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ABSTRACT

Throughout this paper we consider the Poisson equations in two dimensions. By the collocation methods based on radial
basis functions and by exploiting some tools in literature: Perron-Frobenius theory and Weyl Tyrtyshnikov equal distri-

bution, we prove under suitable assumptions on the shape parameter appearing in the radial basis functions that, the

spectral radii of the collocation matrices grow as the size of the matrices, that is, lim 5—" = constant where py, and dj
n—oo &n

are respectively the spectral radius and the size of the collocation matrix.
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1. Introduction

The purpose of this paper is to provide a deep study of the spectral radii of collocation matrices approx-
imating elliptic boundary value problems in two dimensional case

zz-i- Y=f if (z,y) €Q=(0,1)2
8(37 y) = 9(37 y) for (x,y) € 9N (1.1)

The chosen method for approximating is based on the radial basis functions. These types of approxima-
tions are often very useful for obtaining a numerical solution of certain PDFE,. Under certain conditions,
the convergence is very fast (exponential in the number of grid points) when compared with Finite Dif-
ference or Finite Elements. The price that is paid is often an extreme ill-conditioning of the resulting
structured matrices. A main role for approximation space is played a radial function and this space is
made by translating a standard radial function with zero as its center. Some of the most commonly used
radial basis functions are:

e Direct Multiquadric (MQ): ¢(t) = (£2 + ¢2)2

e Inverse Multiquadric (IMQ): ¢(t) = (£ + ¢2) =

e Gaussian: ¢(t) =e 2
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where the parameter c is often called shape parameter and whose the role is to determine the accuracy
and the stability. Denoting by {2 an opened domain of model problem (1.1), 99 its boundary and

O = 99 U Q an artificial domain greater than real domain Q, h = n%rl the maximal step size and,
{(zs,y;) = (ih,jh) fj:lo the selected points that are chosen out of the real domain €2 and are in the

artificial domain, we present an interesting method using the nodes that most of them are selected out
of the real domain and the others in the domain. Hence, the real collocation matrix is the sum of a
symmetric block Toeplitz matrices with symmetric Toeplitz blocks of size d,, = (n + 2)? generated by
unbounded function over §2 and a matrix of rank at most 4n + 4, which collects the boundary conditions.
More in detail we are interested in fast solution methods, and especially in the asymptotic growth of the
spectral radii of the resulting matrices and in the global distribution results. For the latter point, we
need to think not to a single linear system but to a sequence of linear systems of increasing dimensions
d? related to a finesse parameter, as usually occurs in the approximation of PDE,. Such kind of spectral
knowledge is then employed for suggesting appropriate O(d?logd,,) preconditioners for krylov subspace
methods. A first important step for understanding the spectral behavior of the considered matrices
done in [1], where the link with Toeplitz sequences generated by a symbol was exploited. One of the
advantages of meshless methods based on radial functions with respect to others, is high decreased of
computational volume that arises when changing multi- dimensions to one dimension. Kansa [4] is the
first researcher that applied an approximation by radial basis functions (Pseudo interpolation) to PDEj.
The use of the globally supported radial functions, reaches to the large linear systems, poorly condition
number and full matrices.

The paper is organized as follows. In section 2, we recall some useful results due to the Perron-Frobenius
theory and to the Weyl Tyrtyshnikov equal distribution. Section 3 deals with the approximation of
Poisson equation (1.1) by the collocation systems. The approximation of collocation sequences by the
sequences of block Toeplitz matrices and the asymptotic behavior of the generating function of Toeplitz
sequences are established in section 4. Section 5 is reserved to the asymptotic growth of the spectral
radii of collocation matrices while section 6 deals with the general conclusions and future works.

2. Some Definitions and main results

The aim of this section is to recall some definitions and main results of the linear algebra which are
useful for the study of the collocation matrices.
2.1 Perron Frobenius theory

Throughout this subsection, we recall the Perron Frobenius theory.

Definition 2.1. Let A = (ajx) and B = (bjx) be two n x r matrices. Then, A> B (A> B) if a;r > bjx
(ajk > bjg) forallj=1,2,...,n and k=1,2,...,r.

