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Abstract

We derive in this paper the asymptotic estimates of the nodes and weights of the Gauss—Lobatto—
Legendre—Birkhoff (GLLB) quadrature formula, and obtain optimal error estimates for the associated GLLB
interpolation in Jacobi weighted Sobolev spaces. We also present a user-oriented implementation of the
pseudospectral methods based on the GLLB quadrature nodes for Neumann problems. This approach allows
an exact imposition of Neumann boundary conditions, and is as efficient as the pseudospectral methods
based on Gauss—Lobatto quadrature for PDEs with Dirichlet boundary conditions.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

In a recent work, Ezzirani and Guessab [8] proposed a fast algorithm for computing
the nodes and weights of some Gauss—Birkhoff type quadrature formulae (cf. [19,20])
with mixed boundary conditions. One special rule of particular importance, termed as the
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Gauss—Lobatto—Legendre—Birkhoff (GLLB) quadrature, takes the form

1 N—-1
/1 ¢ (x)dx ~ ¢'(=Dow- + Z P(xpwj + ¢ (Do, (1.1)

J=1

which is exact for all polynomials of degree 2N — 1, and whose interior nodes are zeros of the
quasi-orthogonal polynomial (cf. [25]) formed by a linear combination of the Jacobi polynomials
J 15,2’_21) (x) and J 1{,2_23) (x). Motivated by [8], our first intention is to study the asymptotic behaviors

of the nodes and weights of (1.1). Two important results are

2j+1/2
% Zeos HEUDT Ny (12)
2N +1
and
~ T . .
wj = Nsm@j, 0 =arccosx;, 1=<j<N-1L (1.3)

With the aid of these estimates, we are able to analyze the GLLB interpolation errors:
IZvu = ull 2y + N7HIA =22 @y =)l 2
<N = x?) M2 (1.4)

where I = (—1, 1) and Zy is the Gauss—Birkhoff interpolation operator associated with the
GLLB points. Similar to the approximation results on the Legendre—Gauss—Lobatto interpolation
obtained in [15,16], the estimate (1.4) is optimal.

The GLLB quadrature formula involves derivative values ¢’(£1) at the endpoints. Hence
its nodes can be a natural choice of the preassigned interpolation points for many important
problems, such as numerical integration and integral equations with the data of derivatives at the
endpoints, etc. In particular, it plays an important role in spectral approximations of second-order
elliptic problems with Neumann boundary conditions [8]. As we know, the numerical solutions
of such problems given by the commonly used Galerkin method with any fixed mode N, do
not fulfill the Neumann boundary conditions exactly. Thereby, we prefer to collocation methods
oftentimes, whose solutions satisfy the physical boundary conditions. Whereas, in a collocation
method, a proper choice of the collocation points is crucial in terms of accuracy, stability and ease
of treating the boundary conditions (BCs), especially, the treatment of BCs is even more critical
due to the global feature of spectral method [18,21]. The GLLB collocation approximation takes
the boundary conditions into account in such a way that the resulting collocation systems have
diagonal mass matrices, and therefore leads to explicit time discretization for time-dependent
problems [8]. However, like the collocation method based on Gauss—Lobatto points [17,5,2,13,
3,24,9], the GLLB differentiation matrices are ill-conditioned. Thus a suitable preconditioned
iteration solver is preferable in actual computations. We construct in this paper an efficient finite-
difference preconditioning for one-dimensional second-order elliptic equations. We also present
a user-oriented implementation and an error analysis of the GLLB pseudospectral methods based
on variational formulations.

The rest of the paper is organized as follows. In Section 2, we introduce the GLLB quadrature
formula, and then investigate the asymptotic behaviors of its nodes and weights in Section 3.
With the aid of asymptotic estimates and some other approximation results, we are able to
analyze the GLLB interpolation errors in Section 4. We give a user-oriented description of the
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implementation of the GLLB collocation method, and present some illustrative numerical results
in Section 5. The final section is for some concluding remarks.

2. The GLLB quadrature formula

In this section, we introduce the Gauss—Lobatto—Legendre—Birkhoff quadrature formula.
2.1. Preliminaries

We start with some notations to be used in the subsequent sections.

2.1.1. Notations

elet/ := (—1,1), and x(x) € L'(I) be a generic positive weight function defined in 7.
For any integer r > 0, the weighted Sobolev space H, () is defined as usual with the
inner product, semi-norm and norm denoted by (u, v),, v,y and [[v]|, y, respectively.
In particular, L2 (1) = HY(I), (u,v), = (u,v)o, and |[v], = |vllo,,. For any real
r > 0, H,(I) and its norm are defined by space interpolation as in Admas [1]. In cases
where no confusion would arise, x may be dropped from the notations, whenever x = 1.

e Letw®(x) = (1—x%)%, x € I witha > —1 be the Gegenbauer weight function. In particular,
denote w(x) = 1 — x2.

e Let N be the set of all non-negative integers. For any N € N, let Py be the set of all
algebraic polynomials of degree at most N. Without loss of generality, we assume that N > 4
throughout this paper.

e Denote by ¢ a generic positive constant, which is independent of any function and N (mode
in series expansion).

e For two sequences {z,} and {w,} with w, # 0, the expression z,, ~ w, means |z,|/|w,| —
c(# 0) as n — oo. In particular, z, = w, means z,/w, ~ 1 forn > 1, or z,,/w, — 1 for
n — oo.

R . /
e For simplicity, we sometimes denote a)lcv =d

&= v®, for any integer [ > 1.

2.1.2. Jacobi polynomials

We recall some relevant properties of the Jacobi polynomials, denoted by J,Ea”g )(x), x el
with o, 8 > —1 and n > 0, which are mutually orthogonal with respect to the Jacobi weight
o®P(x) =1 — )21 +x)P:

1
/ T () TP ()P (x)dx = y, &P 8, 2.1)
-1
where §,,,, is the Knonecker symbol, and
22 I P(n+a+ DI(n+ B+ 1)
P = (2.2)

T Qn+a+B+DIn+DIn+a+B+1)

In the subsequent discussions, we will mainly use two special types of Jacobi polynomials. The
first one is 1,52’2) (x), defined by the three-term recursive relation (see, e.g., Szegé [23]):

nn+4HI2P 0 = (n+2)2n +3)xIPP @) — (1 + D+ 20073 (),

2.3
$Pw=1 1P =3 xel-1.11. -



L.-L. Wang, B.-y. Guo / Journal of Approximation Theory 161 (2009) 142173 145

The coefficient of leading term of J,fm) (x)is

K22 _ (2n 4+ 4)! . (2.4)
" 2mn\(n + 4)!
Moreover, we have
n+1Dn+2)
—

The corresponding monic polynomial is defined by dividing the leading coefficient in (2.4):

JED(—x) = (=D"IFP ), IEP0) = 2.5)

—1
Po(0) = a3 (x)  with Ay = (K,§2»2>) . (2.6)

As a direct consequence of (2.3) and (2.6),

Pus1(0) = XPy(x) — @y Po_1(x)  with nn + 8 @7
x)=xP,(x) —a,P,—1(x) withay, = —————, .
n+1 n ntn—1 n (27’1 T 3)(21’1 +5)
where P_; = 0 and Py = 1. By (2.1)—(2.2), the normalized Jacobi polynomials
51 T 722 ey @2\ /2
Po(x) == 312D (x)  with R, = (yn : ) , 2.8)

satisfy ||13,,||5)2 =1.

We will also utilize the Legendre polynomials, denoted by L,(x), which are mutually
orthogonal with respect to the unit weight @ = 1. Note that the constant of orthogonality and
leading coefficient respectively are

2 (2n)!
0.0 — 11 12 = K (0.0 _ _ 2.9
yn ” n ” 2]1 1 ’ n 2n (n')z ( )

Recall that L, (+1) = (£1)" and L), (£1) = %(—1)"‘1n(n +1).
2.2. GLLB quadrature formula

The GLLB quadrature formula can be derived from Theorem 4.2 of Ezzirani and Guessab [8],
which belongs to a Birkhoff type rule (see, e.g., [19,20]).

