xy

Finally, the quadrature error e, ; (f) is opposite in sign with respect to the Gauss error e, (f),

according to the following relation

() =~ Ben(), forall £ € Parea

3 The 2D case

Here, we consider the approximation of integrals of the type

I(f) = /Sf(X)W(X) dx = /11 /11 flxr,x2)wi (x1)wa(x2) dxy dxa, (16)

where S := [—1,1] x [-1,1], x = (x1,x2), f is a given function defined on the square and
w(x) = wy (x1)wa(x2), with wi(x;) = (1 —x;))% (1 +x;)B, 0, B; > —1, for i = 1,2.

As in the univariate case, it is not restricting to consider the unit square S, since any other
rectangular domain D = [a,b] X [c,d] can be backtracked to S as follows

d b
/(d—yz)az(yz—C)Bz/ F(y1,y2)(b—y1)* (y1 —a)Prdy; dy>

b—ua o +-Br+1 d—c o+h+l . 1
O NS R i ——

where f(x,x) =: F (WT@(xl +1)+a, (dgc) (xp+1) +c>.

The integral (16) may be approximated by the optimal Gauss cubature rule constructed
as a tensor product of two univariate Gauss formulae; see, for instance, [17]. We obtain the
(n1 X ny)-point Gauss cubature rule by using n; points in the integral with the differential dx;
and n, nodes in that with dx,, as follows

ni ny
Gum(f) =Y, ¥ A VA7 () D). (17)

J1=1ja=1
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Letting £ = 1,2, AJ@ is the jth Christoffel number with respect to the weight wy(x) appearing

in the integral, and x;e) is the jth zero of the monic polynomial p%,) (x) orthogonal with respect

to the same weight. The corresponding cubature error

en1,n2(f):j(f)_Gnl,n2(f) (18)

is such that
€ny,ny (p) = O, Vp S IP)2711—1,2712—17

where [P, ¢ represents the set of all bivariate polynomials with degree at most k in the variable
x1 and at most £ in x,.

In the next subsection, we discuss a stratified formula that allow us to estimate the error
(18) by replacing the exact value of the integral by a cubature formula

€nyny (f) = le,mg (f) - Gnl,nz (f) (19)

This enables us to determine the number of nodes required to achieve a given precision, avoid-
ing unnecessary evaluations that, especially in the multivariate case, significantly increase com-
putational cost and error propagation.

Before going on with the discussion, for ease of exposition, we introduce a multi-index
notation allowing an index to take integer vectorial values. Such indices will be denoted by
bold letters, for example, n = (ny,n;). Let us consider the set of bi-indices

jn:{j:(jhjZ):1§jl§n171§j2§n2}-

For j € Jy, consistently with the notation x = (x1,x,), we define X; = (xﬁ),xg)), where x%),
¢ = 1,2, are the previously introduced Gaussian nodes, and A; = l](]l)lj(f). With this new
formalism, formula (17) and the error (18) can be written, respectively, as

Ga(f) = Y A4f(x5),  en(f) = (f) = Gnl/). (20)

J€0n

3.1 The anti-Gauss and averaged cubature rule

Differently from the univariate case, not so many cubature rules have been developed to esti-
mate the error for bivariate integrals, as in (19). However, the need to determine the number of
nodes necessary to achieve a given accuracy is even more important than in the univariate case,
as the number of evaluations of the integrand function is quadratic with respect to the number
of nodes.

To fill this gap, in [4] the authors developed an anti-Gauss cubature rule constructed as a
tensor product of two anti-Gauss univariate formulae (6). It has the form

Gon1(f)= Y XLf(%)),

j63n+1
where 1 = (1,1), ij = 1}11) Z}f), and X; = ()ZS}),)EE.?), with 7(7@ and )Zﬁ-g) the jth anti-Gauss

quadrature weight and node, respectively, for ¢/ = 1,2.
The fundamental property of the above formula is the following [4, Proposition 2.1]

