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Abstract In this paper, we investigate a numerical method for the construction of
an optimal set of quadrature rules in the sense of Borges (Numer. Math. 67, 271-
288, 1994) for two or three definite integrals with the same integrand and interval of
integration, but with different weight functions, related to an arbitrary multi-index.
The presented method is illustrated by numerical examples.
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1 Introduction

Borges [5] has considered a problem that arises in the evaluation of computer graph-
ics illumination models. Starting with that problem, he has examined the problem of
numerically evaluating a set of » € N, r > 2, definite integrals of the form

/ fOwix)dx, j=1,2,...,r,
E
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where w;, j = 1,2,...,r, are weight functions. For such a problem, it is not
efficient to use a set of r Gauss—Christoffel quadrature rules, because valuable infor-
mation is wasted. Let us denote that such kind of quadrature rules were already
suggested by Angelesco in 1918, in [1]. Such a problem was studied in [5, 9, 14].
The solution of that problem is connected with multiple orthogonal polynomials (see
[14] and [15]). Because of that, we repeat some basic facts about multiple orthogonal
polynomials.

Multiple orthogonal polynomials are a generalization of orthogonal polynomials
in which the orthogonality is distributed among a number of orthogonality weights.
They arise naturally in the theory of simultaneous rational approximation, in partic-
ular in the Hermite—Padé approximation of a system of r € N (Markov and Stieltjes)
functions (see [6, 7, 16—18, 20, 24]). A good general introduction to multiple orthogo-
nal polynomials is Chapter 23 of book [12]. Many of these polynomials have already
been studied and applied to Diophantine number theory, rational approximation
in the complex plane, spectral and scattering problems for higher-order difference
equations, and corresponding dynamical systems (see [2—4, 15, 19, 22, 23]).

Let r be a positive integer and let n = (ny, ny, ..., n,) be a multi-index, i.e.,
a vector of r nonnegative integers, with length |n| = ny + ny + --- + n, and let
W = (wy, wa, ..., w,) be weight functions on real line so that the support of each
w; is a subset of ainterval E;,i = 1,2,...,n.

There are two types of multiple orthogonal polynomials.

1° Type I multiple orthogonal polynomials with respect to (W, n) are given by
the vector (An,1, An,2, ..., An,r), where Ay ; is a polynomial of degree less than or
equal to n; — 1, satisfying the orthogonality conditions

,
Zf AnjOx*wij(x)dx =0, k=0,1,...,[n] -2,
. E;
j:1 J

with the normalization

.
Z/ Apj()x™ " w;(x) dx = 1.
j=1"Ei

2° The type II multiple orthogonal polynomial with respect to (W, n) is the monic
polynomial P, of degree |n| that satisfies the following orthogonality conditions:

/ Pa()xfwi(x)dx =0, k=0,1,...,n; -1, (1.1)
Ej
forj=1,2,...,r.

The orthogonality conditions (1.1) give a system of |n| linear equations for the |n|
unknown coefficients of the polynomial P, = Z}:io ak,nxk , Qn|,n = 1.

If the system (1.1) has a unique solution, then the multi-index n is normal for type
II, and the polynomial P, is unique. The type II multiple orthogonal polynomial Py
is unique if and only if the vector of the type I multiple orthogonal polynomials is
unique (see [12]). If all multi-indices are normal, then we have a perfect system.

There are two distinct cases for which all the multi-indices are normal for multiple
orthogonal polynomials:
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1. Angelesco systems, where the intervals E;, on which the weight functions are
supported, are disjoint, i.e., E; NE; =@, for1 <i # j <r;

2. AT systems for the multi-index n, where all weight functions are supported on
the same interval £ and the set

'wix):v=0,1,...,n; =1, j=12,...,r}

form a Chebyshev system on E.

Assuming that all multi-indices are normal, the following nearest neighbor
recurrence relations

,
XPa(x) = Paye,(¥) + bui Pa(X) + Y _anjPae;(x), k=12,....r. (12)
j=1

hold with initial conditions Po(x) = 1 and P_ej x) =0,j = 1L2,...,r,
where e; is the j-th standard unit vector with the 1 on the j-th entry and vectors
(an,1,an2, ..., an,) and (bn,1, bn2, . .., by ) are the recurrence coefficients. These
recurrence relations were derived in [12] and [25], by using different methods, and it
was shown that (see [12, Theorem 23.1.11])

/ X" Pa(x) wj(x)dx

Ej

an,j =
/ Kl Pne; (x) wj(x)dx
E

J

)

Dn,j Z/ xQnJrej(x)dx,

where O, (x) = Z;’:l An,j(x)w;(x).

Remark 1 1t is easy to see that Py(x) = 0 whenever multi-index n has at least one
negative entry (see [21, Remark 3.1] for an explanation). Because of that fact, in
what follows we will not write polynomials with multi-indices that have at least one
negative entry in the obtained equations.

The following theorem was proved in [22].

Theorem 1 Suppose that n is a multi-index and that W = (w1, wa, ..., w,) is an
AT system of weight functions on an interval E for multi-index n. The type Il multiple
orthogonal polynomial Py(x) with respect to (W, n) has exactly |n| simple zeros
on E.

Now we come back to the problem of numerically evaluating asetof r € N, > 2,

definite integrals with the same integrand and over the same interval of integration,
but related to different weight functions.
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Definition 1 Let W = (wy, wy, ..., w,) be an AT system on an interval E and let
n = (ny, ny,...,n;) be amulti-index. A set of quadrature rules of the form:

|

/ f(x)wk(x)dx%ZAkgif(xi), k=1,2,...,r, (1.3)
E i=1

will be called an optimal set in Borges’ sense with respect to (W, n) if and only if
the weight coefficients Ay ;, k = 1,2,...,r,i = 1,2,...,|n|, and the nodes x;,
i =1,2,...,|n|, satisfy the following equations:

n]
D Avi= f wi (x) dx,
i=1 E

In|

ZAk‘ixi =/xwk(x)dx,
i=1 E

[n|

4= [n|+ng—1
ZAk!,xi = / X wy (x) dx,
i=1 E
fork=1,2,...,r.