Theorem 2.1. Let {P,} be the monic Jacobi polynomials defined in (2.6). Consider the quasi-
orthogonal polynomial:

On-1(x) = Py_1(x) + by Py_3(x), N =2, (2.10)

where

(N —1)(N+2)2N24+2N +3)  12(N — )(N +2)(N2+ N —3)
(2N — )2N + )(2N2 — 2N = 3) (2N — 1)(2NZ —2N —3)

= —b + b, 2.11)

by =

Then we have that
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® For N >4,

1 (N +2)(N +3)
— < —by < .
N 2N —-1@2N+1)

@ The N—1 zeros of Qn—1(x), denoted by {xj}

(2.12)

-

j=1 o are distinct, real and all located in (—1, 1).

) . . N
® There exists a unique set of weights {a) i }j=0 such that

1 N-1
/lqb(x)dx =¢'(—Dwo + Z d(xjwj+¢' Doy = Sy[pl, V¢ € Poy_1.(2.13)

j=1
@ The interior weights are all positive and explicitly expressed by

Ay 1

w; = , 1<j<N-1, (2.14)
T Proa(xp) Q) (1 — sz)z
with
b A3
Ay = (1 _ N ){—2 (2.15)
an-2/) Ay_,

where the constants ay—», by, Any—2 and XN,z are defined in (2.7), (2.11), (2.6) and (2.8),
respectively.

Proof. The proof is based on a reassembly and extension of some relevant results in [8]. For
clarity, we first present a one-to-one correspondence between the notations of [8] and those of
this paper:

In=N-1, do=( —xz)zdx, =Py, = ﬁk, qn2 = ON-1, (2.16)
B = ak, SN—1=by, PBu—1 =an—2—bn, J(6)=In-1.

We next derive the expression of by. By Theorem 4.2 and 4.3 of [8], we find that
an—2 —by = BN—2
_ —VI2(N =N +2)(N>+ N =3) + (N +2)(2N? — 4N +3)
- (2N — 1)(2N%2 —2N —3) '

Hence, a direct computation leads to

by = ay-—2 — By—2 = RHS of (2.11).

@ The special values b;(j = 1,2,3) can be computed directly via (2.11). To obtain the
bounds for by with N > 4, we first prove that

(N+2)(N +3)

—bN < .
Q2N —DQN+1)

2.17)

Since —by = b,l\, — b]zlv < b,IV, it suffices to verify
Wi = (N +2)(N + 3)(2N2 —2N —-3)— (N - DN 4—2)(2N2 +2N +3) > 0.
A direct calculation yields

Wi =2(N =3)(N+2)2N +1).
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Hence (2.17) is valid for N > 4, and it remains to prove

1 1
—-b ———. 2.18
N>y (2.18)

Clearly, —+/N2+ N -3 > —+/N?4+N-2 = —/(N—-1)(N +2) and 2N(N — 1) >
2N2 — 2N — 3. Therefore,

>(N—nw+maNM4N+$—QN+DﬁﬂN—nw+m
2N —1)(2N +1)(2N2 —2N —3)
(N = D(N +2)[2N? +2N +3) — 42N + 1]
(2N — 1)(2N + 1)(2N2 = 2N = 3)
(N — I)(N +2)(2N%? — 6N —8)
2N(N —1)2N — 1)(2N + 1)
(N +2)(N —4) (N +1)
2JNQN — DN + 1)
(N+2)(N—-4) N-4 1 1

—by

INGN—-1) ~ 4N 4 N

Thus, a combination of (2.17) and (2.18) leads to (2.12).
@ Observe from (2.12) that for N > 3, —by > 0. Therefore, by Theorem 4.1 of [8], the
quasi-orthogonal polynomial can be expressed as a determinant

OnN-1(x) = Py_1(x) + by Py_3(x) =det (xIy—1 — In—1), (2.19)

where [y_1 is an identity matrix, and Jy_1 is a symmetric tri-diagonal matrix of order N — 1,

0 Ja
NZTEE Vaz
Ino1 = (2.20)

an—3 0 van—2 —by
vVaN—-2 — bN 0

with @, and by given in (2.7) and (2.11), respectively. Therefore, all the zeros of Q y_1 are real
and distinct.

® Theorem 4.2 of [8] reveals that with such a choice of by, all the zeros of Qy_1 are
distributed in (—1, 1), and the quadrature formula (2.13) is unique. Moreover, the interior weights
{w j}?:ll are all positive.

@ We now consider the expressions of the weights. By Formula (38) of [8],

*

A
1 —xH2w; = N  1<j<N-1, 2.21
(I —xpo; = s 1=is 2.21)

where A}y, =1 —by/ay_2, and

N-3
Kj(xj) = Ay Y PE(xj) + Py _y(x)). (2.22)
k=0
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To simplify K} (x;), we recall the Christoffel-Darboux formula (see, e.g., Szego [23]):

dn—H
dy

Pl () Py(x) = Ph(x) Py (x) = > Plx) >0, Vxel-1.1], (2.23)
k=0

where dy is the leading coefficient Fk (x), and by (2.6) and (2.8),
di ===, Pu(x) = diPr(x). (2.24)

Hence,

Oy 10 Pyat) =By ()01 "2 [Py () Py 2(x) = Py 500 Py ()]
— by [Pl/\lfz(x)PN—3(x) — P;V,3(X)PN_2()C)]

20 1 o~ ~ > >
@zh o [Paca 00 Py = By 50 By )]
by ~ ~ ~
v [Py_r(x) PN_3(x) — Py_3(x) Py_2(x)]
N-2 N-3
023 1 Z ~ bydy—> ~ (2.25)
= —— N P - —— ) PW)
dv-2 (=5 ) dy_3 =
1 bnd N=3 ~
_ e P2(x) + P ,(x)
dn—2 dy_s | iz
226 1 by 1% ~ ~
2 |- 2(x) + P2 (1) .
dN—2 an—2 ] =

In the last step, we used the identity

2 2 2
AN_y = Mz My dy_3
2= 2 T 0
N2 n—3 Ay

, (2.26)

which can be verified directly by the definition of the constants. Thus, taking x = x; in (2.25)
and using the fact: Oy _1(x;) =0, 1 < j < N — 1, gives

N-3
~ @25 1 ~ ~ 1
Oy 1 (o) Pyae) = ——— J A% 3 BRej) + Py_y(x) | = ——Kii(x)). (2:27)
N-2 = dy—2
which implies that
352
(2.24) (2.24) _
KjGp) =0 d} 500 () Py_a(x)) = k§—2Q’N,1<xj>PN_2(x,~>.
N-=-2

Plugging it into (2.21) leads to (2.14)—(2.15). O

Remark 2.1. @ The choice of by so that all zeros of Qn—_1(x) are in (—1, 1), is unique, and
thereby uniquely determines the quadrature rule. It is seen from (2.12) that by is uniformly
bounded with —by = 1/4, whose behavior is depicted in Fig. 3.1 (left).

@ The formulae (2.19)—(2.20) indicate that the quadrature nodes {x;} ;\/;11 are eigenvalues of the
symmetric tridiagonal matrix Jy_1, and therefore, can be evaluated by using some standard
methods (e.g., the QR-algorithm) as with the classical Gauss quadrature (see, e.g., [11]).
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Fig. 3.1. Left: the constant —b and its bounds (cf. (2.10)—(2.11)) against N. Right: asymptotic behavior of A%i“ and
Aanax against N (right).

Making use of Formula (41) of [8], the weights {w ,»}?’;1‘ can be computed from the first
component of the orthonormal eigenvectors of Jy_1.
® Alternative to the eigen-method, the nodes {x j}ﬂ.vz_ll can be located by a root-finding method,
say Newton—Raphson iteration, which turns out to be more efficient for a quadrature rule of
higher order. A good initial approximation might be {xﬁo)}?jz_ll
the weights {w; }?’:_11 can be computed via the compact formulae (2.14)—(2.15).
@ It is worthwhile to point out that the quadrature nodes and weights are symmetric

Xj—i—xN_./:O, wj = WN-—j, j=12,...,N—1. (2.28)

given in (3.24). Accordingly,

Therefore, the computational cost can be halved.
® Let ho and hy be the Lagrangian polynomials given in (5.6) of this paper. The boundary
weights

1 1
wy = f ho(x)dx, WN = / hN(x)dx.
-1 -1

One verifies that wyg = —wy, and an explicit evaluation of the above integrals by using the
relevant properties of Jacobi polynomials leads to the formula for wg in Theorem 4.2 of [8].