Definition 2.2. A € R™*" is said to be nonnegative (positive) matriz if A >0 (A > 0).

Definition 2.3. A matriz A € R"*™ possesses the Perron-Frobenius property if its dominant eigenvalue
A1 is positive and the corresponding eigenvector V) is nonnegative.

Definition 2.4. A matric A € R™™™ possesses the strong Perron-Frobenius property if its dominant
eigenvalue A1 is positive, simple (A1 > |X\j|,j = 2,3,...,n) and the corresponding eigenvector zM s
positive.

Definition 2.5. A matriz A € R"*™ is said to be eventually positive (eventually nonnegative) if there
ezists a positive integer ko such that A¥ >0 (A*¥ >0) for all k > ko.

9 Darbose
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Theorem 2.1. [5, 7, 153]. For a symmetric matriz A € R™*" the following properties are equivalent:
(i) A possesses the strong Perron-Frobenius property.

(ii) A is an eventually positive matriz.

Proof. (i =ii) : Ay = p(A) > |A2| > A3| > ... > A,|, where A; is a simple eigenvalue with the eigenvector
(1) € R™ being positive. Choose the i-th column a(? € R of A.

Expand a: o) = 3" ¢;z0) (where {z(M), 22 .. 2(™} is an orthonormal basis of R™).
j=1

¢ = (a®,2)), j =1,2,...,n. So, ¢; = (D, 2V = Alxgl) > 0. Apply power method: lim A¥a() >

k—o0

0= A*a® > 0 Vk > m. Choose mg = min{m : A*Fa®) > 0 VEk > m}, then, A* >0 Vk > kg = mqo + 1.
So, A is an eventually positive matrix.

(ii = i): From the Perron-Frobenius theory of nonnegative matrices, the assumption A* > 0 means
that the dominant eigenvalue of A* is positive and the only one in the circle while the corresponding
eigenvector is positive. It is well known that the matrix A has as eigenvalues the k-th roots of those of
AF with the same eigenvectors. Since this happens Vk > ko, A possesses the strong Perron-Frobenius
property. O

Theorem 2.2. [5, 7, 13]. For a matriz A € R"*™ the following properties are equivalent:
i. Both matrices A and AT possess the strong Perron-Frobenius property.

ii. A is an eventually positive matriz.

iii. AT is an eventually positive matrix.

Proof. (i = ii): Let A= XDX ™! be the Jordan canonical form of the matrix A. We assume that the
eigenvalue A\; = p(A) is the first diagonal entry of D. So the Jacobi canonical form can be written as

A\ 0 mT
A= [ ] [ -

where y(l)T and Y1, are the first row and the matrix formed by the last n — 1 rows of X1
respectively. Since A possesses the strong Perron-Frobenius property, the eigenvector (1) is positive.
From (2.1), the block form of AT is

M0 "
AT = [yMy T [ ] [ 2.2
[ ‘ n,n 1] 0 ‘ D771’_17n_1 ngll,n ( )
The matrix DX, is the block diagonal matrix formed by the transpose of the Jordan blocks except
A1. It is obvious that there exists a permutation matrix P € R~ 1x(=1) gych that the associated
permutation transformation on the matrix Dg;_lm_l transposes all the Jordan blocks.

Thus, Dy,—1n—1 = PTDI_, | P and relation (2.2) takes the form:

T ()T 1|0 1] 0 M0 1|0
A=l |Y”’"1][OP][OPT 0 [ DI, ||0]|P
1] 0 R s M0 z”
- [ 0 ‘ PT } [ Xg—l,n ] =l |Yn1’n][ 0 ‘ Drn1n—1 } Xr/:n—l
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where Y, =Y Pand X, ; = PTX]

o nn—1 = n—1,n- The last relation is the Jordan canonical form of

AT which means that y(!) is the eigenvector corresponding to the dominant eigenvalue ;. Since AT
possesses the strong Perron-Frobenius property, (1) is a positive vector or a negative one. Since y(l)T is
the first row of X !, we have that (y(l), x(l)) = 1 implying that y) is a positive vector.

We return now to the Jordan canonical form (2.1) of A and form the power A*.