A characterization of the optimal set of quadrature rules is given in the following
theorem (see [14]), which is a generalization of the fundamental theorem of Gauss—
Christoffel quadrature rules.

Theorem 2 Let n be a multi-index and let W = (wy, wa, ..., w,) be an AT system
on interval E. A set of quadrature rules (1.3) is the optimal set in Borges’ sense with
respect to (W, n) if and only if

(i) all rules are exact for all polynomials of degree less than or equal to |n| — 1,
(ii) the polynomial q(x) = Hlﬂl(x — x;) is the type II multiple orthogonal
polynomial Py(x) with respect to (W, n).

Remark 2 According to Theorem 1, all zeros of the type II multiple orthogonal
polynomial Py, (x) with respect to (W, n) are simple and lie on the interval E.

We want to construct square matrices for which the eigenvalues are nodes of this
optimal set of quadrature rules. Then, the weights can be calculated by solving sys-
tems of linear equations. The corresponding method for calculating the nodes and
weight coefficients of the optimal set of quadrature rules with respect to nearly diag-
onal multi-index was given in [14]. Our aim is to extend that result, i.e., to give a
method for calculating the nodes and weight coefficients of the optimal set of quadra-
ture rules for general multi-indices. In this paper, we will explain the cases of r = 2
and r = 3 weight functions in detail. The general case of r € N weight functions
will be given in the forthcoming paper.
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Remark 3 Coussement and Van Assche considered Gaussian quadrature rules for
multiple orthogonal polynomials with respect to nearly diagonal multi-indices in [8],
while Lubinsky and Van Assche considered simultaneous Gaussian quadrature rules
for Angelesco systems in [13].

The paper is organized as follows. In Section 2, two ways for obtaining the type II
multiple orthogonal polynomials with respect to two weight functions are given, as
well as the corresponding methods for calculating the nodes and weight coefficients
of the optimal set of quadrature rules. The numerical construction of such quadrature
rules is presented in Subsection 2.1. The method for calculating nodes and weight
coefficients of an optimal set of three quadrature rules is considered in Section 3.
Finally, some numerical examples are given in Section 4.

2 Optimal set of quadrature rules for r = 2

According to Theorem 2, the nodes of the optimal set of quadrature rules with respect
to (W, n) are the zeros of the corresponding type II multiple orthogonal polynomial
Pp, and our first aim is to try to calculate the nodes as eigenvalues of a certain square
matrix.

In this section, we only consider the optimal set of quadrature rules (1.3) with
respect to r = 2 weight functions. Let P, ,,) be the type II multiple orthogonal
polynomial corresponding to a multi-index n = (n1, ny) € N? and with respect to
weight functions W = (w1, wy). Now, the nearest neighbor recurrence relations (1.2)
have the following form:

xp(m,nz)(x) = P(n1+1,n2)(x) + C(n],nz)P(m,nz)(x) (21)
+a(n, 1) Pony=1,n) () + b(ny ny) Piny ,ny—1) (%),
X Py ) (X)) = Py np+1) (X)) + diny ng) Piny np) (X) (2.2)

+an,n2) Piny—1,n2) (¥) + Dy ng) Pony ny—1) (X))

Let us point out that the coefficients an, j, j=1,2, ..., r,in (1.2) do not depend on
k, and because of that, we have the same coefficients a(,, n,) and b, »,) in (2.1)—(2.2).
From the previous relations, we obtain

P(nl,nz-i-l)(x) = P(n1+1,n2)(x) + (C(nl,nz) - d(n],nz))P(nl,nz)(x)» (2.3)
P(n1+1,n2)(x) = P(nl,anrl) (x) + (d(nl,ng) - C(nl,nz))P(nl,nz)(x)- 24

Lemma 1 Let (ny,ny) € N? be the multi-index and P(n,,ny) the type I multiple
orthogonal polynomial with respect to W. Then,

nz—l ny
Piy iy iy X) = Py 1)) + D P [ €y — dayin) 2.5)
k=0 i=k+1
ny
+Pn;.,0)(x) H(C(nl,i) —dn,.i))
i=0
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holds.

Proof We will prove by induction on v, where v = n +n> is the length of the multi—
index (n1, np). For v = 0, we have the multi-index (n, np) = (0, 0) and from (2.3),
we obtain

P,1)(x) = P(1,0)(x) + (c0,0) — d(0,0)) P0,0) (X),

which is the same as (2.5) with (n, no) = (0, 0).
Let us now assume that (2.5) is true for all multi-indices of length v = n1+n5,i.e.,

np—2 ny—1
Pinyny)(¥) = Py 1m0 ®) + > Paryrn@®) [ €y — dy.iy) 2.6)
k=0 i=k+1
ny—1
+Pn,0)(x) l_[ (Cny.iy — dny.i)),
i=0

and prove that is also true for multi-index (n1, ny + 1) of length v 4 1. By using (2.3)
and the induction hypothesis (2.6) for P, ,), we obtain

P(nl,n2+1)(x) =P(n1+1,nz)(x) + (c(nl,nz) - d(nl,nz))

n2—2 nz—]
X | Poy+1.m—1) () + Z Py 41,50 (x) l_[ (cny.iy — dny.i))
k=0 i=k+1
np—1
+ Pn,00(x) H (C@y.iy = dny.iy)
i=0

=P, +1,n0)(X) + (€ny,n2) = dny,n2) Py +1,n—1) (X)

nop—2 na
+ Z Py41,60)(x) 1_[ (€ny,iy — diny.iy)
k=0 i=k+1
1)
+ P(n|,0)(x) H(C(nl,i) - d(”lvi))
i=0
no—1 na
=P(n +1.ny) (x) + Z Plny+1.6) (X) 1_[ (Cny.iy — dny.i))
k=0 i=k+1
na
+ Pouy oy [ [y = dow i)
i=0

which completes the proof.