The GLLB quadrature formula (2.13) enjoys the same degree of exactness as the
Gauss—Legendre—Lobatto (GLL) quadrature (with N + 1 nodes), but in contrast to GLL, GLLB
includes the boundary derivative values ¢'(+1), which is thereby suitable for exactly imposing
Neumman boundary conditions (see Section 5).

3. Asymptotic properties of the nodes and weights

In this section, we make a quantitative asymptotic estimate of the nodes and weights in the
GLLB quadrature formula (2.13). These properties will play an essential role in our subsequent
analysis of the GLLB interpolation errors.

3.1. Asymptotic property of the nodes

We start with the interlacing property. Theorem 4.1 of [20] reveals that the zeros of Qn—_1
interlace with those of Qn—>. The following theorem indicates that the zeros of Qy_1 also
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interlace with those of ﬁN_z, which can be proved in a fashion similar to that in [20]. For
integrity, we provide the proof below.

Theorem 3.1. Let {)cj}?/:_l1 and {yk}/]:/:_l2 be the zeros of Qn—1(x) and ﬁN_z(x), respectively.
Then we have

—l=yy<xi<yi<xm<y<--<yn-2<iy-1<l=yn1. (3.1
Proof. We take three steps to complete the proof.
Step 1. Show that

OnN-1(y;))On-1(yj+1) <0, j=12,...N =3, (3.2)

equivalently to say, between two consecutive zeros of IN’N,Q(x), there exists at least one zero of
On—1(x). To justify this, we first deduce that

Qly_1 () Py _2(x) = Py ,(x)Qy-1(x) > 0, Vx e[—1,1], (3.3)
which is a consequence of (2.7), (2.25) and (2.12), since

by 1 1 1
dy-_>2 > 0, 1- >14+(-—-— >1, VN =>4

an—2 4 NJayo ~

Thanks to Py_2(y) = 0, taking x = y;, yj 11 in (3.3) yields

Py ,(0)ON-1(3)) <0, Py ,(yj+1)On-1(yj+1) <O, (34
which certainly implies

Py )Py (yjs1) - On—1(7)) On—1(yj41) > O.

Therefore, to prove (3.2), it suffices to check that

Py (7)) Py 2 (yjt1) <O. (3.5)
Notice that

N-—2
Py_2(x) =dn—> l_[ (X = yk) s
k=1

and consequently,

j—1 N-—2
p/ N — _ . _ — (_1\N-j-2 .
Py () = dmﬂ (yj — ) kH (yj =) = (=D¥ 2y - €, (3.6)
Py 5(yj41) = (=D dy - Oy,
where C and C, are two positive constants. Hence
Py GNPy _y(yjen) = (=D H T d €16 <0, 1<j<N-3. 3.7)

This validates (3.5) and thereby (3.2) follows.

Step 1I: At this point, it remains to consider the possibility of possessing zeros of Qy_1(x) in
subintervgls (yn=2, 1) and (—1, yy). Clearly, by the first identity of (3.6), the largest zero yy_»
satisfies Py,_,(yn—2) > 0. Thus, by (3.4),

On-1(yn—2) < 0. (3.8)
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On the other hand, we have

On-1(1) = Py_1(1) + by Py—3(1) > O, (3.9
which is due to a direct calculation using (2.5)—(2.6) and (2.12):
Py_1(1) (N+2)(N+3)

= +b >O,
Pvsh) NToN—heN+1 N

and Py_3(1) > 0. The sign of (3.8)—(3.9) indicates that there is at least one zero of Qn_1(x) in
the interval (yy—2, 1). Using the symmetry of the zeros (see [8,23]):

Xj=-—xn—j, j=L...,.N—1, yr=—-yn-1-k k=1,...,N—=2, (3.10)

we deduce that the interval (—1, y;) also contains at least one zero of Q y_1(x).

Final step: A combination of the previous statements reaches the conclusion: each of the N — 1
subintervals {(yj, yj+1)}?/=_02 (yo = —1, yn—1 = 1) contains at least one of the N — 1 zeros of
On—1(x), and therefore there can only be a unique one in each subinterval.  [J

To visualize the above interlacing property, we denote

Amin = Xi), AN —  ma i—xi), VN >4. 3.11
N lgjglN—l(yj xj) N 15]513}_1()’1 xj) > (3.11)

According to Theorem 3.1, we expect to see that

AN S AN S0, YN >4, lim AY" = lim AT =0, (3.12)

N—oo N—o0

which is illustrated by Fig. 3.1(right).

In the analysis of interpolation error, we need more precise asymptotic estimates of the GLLB
quadrature nodes. For this purpose, hereafter, we assume that the zeros {x; }j.vz_ll of On_1(x) are
arranged in descending order. We make the change of variables

x =cosf, 0 ¢e][0,m], Oj:cos_lxj, j=12,...,N—1. (3.13)
The main result is stated in the following theorem.

Theorem 3.2. Let {6; }jvz_ll be the same as in (3.13). Then

6jelj=@-1.9)COm), 1<j<N-I, (3.14)
where

~  2j+3

0, = , 0<j<N-1. 3.15

ITongm TS (3-15)

In other words,

0<§0<91 <51 <02<52<---<5N,2<0N,1 <5N_1 <. (3.16)

Proof. By the intermediate mean-value theorem, (3.14) is equivalent to

On—1(cosf;_1)On—1(cosb;) <0, j=1,2,....,N—1. (3.17)
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To prove this result, we first recall Formula (8.21.10) of Szeg6 [23]:
2.2) -1 S -3
J,7(cos@) =n"2G(0) cos n—i—i 0+y)+0mn2), 6¢ec(0,mn), (3.18)

where

_35 5
GO) =n"2 (m%) <cos—> 2—4\/7(s1n9) 3, y:—%n. (3.19)

Hence, using (2.6), (2.10) and (3.18) gives

On_1(cos0) 22 Py_1(cos) + by Py_3(cos 6)

0 v 1732 (cos0) + byay_37 3 (cos0)

C1 G6) {(N —1)"ZAN_; cos ((N + 3) 0+ )/)

+ (N — 3)7%191\/)\1\/_3 cos ((N — %) 0+ y)}
+ 10 = D73 +byan 0V = 37D

= Hy(0) + Ry. (3.20)

Notice that 9~j in (3.15) solves the equation

1\ ~ 1
N+ )0j+y=\(j—5]|7. O0=<j=N-1,
2 2
which implies
3\ ~ o1 ~ 1\ ~ o1 ~
N+§ 9j+)/= j—z JT+9j, N_E 9j+)/= j—z 7'[—9]'.
Therefore, taking 0 = 67] in (3.20) and using trigonometric identities, gives
~ ~ 1 ~
Hy@) = G@)) {(N — 1) ZAy_; cos <<] - 5) 7w+ 9,-)
1 ~
+ (N — 3)*%191\/)»1\/_3 cos <<] — 5) T — 9j>}
= (=1 (sin8)) G@) {(V = D™ Tay-1 — (N = 3 3byin-3]

= (—1)/ Sy (0)). (3.21)
Since —by > 0, Ax > Oand 6; € (0, ), we have that SN(gj) > 0, and thereby

sgn (Hv(0)) = (=1)/, 0<j<N-1. (3.22)
Moreover, by (2.12), (3.19) and (3.21),
~ ~._3 1 1
|Hy(0;)] > 23ig2 (sind;) 2 {(N - 1)_%)&1\/71 + (4_1 - —) (N —=3)" 2)»N 3}

1
>cN 2(An—1 +An_3),
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1.03

1.02

1.01

N N

Fig. 3.2. Left: the error A N (solid line) and N 19 (<o) against N. Right: asymptotic behavior of 82) (solid line) and
89 (40”) (cf. (3.43)) against N.

which, together with the fact —by = %, implies

3 ~
|RN| < cN™2(0—1 + Ay—-3) < cN~[Hy(B))]. (3.23)
Hence, a combination of (3.20)- (3.23) leads to that
sgn (Qv-1(cos8))) = sgn (Hy(8)) = (=1)/, 0<j<N—1, YN>1,

which implies (3.17) and therefore, there exists at least one zero of Qy-_j(cosf) in each
subinterval I; = (0;-1,6;),1 < j < N — 1. Because the number of zeros equals to the number
of subintervals, there exists exactly one zeroin /;. [

As a consequence of Theorem 3.2, a good asymptotic approximation to the zeros {x j}ﬁ.vz_ol
might be