ént1(f) =—en(f), Vf €Po 12001 UP20 120,41 (21)
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Indeed, formula (21) has three important consequences. First, the anti-Gauss cubature rule is
exact for polynomials f € P>, 1 24,1, like the Gauss cubature formula. Second, Gauss and
anti-Gauss rules provide upper and lower bounds for the integral when the integrand function
f belongs to the set of polynomials P2, 4124, —1 UP2y, —1 20,41, 1.€.,

Gu1(f) < I(f) <Gu(f) or Gu(f) < F(f) < Gaa(f)- (22)
Third, from (21) it follows

J(f) = %[Gn(f) +Gn1(f)] = Qoms1(f)s VS €Ponys12m—1 UP2 1 2011,
that is, we obtain the averaged cubature formula, Qan11(f).

The advantages of such new rule, classified as a stratified nested formula, are multiple. It is
more accurate than the two single cubature formulae and its nodes and weights can be computed
in O(2n?) flops, which is cheaper than the O(4n?) flops required by the Gauss cubature formula
Gon. Similarly to the univariate case, numerical experiments show that the bracketing (22) is
generally verified also when the integrand function is not a polynomial. A first result to identify
the class of functions for which bracketing occurs is given in [4, Theorem 2.2, Corollary 2.3,
and Corollary 2.4], but a theoretical analysis that agrees with the numerical experiments has
not yet been developed; see the numerical experiments in [4, Example 1 and Example 2].

The Gauss cubature error can be estimated by the averaged rule as follows

()~ Qi1 () = Galf) = 5 [ Guia (1) = Ga(1)] = (). @3)

4 The AGquad Matlab package

To ascertain the effectiveness of the different approximation formulae introduced throughout
the paper, here we report the results of numerical examples in both the 1D and 2D cases. At
the same time, we explain how to use the Matlab package AGquad which implements the
algorithms discussed in the previous sections.

The package includes 12 Matlab functions, a graphical user interface (GUI), two test scripts,
and some auxiliary files, including the file README.txt that provides all the necessary infor-
mation for the user regarding the installation procedure. The two test scripts illustrate how to
use the computational routines, obtain results, and draw conclusions. All the functions, in-
cluding the test scripts, run both in Matlab and in Octave. The graphical user interface, on the
contrary, can only be used in Matlab.

The routines are organized by groups in Table 1, where a brief overview provides basic
information about each of them. The first category, “Computational routines,” includes func-
tions for calculating nodes and weights of the various formulae, and compute quadrature and
cubature rules. This category also includes the graphical user interface AGquadGUI. The “Test
scripts” are intended for testing both 1D and 2D integral approximations and illustrate the call-
ing syntax for the various functions. The sets, “Auxiliary routines” and “Auxiliary files,” list
additional routines that are necessary to complete the entire process, but are unlikely to be
called directly by the user. For further details, we refer to the Contents.m file.

The graphical interface AGquadGUI, created with Matlab AppDesigner (see Figure 1) al-
lows to run interactively some numerical examples, and may be useful to familiarize the user
with the package. To open it, the user simply has to issue the command AGquadGUI in Matlab
command window. For tasks more complicated than the computation of a single integral, the
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Computational routines

nodesweights compute nodes and weights for Gauss, anti-Gauss and G* rules
quadG1D Gauss quadrature for an integral on [—1, 1]

quadGS1D G* quadrature for an integral on [—1, 1]

quadG2D Gauss cubature for an integral on [—1,1] x [—1,1]
quadantiG1D anti-Gauss quadrature for an integral on [—1,1]

quadantiG2D anti-Gauss cubature for an integral on [—1,1] x [—1,1]
AGquadGUI GUI for 1D and 2D integral approximation

Auxiliary routines

agintnodes check if anti-Gauss nodes are internal to [—1, 1]
funiD evaluate the test function f at points x

fun2D evaluate the test function f at points x and y
guiplot1D plot the 1D integrand function

guiplot2D plot the 2D integrand function

guiprint auxiliary output routine

Test scripts
testl1D
test2D

Auxiliary files

test script for 1D integral approximation
test script for 2D integral approximation

README.txt general information about the package
Contents.m documentation file typical of Matlab
information.pdf file displayed by AGquadGUI

approxintiD auxiliary function for 1D integral approximation
approxint2D auxiliary function for 2D integral approximation

Table 1: Routines of AGquad package.

user is encouraged to read the scripts test1D and test2D, which show how to use the functions
included in the package.