In a similar way, using (2.4) and (2.7), the following lemma can be proved.
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Lemma 2 For all multi-indices (ny,n) € N? and type II multiple orthogonal
polynomial P, n,) with respect to W, one has

ni—1 ni
Pl 41 ) = Pyt 1)) + Y Pyt 1y @) [ | @iiny) — ciny)) 2.7)
k=0 i=k+1
ni
+P0.ny) (X) H(d(i,nz) — C(iny))-
i=0

Remark 4 Let us notice that by using the nearest neighbor recurrence relations (2.1)—
(2.2), one can obtain the polynomial P, »,) by following different paths of multi-
indices from (0, 0) to (n1, n2). Our choices, which will be presented, are not the
shortest paths from (0, 0) to (n1, ny), but they imply that the zeros of the polynomial
P, n,) are eigenvalues of a square matrix, which gives a stable numerical technique
for the construction of the optimal set of quadrature rules. Our paths are presented in
Fig. 1.

Let us now consider the construction of the polynomial Py, ,, in the following
two ways.
1° Settingn; =0,1,...,n —1,and np = 0in (2.1), we get

X Po,0)(x) =P(1,0)(x) + ¢(0,0) P0,0) (%),
x P1,0)(x) =P,0)(x) + c(1,0)P(1,00(x) + a(,0)P,0)(x),
X P 0)(x) =P3,0)(x) + c2,00P2,00(x) + a2,0)Pa,0)(x),

X Pg—1,00(x) =Pn,0)(x) + ¢(n—1,0) P(n—1,0)(X) + a(—1,0) Pn—2,0) ().
Now by applying (2.2) with n; = n and np, = 0, 1, we obtain

X Pg,0)(x) = P, 1y (x) + dn,0) Pin,0)(x) + a(n,0) Pin—1,0) (%),
x Py 1y (x) = Pu2y(x) + dn, 1y P, 1y () + a1y Pa—1,1(X) + b, 1) Pa,0y (X).

Fig. 1 Two paths of
multi-indices from (0, 0) to (n1,n2)
(n1,n2) A

(0,0)
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By using (2.5), for (n1,n7) = (n — 1, 0), we have

Pi—1,1(x) =Pg,0)(x) + Poi—1,00(X)(C(—1,0) — d(n—1,0))s
and hence

X P,y () =P,y (x) + dn, 1) P, 1) (x) + (@@,1) + b, 1)) Pan,0y(x)
+ am,1)(€n-1,0) — dn-1,0)) Pin—1,0)(x).
In the same way, by using (2.2) and (2.5), we obtain

X P2y (x) =Pn,3)(x) + dn,2) P2 (x) + (@n,2) + bun,2) Pu,1 ()
+am,2)(Cn-1,1) — dn-1,1) P(n,0)(x)
+am,2) (Cn-1,1) — dn-1,1)(€n=1,0) — dn-1,0)) Ptr—1,0)(x)

X Pgm—1)(x) =P,m)(x) + dn,m—1) Por,m—1)(x)
+ @@m—1) + bom—1)) Pnm—2)(x)

m—3 m-=2

+ am,m-1) Z 1_[ (Ccr-1,iy — dn—-1,i)) Pu,ry(x)
k=0 i=k+1
m—2

+ amm-1) H (ct-1,i) = dm-1,i)) Pn—1,0)(x).
i=0

The obtained equations can be written in the following way

1 1 1
XPEn?m) (x) = M((n,)m)PEn?m)(x) + Pi,m) (X)€0n,m)» 2.8)
where
[ Po,0y(x) ]| 0]
P1,0)(x) 0
PY 0= Puo _|o
nom) ) = (n,0) (X v Com) =
P, 1y(x) 0
_P(n,m—l)(x)_ _1_

and M ((,:)m) is the following square matrix of order n 4+ m

(1) Ay
M(n,m) = B(r{,)m ’ 2.9
(n,m)

where
1 T
A(n,m) = I:A(n,m)‘ [O]nx(m—l)] s

(1 nM
B(n,m) = [[O]mx(nfl) ‘B(n,m)] s
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[0]p x4 is the zero matrix of dimension p X g,

co,0 |1
~ a c 1
) _ | 900 cao
(n,m) — . . ’
A(n-1,0) C(n—1,0) 1
a0y dn,0) 1
a1 iy, a1y + b,y dn.1) 1
) : . .
Blymy= : : : .
o 0) 0)
amm-211 0 3y Gom=2111 43 “<n~mf2>n(<2l,m73) dn.m—2) 1

1) b} )
a(n,mfl)n(oﬁm,g) a(n.mfl)n(lﬁm,z) a(n.mfl)n(zﬁm,z) a(n,m—l)“l‘b(n,mfl) d(n,mfl)

(where we used the notation H,EIZ) = ]_[f:k (c=1,i) — dmn-1,i)))-

Letx; = xi("’m), i=1,2,...,n+m,be the zeros of P, ;,)(x). Then, (2.8) reduces
to the following eigenvalue problem:

1 1 1
Xy (i) = M) PO ().

(n,m)

Thus, the zeros of P, ,)(x), i.e., the nodes of the optimal set of quadrature rules

(1.3), are the eigenvalues of the matrix M ((i’)m).