6 1+6; 2ji+1/2
xj = cosb; gxﬁo) ‘= Cos (%ﬂ) = cos %, I<j=<N-1 (324

To illustrate this property numerically, we denote

~ 0
Ay = max ‘xj—x(.)‘.
1<j<N-1 /

We plot in Fig. 3.2 (left) the error A ~ (solid line) and the reference value N1 (“0”) against N,
which indicates that Ay decays algebraically at a rate of N~!%, and predicts that

Qj+1/2)7

ON'9, 1<j<N-1. 3.25
N1 + O( ) <Jj= (3.25)

Xj = COs

3.2. Asymptotic properties of the weights

We establish below an important result concerning the asymptotic behaviors of the interior
quadrature weights {w j}?lz—ll in (2.13).
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Theorem 3.3. Let {9 }N 11 be the zeros of the quadrature (trigonometric) polynomial

On—1(cos ). Then for any N > 1,

wjz%sinej, j=1,2.. ,N—1 (3.26)

Proof. We rewrite the weights as

Q14 Ay 1
T a- sz-)2 Py 2(xj)Qy_ (x))
a6 AN 1 ! (3.27)
@10) Ay-2hn-3 (1 = xH? 3D (Wi (xj)
where
W) = 21800 4 b FR @ =y on o0, (3.28)

To prove (3.26), it suffices to study the asymptotic behaviors of the constant, Jy (2 2 5 (xj) and
Wy (x;) in (3.27). For clarity, we split the rest of the proof into three steps.

Step 1: Let us first estimate the constants in (3.27)—(3.28). A direct calculation using (2.6)—(2.7)
and (2.12) leads to

N 1 1 16 Ave2  (N—2)(N+2) _1
W2Ep TWER BTSN LT Nen-Dh 72
(3.29)

which, together with (2.15), implies

_ A (1— by ) Mo o 16 (3.30)

AN-2AN-3 an-2) rn-3hy_, N
Step 11: Let

On.j = <N + 1) 0, — S (3.31)

2 4

We next show that

sin Oy, ; =0, VN> 1. (3.32)
Since On—1(x;) = 0, we have

Wi (cos8) "2 iy ;0N -1(cos8)) = Ayt 3 On—1(x) = 0.

Hence, by (3.18),

0= Wy(cost) = L7 (cos6;) + by J > (cos b))
N 3

C2Y (N =3)72G(0)) {en cos (O, j + ;) + by cos (Onj — 0;)} + O(N™?)

= (N=3)72G0)) {(by —cx)sind; sin Oy
+ (by 4 cn) cos B cos QN,]-} + O(N—%),
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where G(6;) is given in (3.19), and by (3.29),

1
An—1 (N —=3\2 _ Any_1AN— 1
oy = 21 o CNZLANZ2 o (3.33)
AN-3 \N —1 AN—2AN-3 4
Consequently,

0= (by — cn) sin; sin Oy ; + (by + cy) cos b cos Oy j + O(N~'sin¥26;). (3.34)
On the other hand, using (3.29) and (3.33) leads to

1
by +cy =0, bN—cNE—E, for N > 1. (3.35)

Since sin6; # 0(> 0), the desired result (3.32) follows from (3.34).

Step 1II: Applying Formula (8.8.1) of [23] (note: this formula may be derived by differentiating
(3.18) and using (3.28)) to WI’V (x), and using trigonometric identities, yields

:;ZN (cosbj)
= (N —3)2G(6;) {—CN sin(Oy.j +0;) — by sin(Oy.j — ) + (N sinej)—loa)}
= (N — 3)%G(0j) {(bN —cn)sindjcos Oy, j — (by + cy) cos b sin Oy
+ (N sinej)—loa)}. (3.36)
Hence, by (3.32) and (3.35),

dw, 1
0’\’ (cos6;) = —EWG(G,)sine, cos Oy, l<j<N-1, (3.37)

which implies

dW de dWy 1 VN
WI'V(xj) = (0059 )dx o, = _W(COS ej)siné’j = TG(Qj)cos On, ;. (3.38)
On the other hand, by (3.18),
7?2 (cos0;) = N"1G(6,)cos Oy, 1<j<N-—1. (3.39)
Multiplying (3.38) by (3.39) yields
1
TE Wy (x)) = G2(9j)0052 Oy = 5Gz(ej), (3.40)
where in the last step, we used the fact:
(3.32)
cos’ Oy = 1, VN> L (3.41)
Finally, thanks to
1 313 1 (3.19) 25 1
(1 —xj) sin” 6; T sin’ 9

the desired result (3.26) follows from (3.27), (3.30) and (3.40). O
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As a direct consequence of (3.24) and (3.26), we derive the following explicit asymptotic
expression:

~ . 7T . Qj+1/9n
20T

= : sin———, 1<j<N-1. 342
Y= TN TN =/ = (5.92)
To examine how good it is, we set
. 0)
sinf; w;
W= {l ~j}’ W =y ma
<j<N-1 w; N I<j<N-1 [oF
By Theorem 3.3, we expect to see that
sW=1, i=1,2 YN>1, (3.43)

which indeed can be visualized from Fig. 3.2(right).

So far, we have derived two asymptotic estimates for the GLLB nodes and weights (cf.
(3.24) and (3.42)), which will be useful for the analysis of the GLLB interpolation error in the
forthcoming section.

4. GLLB interpolation error estimates

This section is devoted to the analysis of the GLLB interpolation errors in Sobolev norms,
which will be used for the error analysis of GLLB pseudospectral methods. We first state the main
result, and then present the ingredients for the proof including some inequalities and orthogonal
projections. Finally, we give the proof of the interpolation errors.

4.1. The main result

We begin with the definition of the GLLB interpolation operator associated with the GLLB
quadrature formula. The GLLB interpolant Zyu € Py, satisfies

@vw)'(ED =u'(ED,  Iyvu)(x)) =uxj), 1<j<N-L 4.1

Denote the weight functions by w(x) = 1 — x? and 0%(x) = (I — x»)% Let @ =
max {0, —[a] — 1} with [«] being the largest integer < «. To describe the error, we introduce
the weighted Sobolev space

B™(I) := {u e LX) : dfuel?, (), a+1<k< m} NHYI), m>0,

with the norm
1

m 2
2 k.12
||u||331(1>=<||u||,,a(,)+ > ||axu||wa+k> :

k=a+1

The main result on the GLLB interpolation error is stated as follows.
Theorem 4.1. For any u € B™,(I) and m > 2,

N\ Zyu —u|l + |19 Inu — u)|lo < cN17m||8)'C"u||wm_z. 4.2)
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4.2. Preparations for the proof

The main ingredients for the proof Theorem 4.1 consist of the asymptotic estimates (cf.
Theorem 3.2 and 3.3), several inequalities and the approximation property of one specific
orthogonal projection to be stated below.

4.2.1. Some inequalities
For notational convenience, we define the discrete inner product and discrete norm associated
with the GLLB quadrature formula as

(u, v)y = Sylu - vl, Ivlly = (v, )},
where Sy [-] represents the finite sum in (2.13). Clearly, the exactness (2.13) implies that
(0. VIn=(,¥), VYo ¥ €Pon_i. (4.3)

We have the following equivalence between the continuous and discrete norms over the
polynomial space Py, which will be useful in the analysis of interpolation error, and the GLLB
pseudospectral methods for nonlinear problems.

Lemma 4.1. For any integer N > 4,

ol < loly = v1+Cnligll <3loll. Vo €Py, (4.4)

where

o ov55) (0) (042

Proof. We first prove that (4.4) holds for the Legendre polynomial L y. That is

Y00 — Ly 1P < (L, Ly < (14 Cy) Ly ]2 = (1 + Ca)y >0, (45)

For this purpose, set
2
) = L0 = (KP”) (1= 432 0n -1 () Py (o).