The software is distributed as a compressed archive file and can be downloaded from
GitHub at https://github.com/CaNAgroup/AGquad, or from the web page https://bugs.unica.
it/cana/software.html. By uncompressing it, a new directory containing the toolbox functions
will be created. Such directory should be added to the Matlab search path to use the package
from any other directory.

4.1 Computing 1D integrals

The following two examples provide a practical illustration of the theoretical properties of the
quadrature rules discussed in Section 2. In both cases, we take the value Gsi2(f), obtained
from the Gauss quadrature rule (1) with n = 512, as the reference solution, since the exact
value I(f) of the integral defined in (5) is not known.

The tables display the quadrature errors e, (f), &,11(f). €, (f) computed as

en(f) =1(f) =Gu(f),  ent1(f) =1(f) = Gur1(f),  €u1(f) =1(f) = Gpy1(f),
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AGquadGUI - o x

Kind of integral Integrand function
®1Dcase (2D case (®) Example () User function “ m

1D case

Number of nodes | | Jacobi weight exponents

n 2| a 0| # 0

Number of nodes for the exact solution

n 512

Function to integrate

Example 1
Example |Example 2
Example 3
Example 4
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Figure 1: AGquadGUI.

as well as the errors

Ef)=1(f)— Qa1 (), & () =I(f)— Q51 (f),

corresponding to the averaged (8) and the generalized averaged (14) formulae, respectively.
Moreover, the last two columns show the estimates for the Gauss error r,(f) and 7} (f),
defined in (9) and (15), respectively.

Example 4.1. Let us approximate the value of the integral

1 9
/ 1 |sin(1—x)|2w(x)dx,

where the weight function w(x) is defined in (2) with o = 8 = 0. In this case, the integrand
function has continuous derivatives up to the fourth order, which means that it is not necessary
to significantly increase the number of quadrature nodes to accurately approximate the integral.

The results are reported in Table 2. In columns 2-4 we can observe the quadrature errors
produced by G, G,+1, and G, |, for increasing values of n. As expected, the G, and G,,_;
rules give errors of the same magnitude but opposite in sign, compared to the one of the Gauss
formula G,. This implies that 07,1 and @5, ; can achieve a better approximation of the
integral; see the last two columns. The~ﬁfth and sixth columns, on the other hand, demonstrate
that the values r,, and r, provided by G, and G, __ |, respectively, are good estimates for the
Gauss error.

To reproduce these results, the user can run the Matlab script test1D.m, included in the

AGquad package, by setting inside the script:

examp=2; at line 9
alpha=0; at line 17
beta=0; at line 18

By doing this, two tables will be displayed in the command window: the first one, contains
the values computed by the different approximation formulae G,, G,+1, G, 41> Qont1, and
05,41, for an increasing number of nodes n. The second one corresponds to Table 2.
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n el aal)  enl) wl)  nl) & &)
2 -8.31e-02 +8.35e-02 +8.17e-02 -8.33e-02 -8.39e-02 +1.59e-04 +7.87e-04
4  -2.14e-03 +2.14e-03 +2.13e-03 -2.14e-03 -2.14e-03 -6.05e-07 +1.16e-07
8 -1.42e-08 +1.42e-08 +1.42¢-08 -1.42e-08 -1.42e-08 +1.67e-11 +1.28e-11
16 -6.4le-12 +6.43e-12 +6.42e-12 -6.42e-12 -6.42e-12 +9.66e-15 +8.66e-15
32 -4.00e-15 +2.33e-15 +3.00e-15 -3.16e-15 -3.50e-15 -7.77e-16 -5.55e-16

Table 2: Errors and estimates for Example 4.1

The same can be done by using AGquadGUI (see Figure 1), by setting the parameters
corresponding to Example 4.1, i.e.:

* set the values of n, @, and B;

* select ‘1D case’ in the ‘Kind of integral” panel;

select ‘Example’ in the ‘Integrand function’ panel;
* choose ‘Example 2’ in the ‘Function to integrate’ panel.