2° Now we will consider the construction of the polynomial P, ) in the second
way. Settingn; =0andny =0, 1,...,m — 1,1in (2.2), we get

X P,0)(x) =P0,1)(x) + d0,0) P0,0)(x),
x P, 1y(x) =P0,2)(x) + d,1) Po,1)(x) + b©,1) P0,0)(x),
xP,2)(x) =P0,3)(x) + d0,2) P0,2)(x) + b©,2) P0,1)(x),

X P,m—1)(x) =P,m)(x) + d©,m—1)P0,m-1)(x) + bo,m-1) P0,m-2)(x).

Now by applying (2.1) with n; = 0, 1, and ny = m, we obtain

X P,m)(x) =P(1,m)(x) + co,m) Po,m)(x) + bo,m) Po,m—1)(x),
X Py (x) =P2,my(X) + cm) Pa,myx) + aa,m) Po,m)(x) + bam) Pa,m—1)(x).

By using (2.7), for (n1, n2) = (0, m — 1), we have
P,m—1)(x) =Po,m)(x) + Po,m—1)(x)(d©,m—1) — €0,m—-1))»
and hence

X P my(x) =P,y (x) + c1,m) P,m)(x) + (ac,my + bt,m)) Po,my (x)
+ba,m)(d©,m—1) — €0,m-1)) PO,m—1)(x).
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In the same way, by using (2.1) and (2.7), we obtain

X P my(x) =P3,m)(X) + c2.m) Po,m)(x) + (a@,m) + ba,m) Pa,m)(x)
+ b2.my(d1,m=1) — c1,m=1)) Po,m)(x)
+Db2,mydi,m=1) — c,m=1))d©O,m=1) — ¢0,m=1)) PO,m—-1)(x),

XPo—1,m)(X) =P,m)(x) + ci—1,m) Pin—1,m) (x)
+ (a(n—l,m) + b(n—l,m))P(n—Z,m)(x)

n—3 n—2
+bui—1,m) Z P, m) (x) l_[ dim—1) — C¢i,m=1))
k=0 i=k+1
n—2
+ Po,m—1)(X)bn—1,m) l_[(d(i,mfl) — Clim—1))-
i=0

The obtained equations can be written in the following way

2 2 2
xPEn)m) (x) = ((n)m) En)m) (x) + P,y ()€, m), (2.10)
where
[ Po,oy(x) ] 0]
P,1)(x) 0
P> Poun —| o0
(n m) x) = (0,m) (x) sy €Cum) =
P1,my(x) 0
| Pi—1,m)(x) | L 1]

and M éf)m) is the following matrix of order n + m

2)
u® — | Aum
(n,m) B 2) ’
(n,m)
where

(@) )
A(n m) [A (n, m)) [O]mx(n—l)] ,

)
B(n m) — [[O]nx(m 1) )B(n m)]
~ bo,1) do,1) 1
a0 _

(n,m) - - . ’

bo,m-1) do,m—1) 1
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b(0.m) C(O.m) 1
b(l,m)”((é)o) act.my +ba.m) C(1m) 1
E((i)m): .
b(n—z.m”(%,)nfs) b(n—z,m>17<(12.)nf3> b(n—z.m>”((22,)n73> C(n—2.m) 1
b(nfl,m)n(((i)n_z) b(nfl,m>17((12,),,_2) b(wl,m)ng)n_z) s A—1,m) + Da—1,m) Co—1,m)

(where we used notation ng?e) = ]_[f:k(d(,-,m,l) — CGi,m=1)))-
(n,m)

Let x; = x; ,i =1,2,...,n + m, be the zeros of P(, ;)(x). Then (2.10)
reduces to the following eigenvalue problem:
(2) @ p®
xiP(n’m)(x,-) = M(n,m)P(n,m)(xi)’
Thus, the zeros of P, ,,)(x), i.e., the nodes of the optimal set of quadrature rules

(1.3), are the eigenvalues of the matrix M ((3?’").

For the computation of all recurrence
coefficients in the matrices M ((3,)m)’ we use effective algorithms which are given in
[10].

Knowing the nodes of the optimal set of quadrature formula, one can find the
weight coefficients Ag i, k =1,2,...,r,i =1,2,...,n+ m. Here, we present the
technique for obtaining weight coefficients for the given method 1° and in the similar
way, the weight coefficients can be obtained for the presented method 2°.

The eigenvector associated with the eigenvalue x;, i = 1,2,...,n + m, is given

by Pgrll) my (Xi)s and this fact can be used for the computation of the weight coeffi-
cients Ay, k=1,2,...,r,i =1,2,...,n 4 m, by requiring that each rule exactly
integrates modified moments.

Let us denote by

1 1 1
=[Py P 0 o P o) | @.11)

the matrix of the eigenvectors of the matrix M((r:)m), each normalized so that the

first component is equal to 1. Then, the weight coefficients Ay ; can be obtained by
solving the systems of linear equations

SRR

H.0)

(k)
Ha,0)

1 ’ .k

v : - Mf}j’g) L k=1,2,....r, (2.12)
‘ #(k)

Ak.ntm M,

*(k')
L H“(n,m—l) a

where

(V)

andk=1,2,...,r.

Tt _f Pip@we(x)de, i =0,1,....n, j=0,1,....m—1,
E
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2.1 Numerical construction

In this subsection, we present an effective numerical method for constructing the
matrix M((;i)m) (in the same way, one can construct the matrix M((z)m)), the cor-
responding type II multiple orthogonal polynomial P, ) and the optimal set of

quadrature rules. For the numerical construction of the matrix M ((n)m , we will use
algorithms from [10] and because of that, we need to introduce the marginal and
nearly diagonal recurrence relations.