Since the leading coefficient of Qy_1 - Py_3 is one, we deduce from (2.9) that v € Poy_.
Hence, using the fact Q y_;(x;) = 0 and the orthogonality, gives

(4.3)

1
L Lyy = (LyyE <1,w)=/l¢<x)dx

210 (1, 0o\ [ 2 2,2
= / L2,(0)dx — by (KN’ ) / P2_,(x)(1 — x%)%dx
. —1 —1

2
0,0 0.0 2,2
=y —by (KN—3K;(V )) Vs

2 -1
0,0 2.2) (. (0,0 0,0
_ (1—bN (3K 00) 773 () )yji, ). (4.6)

Using (2.2)—(2.6) and (2.9) to work out the constants, yields

2 -1 (N+DQN 12N +1)
©00\2_ 22 (L 00\ _
(AN%KN ) YN-3 (”N ) T T NN-—DWN=2)




158 L.-L. Wang, B.-y. Guo / Journal of Approximation Theory 161 (2009) 142-173

Furthermore, by (2.12), we have that for N > 4,
2 -1 (N+D(N+2)(N+3)
_ (0,0) 2,2) (.,(0,0) _
0 < —by (AN,3KN ) YN 3 (yN ) < NN - DN Cy. “@.7

Accordingly, a combination of (4.6)—(4.7) leads to (4.5).
Next, for any ¢ € Py, we write

$(x) = Z%L (x) = qunLn(x)wNLN(x) = B(x) + $v Ly (),
and therefore

0,0
[k Z¢>2 OO = o) + g vy

It is clear that #%(x) € Py _», and so by (4.3) and the orthogonality of Legendre polynomials,
(®,Ln)y =(2,Ln) =0,
which implies
IR = (B, B)y + 20w (D, L)y + 5 (Lns L)y = 18I + 63 (Ly, Lw)y
N-1
= Z Gav Y + (L. Ly)y

n=0
Finally, applying (4.5) leads to the desired result. [

The following Bernstein—-Markov type inequality holds for polynomials in the finite-
dimensional space:

Xy={pePy : ¢'(£1)=0}. 4.8)

Lemma 4.2. Forany ¢ € Xy,

16/l < VNV + Dllgll < (N + D] 4.9)
Proof. Let
Un () = Lo() + enLpa (), ey = ——20F D 4.10)

n+2)(n+3)

Since L) (+1) = %(—1)"‘1n(n + 1), we have that {1#,,},]::02 forms a basis for X . Consequently,
for any ¢ € Xy,

N-2 . N-2 B N B
) =Y Pu¥n(x) =D GuLn(x) + Y en2n-2Ln(x)

n=0 n=0 n=2
~ ~ N_2 ~ ~
= GoLo(¥) + $1L1(x) + Y (bn + en2n—2)Ln(x)
n=2

+en—3dN—3LN_1(x) + en—2dN—2Ly(x). (4.11)
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By the recursive relation
L) = 2k DA k=1
k(X)—E( +1) (x), k=1,

and (4.10),

N-2 . 1 N-=-3 B 1 N-1 ~
O = (0 =5 Y 4Gt [ + 5 Y0+ Denadar [0 ()
n=0 n=0 n=1

- 1 N-3 . _
=5V @ 4 5 Y+ D@t + e 1da IV @
n=1
1 (1,1) (1,1
+SNey_3pn-3Jy 25 (xX) + = (N+1)eN 2by—2d ) ().

2
Using the orthogonality (2.1)—(2.2) gives

0,0 0,0
1> = ¢3vs " + ir*” + Z<¢n+en 2Pn—2)?y, "0
n=2
72 (0,0) e (0,0)
+ey 3Py s3Vnot Fenabravy s

and

1612 = B2 + Z<"+2> (@nt1 + en1dn)y, "D

n=1

1 ~ 1,1 = 1,1
+4N2@ 3PN 37’151 2)"' (N+1)26N Y 1&, 1)

- 1 N=2 - -
= divy "+ 2 H D@t en2b2)y, )

(1 D

1 ~ 1 2 = D

In view of the above facts, we deduce from (2.2) that
1 _
1913 < 3 max {on+ D700 000 I = NV Dl

This implies the desired result.  [J

In the preceding analysis, we will also use the following Poincaré inequality (see, e.g., [5]).

Lemma 4.3. For anyu € H'(I),

1

lull < c(llu’ll + lil), wherei = f ] u(x)dx. (4.12)

4.2.2. Orthogonal projections
We first consider the orthogonal projection my : L%(I) — Py such that for any u € L3(D),
(yu —u, ) =0, V¢ € Py. (4.13)

The following result can be found in [10,14].
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Lemma 4.4. Forany u € B(’)” (I and m > 0,

lmnu — ull < N[0 . (4.14)

We now turn to the second orthogonal projection. For simplicity, we denote

X 1 1
8;1v(x) = / v(y)dy, E_Jx_lv(x) = —/ v(y)dy, v = / v(x)dx.
1 X —1

Define the space
X = {v s ve HX(D), v(£]) :0}, X'=fveX :9=0}, X%=Pynx°
Consider the orthogonal projection 711{,’0 (X0 > X?v, defined by

a(ry’v —v,4) =0, V¢ e XY, (4.15)

where the bilinear form a(u, v) := (d,u, d,v). Recall that for real © > 0, the Sobolev space
H*™(I) and its norm || - ||, are defined by space interpolation as in [1].

Lemma 4.5. Foranyv € XN B™,(I) withm > 2,

g0 — vl < NP8 vl yna, O < p < L. (4.16)

Proof. We first consider the case u = 1. Let

v () = & + dv(Dx 4 07197 (ty20%0) (x) 4.17)

where the constant £ is chosen such that v¥ = 7. Clearly, d,v*(1) = 9,v(1) and by (4.13) with
¢ = 1’

3 v*(—1) = dyv(l) — /nN,za)%v(x)dx = (1) — f Zv(x)dx = dv(—1).  (4.18)
1 1

For clarity, let us denote g = v* — v. Thanks to the above facts, we have from (4.13) and (4.14)
that

W — vl = (@ (v* — ), r8) = —(2(v* —v), g)
—(TN203v — B}V, §) = (TN—207v — D}V, TN_28 — &)

A

2 2 1—
lry—205v — dvlllmn—28 — gll < N "0 vl yn—2110x 8 llew

N3 |y |0 — 0]y (4.19)

IA

Moreover, by the Poincaré inequality (4.12) and (4.15),
||n1]\,’0v - v||% < c|n11\;0v — vI% = ca(n}v’ov — v, rr}v’ov —v)
= ca(n,lv’ov —v,v* =) < c|7'r;,’0v —v|jv* = vl.
In view of this fact, we have from (4.19) that

Iy = vllt < clv* = vl < N[0 ]| ynen. (4.20)
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We next prove the case . = 0 by using a duality argument (see, e.g., [6]). For any f € L>(I),
we consider an auxiliary problem. It is to find w € X° such that

a(w,z) = (f,z), Vze X (4.21)

By the Poincaré inequality (cf. (4.12)) and Lax-Milgram Lemma, the problem (4.21) has a
unique solution with the regularity

lwlz2 < cll fII- (4.22)
Taking z = yrll\;ov —vin (4.21), we deduce from (4.15), (4.20) and (4.22) that

1,0 1,0 1,0 1,0
[y v—v, Ol =la@y v—v,w)|=lal@y v—v, 7y w—w)l

1,0

< oy v = vlily w = wh < NV 2 97w
< N0 ]l -2l 1.
Consequently
1,0
[Ty v —v, ) _
Iy — vl = sup — L < N[0 ]| yuea. (4.23)
feL2(n) ”f”
f#0

Finally, we get the desired result by (4.20), (4.23) and space interpolation. [

With the aid of the previous preparations, we are able to derive the following important result.
Theorem 4.2. There exists an operator ”1{/ : X — Xy, such that m =, and
a(myv—v,0) =0, Ve Xy. (4.24)
Moreover, for any v € X N Bi"z(l) withm > 2,
7w — vl < eNF 80 0l gn2s 0 < < 1. (4.25)
Proof. For any v € X, since v — /2 € X°, we define
o) = 1y (v(x) — 5/2) + 7/2.
One verifies readily that & }\,v e Xy and m = v. Moreover, by (4.15),

a(ryv —v,¢) =a(ry’ W —/2) — (v = 5/2),¢ — $/2) =0, V¢ € Xy.
Moreover, by (4.16) and the fact r > 2,

Iy’ = 5/2) — (0 — 5/2) [l < cNF 3" (v — 5/2) || 2
< cNFT™M|3M ]| 2.

This leads to (4.25). O

1
lryv —vlin

4.3. Continuity of the GLLB interpolation operator

In order to prove Theorem 4.1, it is essential to show that Zy is a continuous operator from X
to L2(1), as stated below.