Then, by clicking ‘Run’, the numerical results and the plot of the integrand function will be
displayed in separated windows.

Example 4.2. Let us now consider the following integral
1 3
/ |x — 1]2 sin(x)w(x) dx,
-1
where o = % and B = —1 in the Jacobi weight w(x). In this case, the integrand is less smooth

than the previous one, possessing just one continuous derivative. Therefore, we need to increase
the number of quadrature nodes to obtain an accurate approximation.

nenlf)  lnni(f) e (f) rn(f) rp(f) En(f) Si (f)

2 46.26e-02 -6.25e-02 -6.25e-02 +6.26e-02 +6.26e-02 +4.32e-05 +4.32e-05
4  +8.96e-05 -8.74e-05 -8.74e-05 +8.85e-05 +8.85e-05 +1.14e-06 +1.14e-06

8 +1.62e-06 -1.57e-06 -1.57e-06 +1.59e-06 +1.59e-06 +2.40e-08 +2.40e-08
16 +2.87e-08 -2.78e-08 -2.78e-08 +2.82e-08 +2.82e-08 +4.42e-10 +4.42e-10
32 +4.84e-10 -4.69e-10 -4.69e-10 +4.77e-10 +4.77e-10 +7.54e-12 +7.54e-12
64 +7.90e-12 -7.64e-12 -7.64e-12 +7.77e-12 +7.77e-12 +1.28e-13 +1.28e-13
128 +1.30e-13 -1.17e-13  -1.17e-13 +1.23e-13 +1.23e-13 +6.66e-15 +6.66e-15
256 +5.33e-15 +2.22e-15 +2.22e-15 +1.55e-15 +1.55e-15 +4.00e-15 +4.00e-15

Table 3: Errors and estimates for Example 4.2

In Table 3, we observe again that the errors &,.1 and e, | are equal in magnitude but
opposite in sign with respect to e,. Thus, the two averaged rules provide more accurate approx-
imations of the integral; see &, and ;. From the fifth and sixth columns, we confirm that the
alternative estimates for the Gauss error are indeed accurate.
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We point out that, as mentioned in Section 2.1, the computational cost for the construction
of the averaged rule (8) is smaller than the Gauss rule Gy,. For example, for n = 8 the error
produced by Q5,11 is of the same order of magnitude than the one given by G¢. The first one,
requires only about 128 flops, while the second needs approximately 256. The same happens
with the generalized averaged formula Q5 ;.

To reproduce the results displayed in Table 3 by the script test1D.m, one should set
examp=4 and the correct values of a and f in the script, before running it. The same can
be done using AGquadGUI.

Remark 4.1. The number of nodes for the exact solution can be changed when necessary, either
in the script test1D.m (line 21) or in the corresponding box of AGquadGUI.

Remark 4.2. For more details about the test integrand functions included in the package, it is
also possible to click on the ‘Information about test functions’ button in AGquadGUI.

4.2 Computing 2D integrals

Here, we present two numerical tests concerning the cubature rules introduced in Section 3.
Also in this case, the exact value of the integral .# (f) in (16), is obtained by Gsi2512(f), i.e.,
the Gauss cubature rule (17) with n; = np = 512.

The tables report the cubature errors ey (f), defined in (20), and

enr1(f) = I (f) = Gus1(f),

along with the error produced by the averaged formula from Section 3.1, defined as

&n(f) =7 (f) = Qant1(f)-
Additionally, the final column reports the estimate r,(f) for the Gauss error, defined in (23).

Example 4.3. In this example, we approximate the integral

[ (Ge)

where o; = fB; = 0, for i = 1,2, in the weight function w(x) appearing in (16).