For the (monic) orthogonal polynomials with respect to the each weight function

u)j,j = 1,2,...,r,
/ Py(x; wj)Pp(x;wj)wij(x)dx =0, m=0,1,...,n—1,
Ej
the recurrence relation
XPy(xwj) = Poy1 (63 wy) + by (w)) P wj) + ag (wj) Pa—1 (x; w)

and the corresponding coefficients will be called marginal.
A multi-index of the form

dn)=CL+1,04+1,....0+1,¢,£,...,0),
—_—

J times r—j times

wheren = ré+j,¢ = [n/r],0 < j <r,iscalled nearly diagonal. The corresponding
type II multiple orthogonal polynomial Pq(y) satisfies the following nearly diagonal
recurrence relation

-
X Pany(x) = Pany1)(x) + Zan,r—ipd(n—i)(x)s n >0,
i=0
with initial conditions Pqcy(x) = 1, and Pq(y(x) =0, fori = —1, =2, ..., —r (see
[14, 26]).
Our first aim is to obtain the nearest neighbor recurrence coefficients, i.e., the
elements of matrix M'" . We can do that by starting with the corresponding coef-

ficients of marginal O;nﬁzllrly diagonal recurrence relations, which can be obtained
by using the Stieltjes procedure (see [14]) or the discretized Stieltjes—Gautschi pro-
cedure (see [11]), respectively. Then, one of the algorithms given in [10] can be used
for obtaining the coefficients of the nearest neighbor recurrence relations, i.e., the
elements of matrix M ((; ?m). More precisely, if one starts with the coefficients of the
marginal measures then the nearest neighbor recurrence coefficients can be obtained
by using [10, Theorem 3.1.], and if the starting coefficients are the coefficients of
nearly diagonal recurrence relations then [10, Theorem 2.3.] can be used for obtain-

ing the nearest neighbor recurrence coefficients. The eigenvalues of the matrix M (ri )m)
are the nodes of the optimal set of quadrature rules (1.3). The type II multiple orthog-
onal polynomial P, ,,)(x) can be obtained by using the previously given method.
Finally, when we have the type II multiple orthogonal polynomials and eigenvectors
of the matrix M ((n)m), i.e., the matrix V(]) m) given by (2.11), the weight coefficients

of the optimal set of quadrature rules (1 3) can be found by solving system (2.12).
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3 Optimal set of quadrature rules for r = 3

In this section, we will consider the optimal set of quadrature rules (1.3) with respect
to r = 3 weight functions. Let P(;; u,,2;) be the type II multiple orthogonal poly-
nomial corresponding to a multi-index n = (n1, n, n3) € N> and with respect to
weight functions W = (w1, wz, w3z). Now, the nearest neighbor recurrence relations
(1.2) have the following form:

X Py nynz) (X) = Plny+1,m5.n3)(X) + dny.ny.nz) Piny ngans) (X) (3.1
Fany.np.n3) Py~ 1.n2.n3) (%) + D(nynyng) Py ony—1.n3) (X)
FCn1.np.n3) Plny.ny.ny—1) (X)),

X Py nynz) (X) = Plnyny+1,n3)(X) + €y ng.nz) Pny ng.nz) (%) (3.2)
+a(ny.n2.n3) Plny—1.n2.n3) () + Bny npnz) Pinyna—1,n3) (X)
+Cy.nainz) Plny.nainy—1) (%),

X Py nyna) (X) = Py ngns+1)(X) + finynp.n3) Py ngons) (X) (3.3)
+a(ny,np,n3) Pny=1,n2,n3) (X) + D(nyny,ng) Py ny—1,n3) (X)
+Cuin2,n3) Pinynans—1) (X).

In the same way as in the case r = 2, one can prove the following three lemmas
by using mathematical induction. We will prove only Lemma 4.

Lemma 3 Let (n, na, n3) € N3 be the multi-index and Py no.n3) type I multiple
orthogonal polynomial with respect to W. Then,

Py ny+1,00(X) = Puy+1.ny,0(X) (3.4)
np—1 na
+ Z Pny+1.4.0) (%) 1_[ (dny.i,0) — €(ny.i,0))
k=0 i=k+1
ny
+Pny,0,0)(x) H(d(nl,i,O) = €(n,,i,0)
i=0

holds.

Lemma 4 Let (ny,ny,n3) € N3 be the multi-index and P(n;,ny,n3) type 1l multiple
orthogonal polynomial with respect to W. Then,

P(nl,nz,n3+l)(x) = P(n1+1,n2,n3)(x) (35)
n3—1 n3
+ Z Py +1.mp.0) (X) l_[ [y .ny.iy — fnymai))
k=0 i=k+1
n3
+P(n;.n,.0)(X) H(d(m,nz,i) = fny.nai))
i=0

holds.
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Proof We prove this by induction on v = nj 4 ny + n3. From (3.1) and (3.3), we
obtain

Pinynyns+1)(X) = Play+1ny.n3) (X) + @y .nyins) — fingnains) Py ng.ns) (X). (3.6)
Now, from (3.6) for (n1, ny, n3) = (0, 0, 0) we obtain
P0,0,1)(x) = P(1,0,0)(x) + (d(0,0,0) — £0,0.0)) P0,0,0)(x),
which is the same as (3.5) for v = 0, i.e., for (n1, np, n3) = (0, 0, 0).
Let us now assume that (3.5) is true for all multi-indices (n1, ny, n3) of length

v =n1 +ny + ns, ie.,

P(l’l],nz,n3)(x) = P(n1+1,n2,n3—1)(x)

n3—2 n3—1
+ Z P(n1+1,n2,k)(x) 1_[ (d(nl,nz,i) - f(nl,nz,i))
k=0 i=k+1
n3—l
+P(n1,n2,0)(x) 1_[ (d(m,nz,i) - f(nl,nz,i))- (3.7)
i=0

We will now prove that it is true for the multi-index (ny, n, n3 + 1). By using
(3.6) and the induction hypothesis (3.7), we obtain