162 L.-L. Wang, B.-y. Guo / Journal of Approximation Theory 161 (2009) 142-173

Lemma 4.6. For any v € X,
IZwvll < (vl + N7 xv]w). (4.26)
where the weight function w(x) = 1 — x?.

Proof. In this proof, we mainly use Theorems 3.2 and 3.3. Let x = cos® and 0v(8) = v(cos9).
Then by (2.13) and (4.4) and Theorem 3.3,

N-—1 N-—1
IZwol® < IZwvly = Y v* (e <cN~' Y 9%(6;) sin6;. (4.27)
j=1 j=l

By using an inequality of space interpolation (see formula (13.7) of [2]), we know that for any
feH @b),

max |f(x)] <c ( 1l L2y + Vb = allaxf”Lz(a,b)) : (4.28)

a<x<b

1
Vb —a
Now, let 50, gN_l and /; be the same as in Theorem 3.2. Denote ag = 50 and a; = 5N_1. Then
by (4.27) and (4.28),

4.2
iZyo? 2" en- IZSup’v(G)«/_sm \

j=10¢€l;
N_
(428) 2
(H sing|  _ + N2 Hag (ﬁ(@)«/sin&) )
;) L2(I})
< <Hv(9)\/sm ‘ F N Hag (v(@)\/sm )‘ >
L2(0,7) L2([ag,a1])
< <Hv(9)\/sm H 2| 56)(sin6)~ ‘/2‘
L2(0, n) L2([ag,a1])
5 2
+ N~ ‘ sin @ )
2(0,)
< (Hv(@)\/sm + sup Hv(@)«/sm ’
L2([ag.a1))

L2O07)  gy<f<a N2 sin” @

+ N2 ‘ Sind

2
L2, |

Since Theorem 3.2 implies sup,, —g,, m < ¢, we transform 6 back to x, and obtain

1Zwol < e (012 + N 21a.012)

which ends the proof. [
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4.4. Proof of Theorem 4.1

Let

i (1) = v(=1) + (1 + x)dv(1) + 9797 (Ty—207v) (x) € Py.
Like (4.18), we have vy (—=1) = v(—1) and 9, v}y, (£1) = 9, v(£1). Thus, by (4.13),

Wy — v, d) = B0y — ), 9,18, '9)

= (Ty_207v — 320,019 1¢) =0, V¢ € Py_4. (4.29)

A similar argument as in the derivation of (4.19) leads to

vk — vl1 < N8 v . (4.30)
Denote g = vy — v. Then by (4.14), (4.29) and (4.30),

oy —vl* = Wy —v.8) = Wy — v, 0,9, 'g) = (Wy — v, 0.0, 'g — N30y 'g)

= (0, (v —v), Tn_33; 'g — 0, g) < vy — vlillmn—3; 'g — 8, gl
N0l 2118l < N[0 0| 2 v — v,

A

which implies
vy — vl < eNT" 197 vl 2. (4.31)

Since Iy vy, = vy and v — vy, € X, we have from Lemma 4.6, (4.30) and (4.31) that

IZyvv — vyl = IZv @l — )1 < c(lvy — vl + N8 vy — v)]lw)
< c(lvy —vll + N_1|v]’f, —v]1) < N0 ]| yn—2. (4.32)
By the above and Lemma 4.2,
185 (Znv — v})llw < NI Zyv — vl < N7 [37 0| 2. (4.33)

Finally, a combination of (4.30)—(4.33) leads to that
NIZyv = vl + 13xZnv = Vo < NIZyv — vyl + 13x(Znv — vi)llw
+Nvyy — vl + 19: )y — Vo < N[00 2.

This ends the proof.
4.5. Corollaries

We present below two mathematical consequences.
Corollary 4.1. Forany ¢ € Xy and € X, we have

IZnolin <c(1+MN-YH|pl, (4.34)
L, )y | < c(l+MN"HA+LN"Hlgllvll. (4.35)
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Proof. Using (4.4) and Lemmas 4.2 and 4.6 gives
IZnolln < clZndll < clgl + N~ 0:pllo) < c(1l+MN~H]al,

and

o, v)n | = | Ind. InV)n | < IZNOINIZN Y IIN
<c+MNHA+LN Hlgllyl. O

Corollary 4.2. Foranyv € X N B",(I),m > 2 and any ¢ € Xy,
(v, #) — (v, d)n | < N[ vl pn2lPlIN- (4.36)

Proof. By (4.3), (4.4), and Theorem 4.1,

(0.6) = (. By | < 10:6) = (rh_yv. )|+ | {Th_1v.8) = Tnv. Py |
= ¢ (kv — vl + 1 Zwo = vl ) 191
< N0l e2 ] v

This result is useful in numerical analysis of the related pseudospectral scheme. [
5. GLLB pseudospectral methods and error estimates

Among several different versions of spectral approximations, pseudospectral methods are
commonly used and more preferable in industrial codes owing to its ease of implementations and
treatment of nonlinear problems. Most existing literature concerning this method is based on the
collocation points that are identified as (generalized) Gauss—Lobatto quadrature formulae [24,9,
21,18]. In a pseudospectral method, the choice of collocation points is crucial for the stability and
treatment of boundary conditions [21]. The GLLB quadrature formula (2.13) involves first-order
derivative values at the endpoints, which allows a natural and exact imposition of Neumann
boundary conditions. Based on this, Ezzirani and Guessab [8] proposed a GLLB collocation
method for some model elliptic equations, and showed that this method leads to a resulting
discrete system with a diagonal mass matrix, and thereby can be used to introduce explicit
resolutions in the lumped mass method for the time-dependent problems.

The main purposes of this section are two-folds: (i) to present a user-oriented implementation
of the GLLB psuedospectral methods based on pure collocation and variational formulations,
and (ii) to make an error analysis of the GLLB pseudospectral method based on a (discrete)
variational formulation. We will first restrict our attentions to one-dimensional problems, and
then follow with multi-dimensional cases. It should be pointed out that the methods go beyond
these model equations.

5.1. GLLB collocation method

Consider the elliptic equation:

{L[u](x) = —u"(x) + b(x)u(x) = f(x), bx)=0,xel=(-11), .1

u'(£1) = gx,
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where in the case of b(x) = 0, the problem admits a solution only provided that the given data
satisfy the compatibility

1
/1 f)dx = g — g4 (5.2)

Let {x; }j.V:O be the GLLB quadrature nodes. The GLLB collocation approximation to (5.1) is to
find uy € Py such that

{L[MN](-xj) = —uy(xj)) +b(xjun(xj) = F(xj), 1<j<N-1,

Wy (£]) = gu., (5-3)

where F(x) is a consistent approximation to f(x) with F(x) = f(x) for b(x) # 0, and the case
for b(x) = 0 to be specified below.

We see that like the LGL collocation method for Dirichlet problems, the numerical solution
satisfies the boundary conditions exactly.

Remark 5.1. In the case of b(x) = 0, the scheme (5.3) is reduced to
—uy(x) =F@xj), 1<j<N-1 uyFl=gs. (5.4)
Let (]kazF ) (x) € Py_» be the Lagrange interpolation polynomial of F associated with the

interior GLLB nodes {x j}?;—l

! Since ux, € Py_», the scheme (5.4) implies
—u}y(x) = (H§_2F> (), xeli uy(El) =gs.

Thus, a direct integration leads to

1
/1 (]IILV,ZF) ()dx = g_ — g4 (5.5)

This means that (5.4) has a solution as long as the above compatibility holds. However, since
f, g+ and g_ are given, the compatibility is not valid if we take F(x) = f(x). To meet the
condition (5.5), we may follow the idea of Guo (cf. page 558 of [12]) to take

1 1
FO) = f() = 38w [Thaf |+ 5= — 1.
where the functional Sy[-] is defined in (2.13). It is clear that for N > 3, we have
1 1
(aF) @) = (thaf ) 0 = 38n [Thas |+ 36— — 8.
By virtue of (2.13) and (5.2), we have that

/| 11 (thoor) e = [ 11 (1 of) @ = Sy [T or] +5- g4 =5 — g
|

We now examine the matrix form of (5.3). Let {A j}iv

_o & Pn be the set of Lagrangian
polynomials associated with the GLLB points:

hé(—1)= 1, ho(1) = ho(xx) =0, l<k=<N-1,
hi(£1) =0, h;j(xx) =6k, 1<jk=<N-1, (5.6)
Ky =1, hy(=1)=hyGx) =0, 1<k<N-1,
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whose explicit expressions are given in Appendix A. It is clear that {h | };v=0 C Py and spans the
polynomial space Py . Under this nodal basis, we write
N—1
un(x) = g-ho(x) + g+hn(x) + Z akhk(x) € Py, (5.7
k=1

and determine the unknowns {ak},i\];ll by (5.3), i.e., the system
2. (_p® 2 _n
Ad=(-D{) +B)a=bh, (5.8)
where

in

Q) _gn 2) _ ?2)
dji = hi(xj), Dy = (d-/k )15/’,k5N—1 ’
B = diag (b(x1), b(x2), ..., b(xy_1)), &= (ai,az...,an-1)"T,

. T (5.9)
b=(fe). oS-+ () d)dR ) e
T
2) ;2 2)
+ (le’ dyys s d(N—l)N) 8+-

As with the usual collocation schemes, the GLLB method is easy to implement once the
associated differentiation matrices are pre-computed. The following lemma provides a recursive
way to evaluate the differentiation matrices.