In this case, the integrand function exhibits low smoothness with respect to both variables.
Therefore, to achieve an accurate approximation it is necessary to increase both n; and n,.

In Table 4, the advantage of the averaged rule in terms of accuracy compared to the Gauss
scheme is clear; see third, fourth and sixth columns. Regarding the computational cost, we
note that if we set n; = n, = 8, the averaged rule produces an error of order 10~ with only
niny + (n1 4+ 1)(n2 + 1) = 97 function evaluations. In contrast, the same error order is achieved
by the Gaussian formula with n; = ny = 16, requiring n;n; = 256 function evaluations, which
is more than two times more. Finally, the fifth column confirms the good performance of the
estimate ry(f) for Gauss error.

The results in Table 4 can be reproduced by running the script test2D.m by setting in the
code

3
2

+ xp|sin(1+xp) |% wi(x1)wa(x2) dxy dx,

examp=2; at line 9
alphal=0; at line 21
betal=0; at line 22
alpha2=0; at line 23
beta2=0; at line 24
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n, m en(f) éni1(f) ra(f) Sn(f)

2 2 -2.03e-01 +2.03e-01 -2.03e-01 +3.70e-05

4 4  -1.02e-03 +1.03e-03 -1.02e-03 +5.66e-06

8 8 -243e-05 +2.46e-05 -2.45e-05 +1.49¢e-07

16 16 -7.79e-07 +7.89e-07 -7.84e-07 +5.03e-09

32 32 -2.58e-08 +2.62e¢-08 -2.60e-08 +1.67e-10

64 64 -8.36e-10 +8.47e-10 -8.41le-10 +5.43e-12

128 128 -2.66e-11 +2.70e-11 -2.68e-11 +1.97e-13

256 256 -8.13e-13 +8.79e-13 -8.46e-13 +3.31e-14

Table 4: Errors and estimates for Example 4.3

The script will print a table with the approximation values obtained by the different cubature
formulae and Table 4.

Using AGquadGUI is similar to the previous examples. The user has just to select the ‘2D
case’ in the ‘Kind of integral’ panel and proceed as before.

Example 4.4. In the last example, we approximate the integral

1 1
/ / e(l—‘-x1—i-xz)|x1 — 1|%W1(X1)W2(x2)dx1 dxz,
-1J-1

where o) = ) = % and p = B = —%. The integrand function has a low degree of smoothness
with respect to the first variable, while it is smooth with respect to the second one. Thus, we let

the number of cubature nodes n; increase and set n, = 8; see Table 5.

nomelf)  anlf) () &)

2 8 -3.16e-01 +3.16e-01 -3.16e-01 +1.02e-04
4 8 +1.18e-03 -1.17e-03 +1.17e-03 +2.58e-07
8 8 +8.08e-07 -8.07e-07 +8.08¢-07 +5.69e-10
16 8 +1.02e-09 -1.02e-09 +1.02e-09 +9.02e-13
32 8 +1.22e-12 -1.25e-12 +1.23e-12 -1.42e-14
64 8 -142e-14 -7.11e-15 -3.55e-15 -1.07e-14

Table 5: Errors and estimates for Example 4.4

Also in this example, the averaged rule is significantly more accurate than the Gauss scheme,
the errors en(f) and éy41(f) change sign and have roughly the same absolute value, and the
Gauss error is well approximated by rq(f).

The construction of Table 5 can be repeated either by the script test2D . m or using AGquadGUI
by selecting examp=3 and setting the other relevant parameters.

We finally point out that Remarks 4.1 and 4.2 are valid also in the 2D case. Regarding
Remark 4.1, note that the number of nodes for the exact solution has to be changed at lines 27
and 28 of test2D.m.
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5 Conclusions

In this paper, we present a new Matlab package, AGquad, for approximating univariate and
bivariate integrals by pairs of Gauss and anti-Gauss rules and the corresponding averaged for-
mulae. We demonstrate the performance of the quadrature and cubature rules through various
numerical tests, and describe how to use the package to replicate the results, either by a Matlab
script or using a graphical user interface included in the software package.
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