Puynyiny+1)(X) =Pay1,n5,n3) (X)
+ (d(n],nz,n3) - f(m,nz,n3))P(n1+l,n2,n3—l)(x)
+ (@1 n2.n3) — fny.naanz))

n3—2 n3—1
X Z Pny 41,05,k (X) H (dny gty = frima,i))
k=0 i=k+1
n3—1
+P(n1,n2,0)(x) l_[ (d(nl,nz,i) - f(nl,nz,i))
i=0

=P(n;+1,ny,n3)(X)

n3—1 n3
+ Z P(111+1,n2,k)(x) l_[ (d(n|,n2,i) - f(n],nz,i))
k=0 i=k+1
n3
+ Plny.ny,0) (%) H(d(nl,nz,i) — foy.naiy)-
i=0

By the mathematical induction principle, (3.5) is correct for all multi-indices
(n1,n2,n3). O
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Lemma 5 Let (ny, na, n3) € N3 be the multi-index and Py, n.n3) type Il multiple
orthogonal polynomial with respect to W. Then,

Py nons+1) (X)) = Py iyt 1,n3)(X) (3.8)
n3—1 n3
+ Z Py ny+1,k0) (X) 1_[ (€ny.na.iy = fny.nani))
k=0 i=k+1

ns
+Pny,n,,0)(x) l_[(e(nl,nz,i) - f(m,nz,i))
i=0
holds.
In the case r = 3, we consider one way for the construction of the polyno-
mial P, m, p) which has the property that the zeros of the polynomial P, p) are
eigenvalues of a square matrix, and which gives a stable numerical method for the

construction of the optimal set of quadrature rules, similarly as in Subsection 2.1.
Settingn; =0,1,...,n — 1,and np = n3 = 01in (3.1), we get

xP,0,0)(x) =P1,0,0)(x) + d0,0,0)P0,0,0) (%),

xP1,0,00(x) =P2,0,0)(x) + d(1,0,0)P1,0,0)(x) + a(1,0,0) P(0,0,0)(x),
xP2,0,00(x) =P(3,0,0)(x) + d2,0,0)P2,0,0)(x) + a2,0,0)P1,0,0)(x),

X Pu—1,0,00(%) =P1,0,0)(X) + d(n—1,0,0) P(n—1,0,0)(X) + @n—1,0,0) P(n—2,0,0) (X).

Now by applying (3.2) with ny = n, ny = 0, I and n3 = 0, we obtain
X P(,0,0)(X) =Pn,1,0)(x) + €(n,0,0) P(,0,0) (X) + a(,0,0) P(n—1,0,0) (x),
X Pn.1.0)(X) =Pn.2.0) (%) + €n.1.0) Pin.1.0)(X) + @n.1.0) Pu—1.1.0) (x)
+ b(n,1,0) P(n,0,0) ().
By using (3.4), for (n1, n2,n3) = (n — 1,0, 0), we have
Pi—1,1,00(x0) =P1,0,0)(x) + Pn—1,0,00(x) (d-1,0,0) — €1—1,0,0))

and hence

X P,1,00(x) =P,2,00(%) + €,1,0) Pn, 1,00 (%) + (@, 1,0) + b, 1,0)) Pn,0,0) (x)
+ am,1,00[dn-1,0,0) — €(n-1,0,0) P(n—1,0,0) ().
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In the same way, by using (3.2) and (3.4), we obtain

xP.2,0)(x) =P.3,00(%) + €n,2,0) P(n,2,0)(X) + (@n,2,0) + b(n,2,0)) P(n,1,0)(x)

+ an,2,00[dn-1,1,00 — €n-1,1,0)) Pn,0,0)(x)
1

+an,2,0 H(d(nfl,i,O) — €(n-1,i,0) P(n—1,0,0)(x)
i=0

X Pgm—1,00() =Pgu,m,0)(x) + em,m—1,0)Po,m—1,0)(x)
+ (@@,m—1,00 + bn,m—1,0)) Pin,m—2,0) (%)

m=3 m—2

+ dm,m-1,0) Z Pl e,0) (%) 1_[ (d(n-1,i,0) = €(n—1,i,0))
k=0 i=k+1
m—2

+agm-1.0) [ [ don-1..0) = €@-1..0) Pn—1.0.0)(x)-
i=0

Now by applying (3.3) with (n1, na, n3) = (n, m, 0), we obtain

X Pgym,0) () =Pgu,m,1)(X) + for,m,0) Pn,m,0)(X) + @ga,m,0) Pia—1,m,0)(x)
+ b(n,m,()) P(n,m—l,O)(x)-

By using (3.4), for (n1,ny,n3) = (n — 1, m — 1, 0), we have

Pin—1,m,0)(x) = Pinm—1,0(x) (3.9)

m—2 m—1

+ Z P ke,0)(x) 1_[ (d(n-1,i,0) — €(n—1,i,0))
k=0 i=k+1
m—1

+ [ [ @n-1..0) = €@-1.0.0) Pia—1.0.0)-
i=0

and hence

X Pgm,0)(x) =Pgum,1)(X) + fn,m,0) Pn,m,0)(x)
+ (a(n,m,()) + b(n,m,O))P(n,m—l,O)(x)

m—2 m—1

+ ag,m,0) Z P k,0)(x) 1_[ (d(n—1,i,0) — €(n—1,i,0))
k=0 i=k—+1
m—1

+ agm0) [ [ @n-1.0.0) = €100 Pia—1,00) (x).
i=0
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In a similar way, by applying (3.3) with (n1, no, n3) = (n, m, 1), we obtain

XPm,1)(x) =P,m,2)(X) + fo,m, 1) Po,m,1)(X) + ag,m, 1) Pio—1,m,1)(x)
+ D, 1y Pin,m—1,1)(X) + ¢,m, 1) Pin,m,0) (X).