Lemma 5.1. Let

W _ 0 d'hy DO — (g0 |
df) = h ) = =0, = (djk)OSj’ksN, [>0. (5.10)

Then we have

) —_pb « pP ;>
{D ~£) «D”, 1>o0, S

DO =D" =TIy,

where Iny1 is the identity matrix of order N + 1, and p® is identical to DO except

that the first and last rows of DO are replaced by (d(()i)+])’ d(()ll+l)’ Y délJl)) and
(dl(ég”, ayiv, d,%”) respectively.

Proof. For any ¢ € Py, we have that
N-1
$(x) = ¢'(=Dho(x) + Y ¢(x))h;j(x) +¢'(Dhn(x) € Py,
j=1

which implies that
N-—1
@' (x) = ¢’ (—Dhy(x) + Z ¢(Xj)h}(X) + ¢’ (D)h)y (x) € Py.
=1
Let xg = —1 and xy = 1. Taking ¢(x) = s\’ (x) and x = x; leads to that for all 0 < i,k < N
and/ > 0,
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N—-1
™ =t (i) = Y o) + 3 B @i G + D el ()
Jj=1

N—-1

_ ) LU+D ) ;) 1) ;U+1)

= didy ) + Y ddy) +diyay (5.12)
j=1

which implies the desired result. [

As a consequence of this lemma, it suffices to evaluate the first-order differentiation matrix
DU and values hyH)(:I:l) for/ > 1and 0 < j < N to compute higher-order differentiation
matrices.

Although the collocation scheme (5.3) is easy to implement, the GLLB differentiation matrix
D@ is full with Cond(D®) ~ N*, and thereby when N is large, the accuracy of nodes and of
entries of D® are subject to significant roundoff errors. To overcome this trouble, it is advisable
to construct a preconditioning for the system (5.8), and use a suitable iteration solver [4,7]. As a
matter of fact, Canuto [4] proposed a finite-difference preconditioning for the LGL collocation
method for Neumann problems, but it cannot be applied to this context directly. However, with
a different treatment of the boundary conditions, we are able to derive an optimal preconditioner
as that in [4] (for the LGL collocation method).

To this end, we assume that {x;} j.vzo are arranged in an ascending order, and let

§j=xjs1—xj, wj=ulxy), ui=u"(x;), fi=[fx).

Taking the Neumann boundary conditions into account, we discretize u/ and u’,_, as

up —uy + 81u; unN_2 —un_1 — Sy_out
v U2 1 1 0 WA N-2 N-1 N2N7 (5.13)
81(81/2 + do) dN—200N-2/2+ Sn-1)
and use centered differences for the interiors {u’j’ }7;22. More precisely, the finite-difference
approximation to (5.1) reads
Uy —uz 8—
—— +bhui=fit+ ———,
511210 T =t e ,
Uuj—1 Ujt1
— 4_bA]u.____________ :_fW
8j-118; + 8j411 [6,-6,-_1 g I TE T Y (5.14)
2<j=N-=-12,
UN—1 —UN-2 8§+
+by_tun—1 = fNo1 — ——————.
SN—208N—2/2 + ON—1) SN-2/2+3N-1

Denote by Aq the coefficient matrix of the above system. Table 5.1 contains the spectral radii
(i.e., the largest modulus of the eigenvalues) of A, (cf. (5.8)) and AEIAC with b = 1 (in
columns 2-3) and b(x) = 100 + sin(100 x) (in columns 4-5). The eigenvalues of two matrices
are real, positive and distinct in all cases. We also point out that the smallest modulus of the
eigenvalues of AEIAC is one for both cases, while that of A is one for » = 1 and 100 for

b(x) = 100+sin(100r x). The eigenvalues of the preconditioned matrix A(;lAC lie in the interval

[1, 2 /41, as shown in Table 5.1, and therefore the system (5.8) can be solved efficiently by an
iteration solver.
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Table 5.1
The spectral radii of A¢ and AglAc.
N p(Ac) o (A7'Ac) P (Ac) p(Ag'Ac)
8 47.2 1.68 146.3 1.1
16 633.8 2.11 732.8 1.58
32 10202.0 2.30 10301.0 2.10
64 166178.9 2.39 166277.9 2.33
128 2691955.4 243 2692054.2 2.41
256 43374170.2 245 43374269.2 2.44
512 696563431.7 2.46 696563530.7 2.46

5.2. GLLB pseudospectral method in a variational form

The collocation scheme (5.3) is based on a strong form of the original equation, while it is
more preferable to implement the GLLB pseudospectral method in a discrete weak form. For
simplicity, we consider (5.1) with a constant coefficient and homogeneous Neumann boundary
conditions, i.e., b(x) = b and g4 = 0. The GLLB pseudospectral scheme reads

{(Fmd uy € Xy such that (5.15)

Wy, vﬁv)N +{bun,vn)y = (fron)y, Yoy € Xy.

Remark 5.2. Unlike the collocation method based on Legendre—Gauss—Lobotto points for
Dirichlet boundary conditions, the GLLB scheme (5.3) (with b(x) = b and g+ = 0) is not
equivalent to the pseudospectral scheme (5.15). Indeed, multiplying (5.3) with F(x) = f(x) by

vy (xj)w; and summing the result for j = 1, 2, ..., N—1, we may rewrite the GLLB collocation
scheme as
Find uy € Xy such that (5.16)
(y. viy)y + (bun, on)y = (f.on)y + Ry, Yoy € Xy, '
where
Ry = Lul) (=Doy(—Dwo + (Lu])" (Doy Doy

— f'(=Dun(=Dawo — f/(Mun Doy
— (u}(=1) = Bun) (=1) + f'(=1)) vn (= Do
— () = Guy) (D) + /(1) vy (Daow. (5.17)

Hence, up to a boundary residual, two schemes are equivalent. [

We now examine the matrix form of the system (5.15). As usual, we may choose the nodal
basis {hk}iv:_ll for Xn. By (5.6), one verifies that the coefficient matrix under this basis is

T
. (1) (1)
Ap = (D)) WD +bW. (5.18)

W _ (M L
where DV = (djk )15,;1(51%1 (cf. (5.10)), and W = diag(,, @. ..., wy_1). We see that A,

is full and ill-conditioned as the GLLB collocation system (5.8) (cf. Table 5.2), so it subjects to
similar roundoff errors (cf. Fig. 5.1).
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Table 5.2

Condition numbers.

N b =0.01 b=1 b =100
32 Ac 1.25e+06 1.24e+04 1.19e+02
32 Ap 4.33e+405 4.40e+-03 8.01e+01
32 Ag 50.20 1.999 198.7
64 Ac 1.95¢+07 1.93e+05 1.83e+03
64 Ap 3.43e+06 3.50e+04 6.72e+02
64 Ag 50.20 1.999 199.9

128 Ac 3.08e+08 3.05e+06 2.88e+04

128 Ap 2.74e+07 2.79e+4-05 5.55e+03

128 Ag 50.20 1.999 199.9

256 Ac 4.90e+09 4.85e+07 4.59¢+05

256 Ap 2.19¢+08 2.24e+06 4.51e4+04

256 Ag 50.20 1.999 199.9
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Fig. 5.1. Convergence rate (Lz—errors vs. N) for b = 1 (left) and b = 100 (right).