A 0 m*
Ak B x(l) Xn " |: :| |: y :|
[ | ) 1] ‘ DF Yn—l,n

n—1n—1
then
1 1| 0 mr
— AR = WX, Y
)\]f [m | ’ 1] 0 ‘ % D'r]i 1,n—1 Ynfl’n

Since A; is the dominant eigenvalue, the only one of modulus A;, we get that khrn DfL_Ln_l = 0. Thus

kk

lim iAk =gy "> 0.

k—o0 1
The last relation means that there exists an integer ky > 0 such that A* > 0 for all k > kq. So, A is an
eventually positive matrix and the first part of theorem is proved.
(74 < i41) : Obvious from Definition 2.5.
(ii = i): The proof is the same as that of Theorem 2.1, by considering that A and AT are both eventually
positive matrices. O

Theorem 2.3. [2, 13]. Let A € R™*™ be an eventually nonnegative matriz. Then, both matrices A and
AT possess the Perron-Frobenius property.

Proof. Analogous to the proof of the part (it = i) of Theorem 2.2. O

Theorem 2.4. [5, 7, 15]. If AT € R™" possesses the Perron-Frobenius property, then either

Zaij = p(A) Vi = 1723 ey 10, (23)
or
i TH S < )
i | Yoo | < o) < s (o 24
]:

Moreover, if AT possesses the strong Perron-Frobenius property, then both inequalities in (2.4) are strict.

Proof. Let (p(A),y) be the Perron-Frobenius eigenpair of the matrix A7 and e be the vector of ones.
Then,

n
> a1
j=1
n
y e =y = - vi) i < max > aii | D v
: j=1 i=1

i=1 7j=1

n
> A
j=1



Int. J. of Applied Mathematics and Computation, 4(2), 2012 203

n n
A=Y Z > ais | D
e = a; min ;i ;.
y y'L l] 1<1<’n, 1] yl
j=1 i=1

i=1

On the other hand, we get
y"Ae =" ATy = p(A)e"y = p(A Zyg

Combining the relations above, we get our result. Obviously, equality holds if the row sums are equal. If
AT possesses the strong Perron-Frobenius property, then 3 > 0 and the inequalities become strict.  [J

Corollary 2.5. [5, 7, 13]. If A € R"*™ possesses the Perron-Frobenius property, then either

> ai; = p(A) Vji=1,2,..n, (2.5)

or

n
212, (Z> < o) < (Z) ~ 20
=
Moreover, if A possesses the strong Perron-Frobenius property, then both inequalities in (2.6) are strict.

Theorem 2.6. [5, 7, 13]. If the matrices A, B € R™" are such that A < B, and both A and BT possess
the Perron-Frobenius property (or both AT and B possess the Perron-Frobenius property), then
p(A) < p(B). (2.7)

Moreover, if the above matrices possess the strong Perron-Frobenius property and A # B then, the
inequality (2.7) becomes strict.

Proof. Let z,y > 0 be the Perron right and left eigenvectors of A and B associated with the dominant
eigenvalues A4 and Apg, respectively. Then the following equalities hold

yT Az = AayTx, yTBx = \gy'z.
Since A < B, B= A+ C, where C > 0. So,
Mpylae =y"Br =yt (A+ C)x = yT Az + yTCx > yT Az = M\ yy" 2.

Assuming that y”z > 0, the above relations imply that Ag > A4. The case where y” 2 = 0 is covered by
using a continuity argument and perturbation technique. It is also obvious that the inequality becomes
strict in the case where the associated Perron-Frobenius properties are strong. O]

2.2 Weyl Tyrtyshnikov equal distribution

This part recalls some definitions on the distribution of matrix sequences. Furthermore, some tools to
evaluate the strength of the equal distribution and equal localization that are based upon estimes of the
singular values and involve the Frobenius norm. We denote by M(C) the linear space of all the square
complex matrices of dimension s x s, and we equippe this linear space by the Frobenius norm defined
by:

N
W=

JAlr = [0 = [ 3 Jayl?
j=1

i=1j=1
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where A = [a;;]f ;_; € M(C) and 0;(A) denotes the j-th singular value of A. The first motivation
is "practical” in the sense that, in the approximation of matrix sequences of increasing dimension in
the simpler space of matrices, this is the only Shatten p-norm whose calculation is computationally not
expensive. The second motivation is theoretical: actually the Frobenius norm is the only Shatten p-
norm induced by an inner product which makes the space M(C) into a Hilbert space. More specifically,
setting < A, B >=trace(A*B), we deduce that ||A||r =< A, A >3

Definition 2.6. Two real sequences {a§”)}i§dn, {bg")}igdn (dn < dpt1) are equally distributed (ED) if
and only if, for any real-valued continuous function F with bounded support, the following relation holds:

dn

Tim. dln; (F<ag")> - F(bf."))) = 0. (2.8)

When the previous limit goes to zero as O(d,') and F is Lipschitz continuous, we say that there is
strong equal distribution (SED). The same definition applies to the case of sequences of matrices

{An}n and {B,}n of dimension d,, X d, : in this case {agn)}igdn and {bgn)}igdn are the sets of their
singular values (or eigenvalues if the involved matrices are Hermitian).

Notation {A,}, ~p {Bn}, means that the matrix sequences {4,}, and {B,}, are equally dis-
tributed.

Definition 2.7. Two real sequences {agn)}igdn, {bgn)}igdn (dn, < dpy1) are equally localized (EL) if and
only if, for any nontrivial interval [«, 5] (o < ), the following relation holds:

lim di (card{i : agn) € |, 8]} — card{i : bE") € [a,ﬂ]}) = 0. (2.9)

n— oo n

When the previous limit goes to zero as O(d;; '), we say that there is strong equal localization (SEL).
The same definition applies to the case of matriz sequences {Ap}y and {Bp}, of dimension d,, X dy,: in

this case {agn)}igd" and {bgn)}igd" are the sets of their singular values (or eigenvalues if the involved
matrices are Hermitian)

Notation {A,}, ~; {B,}, means that the matrix sequences {A,},, and {B,}, are equally localized.
Proposition 2.7. [9, 11, 12]. Let {A,}n and {B,}, be two sequences of d,, x d,, matrices.

1. Assume that rank(A, — Byn) = o(d,). Then the sequences {A,}n and {B,}n are equally localized
(EL) and equally distributed (ED).

2. Ifrank(A, — By) = O(1). Then the sequences { Ay} and {By}n are strongly equally localized (SEL)
and strongly equally distributed (SED).

Proof. 1. Let r,, = rank(A, — B,). As a consequence of the Cauchy interlace theorem we have
Oi—ar, (Bn) = 0i(An) > oigor, (Bp) for i = 2r, + 1,...,d,, — 2r,. Therefore, for any interval [«, ]
we have

card{i : 0;(An) € [a, 8]} = card{i: o;(By) € [a, 0]} + en |en| < 4dr,. (2.10)

Consequently r, = o(d,,) and then the sequences {4, }, and {B,}, are equally localized (EL). Hence,
the equal distribution (since the equal localization (EL) implies the equal distribution).
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2. If r, = O(1), then there is SEL by (2.10). For the proof of the last part, recall that F' is Lipschitz
continuous with bounded support contained in M = [a, 8]. Owing to its Lipschitzness, F is of bounded
variation (F € BV) too. Therefore it can be expressed as the sum of two monotone functions. By
linearity it is enough to focus our attention on the monotone functions restricted to M. Let S(A,) and
S(By,) be the sets of the singular values ordered nonincreasingly. Let ¢ be an integer number and let
S(Bn, q) be such that (S(Bp,q))i = (S(Bn))itq, ¢ = 1,2,...,dy, where (S(B,)); = min{a, (S(Bn))a, }
if j > d, + 1 and (S(B,)); = max{3, (S(By,))1} if j < 0. Now, supposing that r, = O(1) i.e., r, < k
for some positive k, we find that S(B,,—2k) > S(By),S(4,) > S(Bn,2k), where ” > 7 is intended
componentwise. Finally, by monotonicity we deduce that

dn dn
D (Floi(An)) - F(ffi(Bn)))‘ < (F (04(S(Bn, —2k))) — F (0:(5(Bn, 2k))))
i=1 i=1
= |- > (F (5:(S(Ba)) ~ F (73(B))
" i=1-2k,...,2k,j=dn —2k+1,...,dp+2k
= 0(d,")
and the proof is complete. O

Theorem 2.8. [9, 11, 12]. Let {A,}n and {B,}, be two sequences of d,, X d,, matrices.