By using (3.5), for (n1,n3,n3) = (n — 1,m, 0), and (3.4), for (ny,ny,n3) =
(n—1,m —1,0), we have

P 1,m,1)(x) =Pu,m,0)(x) + —1,m,0) — fin—1,m,00) Pin—1,m,0)(x)
=Pu,m,00(%) + ([dn—-1,m,0) — for—1,m.0)) Pa,m—1,0)(x)
+ [dp=1,m,0) — fn=1,m,0))

m—2 m—1
X Z P k,0)(x) 1_[ (dn—1,i,00 — €(n—1,i,0))
k=0 i=k+1
m—1
+ dp=1,m,0) — fn—1,m,0)) l_[ (d(n—1,i,00 — €(u—1,i,0))
i=0
X Pn—-1,0,0)

and by using (3.8), for (n1, ny, n3) = (n,m — 1, 0), we have

P(n,m—l,l) (x) :P(n,m,O)(x) + (e(n,m—l,O) - f(n,m—l,O))P(n,m—l,O) (x),
and hence

X Pia,m, 1) (X) =Pu,m,2)(X) + fn.m. 1) P, 1) (x)
+ @@,m, 1) + b,m, 1y + ¢,m, 1)) Porm,0) (%)
+ @wm, ) @u—-1.m,0) — foi—1,m,0))
+ bn.m 1y (€m.m=1.0) = fn.m—1.0)) Pn.m—1,0)
+ ag,m, 1) dn—1,m,0) — fn—1,m,0))

m—2 m—1
X Y Puioy@ [ @a-1i0) — ew-1.i0)
k=0 i=k+1

+ agm, 1) (dn—1,m.0) — fin—1,m,0))

m—1

X l_[ (dn-1,i,00 — €(n—1,i,0)) P(n—1,0,0) (X).
i=0

Continuing in this manner, by using (3.3) for (n1, n», n3) = (n, m, p—1), (3.5) for
(ni,n2,n3) = (n—1,m, p—2),(3.9), and (3.8) for (n1, n2,n3) = (n,m—1, p—12),
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we obtain

xp(n,m,p—l) (x) ZP(n,m,p) (x) + f(n,m,p—l)P(n,m,p—l)(x)

+ (a(n,m,p—l) + b(n,m,p—l) + C(n,m,p—l))P(n,m,p—2)(x)

p—3 p—2
+ Z Pomioy | agm, p—1) 1_[ @an—1,m,i) — fo-1,m.i))
k=0 i=k+1
p—2
+b,m, p—1) H (e,m—1,i) — fo,m—1,0))
i=k+1
p—2
+ Paum—1,0) | atr,m,p—1) l_[(d(n—l,m,i) — fa=1,m,i))
i=0
p—2
+b(n,m,p—l) l_l(e(n,m—l,i) - f(n,m—l,i))
i=0
p—2
+ agmp-1y [ [ a1y = Fo1m.i)
i=0
m—2 m—1
x Z P k,0) l—[ (d(n-1,i,0) = €(n—1,i,0))
k=0 i=k+1
p—2
+ Pui—1,0,0000,m, p—1) H(d(nfl,m,i) — f—1.m.,))
i=0
m—1
X l_[ (d(n—1,i,0) — €(n—1,i,0))-
i=0

The obtained equations can be written in the following way

where

@ Springer

P(n,m,p) (x) =

xp(n,m,p) (x) = M(n,m,p)P(n,m,p)(x) + P(n,m,p)(x)e(n,m,p)v (3.10)
[ Po,0,0)(x) ] [07]
P(1,0,0)(x) 0
P1,0,0) (x) 0
Pn,1,0)(x) 0
. 5 e(n,m,p) = :
P(n,m,())(x) 0
Pgr,m,1)(x) 0
L Pam,p—1)(x) 1]
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and M, m, p) is the following matrix of order n +m + p

A(n,m, p)
Mm,p) = Bm,p) |
Conm. p)
where
A(n,m,p) = [A(n,m,p)| [O]nx(m+p—1)] P
B(n,m,p) = [[O]mx(n—l) |B(n,m,p)| [O]mx(p—l)] ,
C(n,m,p) = [[O]mx(nfl) |C("»ms1’)] ’
do,0,0 1
~ a,0,00 d1,0,00 1
A(n,m,p) = . . . ’
dn-1,0,0 1
agn,0,0) €(1,0,0) 1 ]
3,3
a(n,1,0>17<§,o " w0+ buao) emio 1
Bn,m,p) = : : o ’
3,3 3.3
a(n,m—Z,O)n(g‘mz3 a(n,m—2,0)nl(’ml3 oo 1
3,3 3.3
_a(n,m—l,())n(g‘mzz a(n,m—l,O)Hl(’mlz et €(n,m—1,0) 1 |
r 3.3 3,3
a(n,m,o)né!mll a(n,m,o>17f,m11 “ gm0 + bom,0)
3,0
(3.3) 56D (33 56D am.m.n Iy
agmm )y 5 Ty a@m I, 2 My - b 1y 152
nm, 1) o
C(n,m,p) = a 2')17(3,1)
(3.3) ~G.D) (3.3) 56D n.m,p=2)1o p—3
a(n,m,p—z)ﬂo,m,lno,p% a(n,rﬂ,[’—2)nl,mfln(),p73 +b 2)n(lé,z)
n,m,p— 0,p—3
3,
(33 6.1 (33 76D am.m.p-1Tly
a(n,m,p—l)n()’mf]n()’pfz a(n,m,p—l)nl,mfln(),p72 b 1)n(p3,2)
L n,m,p— 0,p—2
So,m,0) 1 7T
An,m,1) + b(n,m,l) f n 1
+C,m,1) (n,m, 1)
[€R)]
ammp-Iy, "3 - 1
3,2) :
+b(n.m,p72)n1,p—3
[€R)]
a("«mal’_l)nl, -2 - e f( 1)
3.2 nm, p—
+b(n.m,p71)n1,p,)2 -
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. 3,1 32
(where we used notation 17,5’[) = ]_[fzk(d(,,_l,m,,-) — fo—1m.0) 1'[]51) =
3.3
[Tk Conm—1.iy = fom—1.i)» and 15 = T (d-1..0) — €n—1..0)-

Ifx; = xi("’m’p), i=1,2,...,n+m+ p,are the zeros of P, p)(x), then (3.10)
reduces to the following eigenvalue problem:

xiP(n,m,p) (x;) = M(n,m,p)P(n,m,p) (xi).