In fact, it is more advisable to use a modal basis and perform the GLLB method in the
frequency space. Using this approach, the spectral linear system will be sparse and well-
conditioned. As with [22], we define the basis function as a “compact” combination of the
Legendre polynomials

$o(x) =1, Gn(x) = dn(Lp(x) +enLpi2(x)), n=1, (5.19)

where

n+2)(n+3) nn+1)

i+ 1)2n+3)" T T h+2m+3)

n =

Since L), (£1) = %(—1)"+1n(n + 1), one can verify readily that ¢, (1) = 0, and
XN = span{¢o, ¢1, ..., pn-2}.

Moreover, as shown in Appendix B, we have

¢L(x) = (1 = x) Py (x) =yt (1 = xHIPD (@), n>1, (5.20)

n
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which, together with (2.1), (2.8) and (4.3), leads to

o / l _ / A 1, 1§j:k§N_2’
Sk = <¢k’ ¢j>N = (. ¢)) = {0, otherwise. (5:21)
Meanwhile, using (4.3), (5.19) and the orthogonality of the Legendre polynomials yields
o B Iy P+ s L L) k== N =2,
Mijk -= (¢kv ¢’1>N = .
(¢r, #j), otherwise,
# 0, onlyifk=jork=j+£2.

Hence, by setting uy (x) = Z,];/:_oz iy, (x), and

= (o, a1, ....on-2)",  fi=(f0))y. F=Co fr...o, fn-2)",
the system (5.15) under the basis (5.19) becomes

Agli = [diag(0, 1, ..., 1) + b(m ji)o<jr<n—2] 0 = . (5.22)

We see that A is pentadiagonal with three nonzero diagonals, which can be decoupled into
two tridiagonal sub-matrices, and inverted efficiently as in [22]. Moreover, the entries of the
coefficient matrix can be evaluated exactly.

We can also prove that the condition number of Ag does not depend on N. To show this, we
define the discrete />-inner product and norm, i.e., for any two vectors of length N —1, (u, v) 2=
Y5 u;v; and Jlul;2 = (u,w)/. By using (5.21), (4.3), the definition of A, (4.4) and the
Poincaré inequality (4.12) successively, we derive that

1813 = lluly 1? + a3 < (uly, uly)y + 0 (un, uy)y + 03 = (Agh, @) + i
= lluy 3 + Dllun 13 + a3 < luy 1> + 9bllun|® + i3
< (1 +ch) |yl + cbliy|* + i}
< (L4 eb)(luy 1> + i) = [1a]%. (5.23)

where in the last step, we used the fact uy = fi] uy (x)dx = 2ug. Therefore, we claim that
Cond(Ag) < 1+ ¢b, which is also verified numerically by Table 5.2.

We compare in Table 5.2 the condition numbers of the matrices A¢, Ap and A resulting from
the pure collocation method (PCOL, cf. (5.8)), pseudospectral method with nodal basis (PSND,
cf. (5.18)) and pseudospectral method with modal basis (PSMD, cf. (5.22)), respectively. We see
that for various b and N, the condition numbers of the system (5.22) are small and independent
of N (also cf. (5.23)), while those of the collocation scheme and pseudospectral method using a
nodal basis grow like O (N 4.

To check the accuracy, we take b = 1 and u(x) = cos2(12mx) as the exact solution.
The discrete L>-errors against various N are plotted at the left of Fig. 5.1, which indicates an
exponential convergence rate. We also see that PSND and PSMD methods can provide better
numerical results than PCOL method. To exam the effect of roundoff errors, we take b = 100
and u(x) = cos2(8mx) as an exact solution. We observe from Fig. 5.1(right) that the effect
of roundoff errors is much more severe in PCOL method. Indeed, like the Gauss—Lobatto
pseudospectral method, both PSND and PSMD have higher accuracy, when compared to PCOL.
However, in multi-dimensional cases, PSMD (based on tensor product of the basis functions) is
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more preferable, since it involves sparse and well-conditioned systems, which can be inverted
very efficiently by using the matrix decomposition techniques (cf. [22]).

5.3. Error estimates

In this section, we apply the approximation results established in the previous section to
analyze the errors of the GLLB pseudospectral scheme (5.15).

Theorem 5.1. Let uy and u be respectively the solutions of (5.15) and (5.1) withb(x) = b > 0
and g+ =0.If u € XN B",(I) and f € B*,(I) with integers m, s > 2, then

It =yl < VB 180 ull gz + N 7105 Fllys2)e =0, 1. (5.24)
Proof. For simplicity, let ey = nl{,u —uy and Ey(¢) = (v, ¢) — (v, ¢)y. By (4.3), (5.1) and
(5.15),

(Ox(u —un), 3:d) +b ((u, ¢) — (un, ¢)y) = Ef(¢), Vb € X.

Thanks to (4.24), we can rewrite the above equation as

(Ouen. 0:9) +ben. o)y = b ((rhu. @) —w.9)) +Ef(9). VpeXy. (529
Using (4.4), Theorems 4.1 and 4.2, and Corollary 4.2 leads to

(@) = )| < |(rhu — Zwu, @) | +1E.@)]

< llmfu — Inulll¢ll + | Ea@)] < N[0 ull 2 1B,
and

[Ef (@) < N0y fll -2l
Hence, taking ¢ = ey in (5.25) and using (4.4), we reach that

leni + llenll < c(NT" 10y ull yn—2 + N3 fll s—2)-

Finally, using Theorem 4.2 again leads to the desired result. [

Remark 5.3. Theorem 4.2 of [4] presents an analysis estimate in L2-norm of a modified LGL
collocation method for (5.1) (with b = 1) with a convergence order O (N 2=my. Obviously,
the estimate (5.24) improve the existing result essentially, and seems optimal (with the order
O(N™™)).

6. Concluding remarks

In the foregoing discussions, we restrict our attentions to one-dimensional linear problems,
but the ideas and techniques go beyond these equations. An interesting extension is on
the construction and analysis of a quadrature formula and the associated pseudospectral
approximations for mixed boundary conditions atu’(+1) + Bru(+1) where oy and Bi are
constants such that

—u"+bu=f in(—1,1); oxu'(£])+ Bru(xl) =g, 6.1)

is well-posed. We will report this topic in our future work.
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In summary, we have derived in this paper the asymptotic properties of the nodes and weights
of the GLLB quadrature formula, and obtained optimal estimates for the GLLB interpolation
errors. We also presented a detailed implementation of the associated GLLB pseudospectral
method for second-order PDEs.
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Appendix A. Expressions of the Lagrangian basis

For notational simplicity, let g (x) := Qy—1(x) be the quadrature polynomial given in (2.10),
and define

1 Ov—1(0) _ 1 g
Q;V_l(xj) X —Xj q’(xj)x—xj

qj(x) = €Pyy, 1<j<N-L. (A1)

We see that {q j } N1 are the Lagrangian basis associated with the interior points { Xj } . of the
GLLB quadrature ThlS matter with (5.6) implies that the corresponding basis functlons can be
expressed as follows.

e Boundary basis functions :

[¢/(Dx—1) —qD)]qx)

q(=1)q'(1) —2¢'(Hg'(—=1) — g’ (=g (1)’
fQ( Dx+1)—q(=D|gqx) (A.2)

g(Dg'(=1) +2¢'(Dg'(=1) — ¢’ (Hg(=1)’
e Interior basis functions:

ho(x) =

hy(x) =

B = A lejen—, (A3)
x]z +axj + b /
where
B 24;(Dg (=) + 24 (g (1)
(=D = 24, (Dg) (=) —4;(Dg (=)’
3,0 (—1) 34, (D (~1) + 24} (1 (1) — 4g; (g (~1)
- 47 (Dg; (=1 = 24/ (g (=) — g, (D (—)

(A4)

Appendix B. The derivation of (5.20)

We first recall the formula (see, e.g., [23]):

1
0P ) = St p+ DLV, nz (B.1)
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Using (B.1) and the expressions of d,, and e, gives
oL (x) =d, ( n+ I 5P00) + 2 (n +3)en n(i]l)(x))

n
=—dn<n+1)( L0 = s e ))

By (B.1) and formula (4.5.5) of [23],

d +1 +3
(=)0 = %( B - Lo )>.

A combination of the above two facts leads to
2,2 ~ 2,2
B (x) = 4 2H3 40— 7D () = T (1= 272D (),
Indeed, the normalized factor dj, is chosen such that {¢, } is orthonormal in Liz (D).
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