Thus, the zeros of P, m, p)(x), i.e., the nodes of the optimal set of quadrature
rules (1.3), are the eigenvalues of the matrix M, s, p). For the computation of all
recurrence coefficients in the matrices M, m,py, We use again algorithms given in
[10].

By requiring that each rule exactly integrates modified moments, the weight coef-
ficients Ay, k = 1,2,...,r,i = 1,2,...,n + m + p, can be computed. Let us
denote by

V(n,m,p) = [P(n,m,p)(xl) P(n,m,p)(XZ) P(n,m‘p)(xn-i-m-}-p)] (3.11)

the matrix of the eigenvectors of the matrix M, », ), each normalized so that the
first component is equal to 1. Then, the weight coefficients A ; can be obtained by
solving the following systems of linear equations
SR I
H0.0.0

*(k)
H(1,0,0)

*(}c)
Ar1 Hn.,0.0)
Ak,2 *(k)

V(n,m,p) . = M(njl’o) s k = 17 2, S (312)

Akntm+p Mz«(k) 0
n,m,
*(k)

I‘L(n,m,l)

*(k)‘
L Hm,p—1) |

where
k
szi(,j),g) =/ P j.o(x) w(x)dx,
E

i=01,...,n,j=0,1,....,m€=0,1,....p—landk=1,2,...,r.

4 Numerical examples

In this section, we give numerical examples to illustrate our results obtained in the
previous sections.
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Example 1 Let us consider the optimal set of quadrature rules with respect to the
multi-index n = (5, 3) and W = (w1, wy), where w; (x) = (1 —x)2(1+x), wa(x) =

V1 =x2 x e (=1,1).

For obtaining the nodes and weight coefficients of the optimal set of quadrature
rules, we will use the numerical construction described in Subsection 2.1. By starting
with the marginal coefficients of the recurrence relations for the weight functions w
and wy and using the algorithm given in [10, Section 3], we obtain the coefficients of
the nearest neighbor recurrence relation, i.e., the elements of the matrix M ((51?3). Thus,

the matrix M ((51?3) given by (2.9) is

— 1 -
—— 1
5
4 3
25 35
10 1
49 21
2 1
@O _ 9 33
Mis) = % 3
= 2
121 143
40 53
169 104
21 759 299 |
169 4160 600
196 196 1316 29
L 4225 1625 5625 100 -

The eigenvalues of the matrix M ((51 )3), i.e., the nodes of the corresponding optimal
set of quadrature rules, are given in the Table 1.

Table 1 The nodes x; and the weight coefficients Az ;, k = 1,2,i = 1,2, ..., 8, of the optimal set of
quadrature rules with respect to W = ((1 — )21 +x),v/1=x2) andn = (5,3)

i Xi Al Az

1 —0.9493304705920284 0.0197078273304 0.0326709063623
2 —0.7886628776462804 0.146501264081 0.132969969692
3 —0.5248625748575822 0.337025835132 0.259812205396
4 —0.1921623705288847 0.405091137455 0.346127182775
5 0.1650040445478995 0.287118405877 0.348761739542
6 0.4991945368064593 0.115654000545 0.266342952132
7 0.7673682547519254 0.0213877867540 0.143723361760
8 0.9401181241851581 0.000847076159763 0.0403880091370
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Table 2 The nodes x; and the weight coefficients Ay ;, k = 1,2,3,i = 1,2,...,4, of the optimal set
of quadrature rules with respect to the multi-index n = (1, 2, 1) and the weights W = ((1 — )20 +
x), (1=021 + 0714 (1 -0)~20+0)1/?)

i X Ay A Az

1 —0.9114416355780501 0.017876803419132 0.69824047538114 0.057439205425096
2 —0.4168874368020922 0.33745505055855 0.93771530042234 0.44266015401279

3 0.3450910487187731 1.24856299056426 0.56475072571780 1.07634156393954

4 0.9176442132164949 2.1673413217863 0.079032525548488 1.56515173021236

Now, by using the method 1° given in Section 2, we obtain the type II multiple
orthogonal polynomials

Po,0)(x) =1,
1
Pqoy(x) =x+ 3
Pooyr) =2+ = ]
2,0) = 7 7’
Pog) =2+ _E_ ]
X)=x"+——= - —,
.0 33 21
p ) 4+4x3 6x2 4x+1
X) =X —_— = — _
“.0) 11 11 33 ' 33

o5 5xt 100 30 15x 5
Pi.0)(x) = x —|—1—3 EERSYT —i—m-i-@,
e X 125xt 50 Ik 15x 15
Psp® =2 = =T "5 T T T 14
28x0  217x%  35x*  112x3 Tx? Tx 7

75 150 78 + 195 + 55 130 1430°
By solving the system (2.12), we obtain the weight coefficients, which are given in
Table 1.

Piso)(x) = x" +

Example 2 Let us consider the optimal set of quadrature rules with respect to the
multi-index n = (1, 2, 1) and W = (w1, w», w3), where the weight functions are the
following: w(x) = (1 — )20 4+ 0), wa(x) = 1 = )20 + )~ V4 wax) =
A-x)"1"20+ 02 x e (-1, 1.

The nodes and the weight coefficients of the optimal set of quadrature rules

obtained by using method given in Section 3 are given in Table 2.
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