1. If||A,— By — D, ||% = o(dy,) and rank(D,,) = o(d,,), then the sequences { A}, and {Bp}, are equally
distributed (ED).

2. When ||A, — Bn — Dyl = O(1), with rank(D,) = o(1), then {A,}n and {Bn}, are strongly equally
distributed (SED).

3. Approximation of Poisson equations (1.1) by collocation systems

In the preceding section we have recalled some definitions and main results of the Perron-Frobenius theory
and of the Weyl Tyrtyshnikov equal distribution. Here, by the use of the radial function ¢ : R* — R,
we determine the collocation systems approximating the Poisson equations (1.1).

Discretizing  with grid points z;; = (z;,yx) = (hj, hk); 5,k =0,1,....,n+ 1 and h = n%rl, we define
an approximated solution of the Poisson equations (1.1) by setting

n+ln+1

(@, y) =D vwd ((z,y) — (. 50)) (3.1)

j=0k=0

where

V&% + y? 4+ ¢ Multiquadric (MQ)
1

é(z,y) = \/W Inverse multiquadric (IMQ) (3.2)
e Gaussian
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The use of (1.1) and (3.1) yields

n+ln+1

ZOkZOvjk [87"2 + By ] ( — X5,y — yk) = f(xay) for (x,y) €N
gL+1n+l .
EOkEOUjW(—%A y—yk) =9(0,9) ify €10,1]
ngran_rl )
ZOkE Ujk¢(1_xj7y_yk) :g(lay) lfye [07 1]
j=0k=0
31+1n+1 )
2 2 vkl — 5, —yr) = g(@,0) if z € (0,1)
j=0k=0
7J1+1n+1 .
ZOkEOvjkqﬁ( —xj, 1 —yi) =g(z,1) if x € (0,1)
J
By straightforward computations, one has:
5 o(a? 4y + )% 5 y(a? + 2 + )72
00y = —ala® g2+t 200y )y 4?4 )
Ox Loy —22ty? dy —2y _ 224y
ze , Ze
then
52 (362 +y? + 02)_% _ xQ(xQ + y2 +02)—g
O (wy) = { —(@? +y? ) 7E 4 307 (% + g )
a.’L’ _9 _Z +y 422 7m2+y2
—=e ¢ +-Fe &
96 (w2+y2+0)‘%—y2(x + +C) :
3 5
——(z,y) =4 —(@+y’ +*) 72+ 32+ 4 )3
ayQ 9 71+2 42 I2+z
2z e <? + (%!2 e
then
50 5 (2% + 92 +2¢%) (2% + 42 + )72 (MQ)
(2% +y% = 2¢%)(2? +y? + )73 (IMQ)

82( y>+ﬁ( x,y) = L
02)67”@1

(@ +9?) - (Gaussian)

The linear system associated with (3.3) is given by:

8%¢

n+1
[azz + 57 } (xj — 2,y — Yp) = flxjouk) G k=1,....,n

(@) > vy
l,p=0
n+1

(0) X vpd(—z1,y; — Yp) =
l,p=0
n+1

() 22 vpd(l — 21,95 — yp)
l,p=0
n+1

(d) Z ’Ulp¢(‘rj
l,p=0
n+1

(e) > vpolr; —xp,1

l,p=0

9(0,y,) : won+1

=g(1,y;) an+1
1, —Yp) = 9(25,0) :

—yp) = g(z;,1) :
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Setting g = 1, then

) 2 2
. [a¢>+a¢

!
= |92 T 02 ] (zj — 21,96 — Yp)

1 c

(zj=20) +(yr—yp)® =22
5
((@j—20)?+(yr—yp)>+c?) 2

S —2)? + (g — yp)® — Pe”

(

1 1 g’

o
= Q)

+
V(@i—2)? Wk —vp)>+ | (2;—) 2+ (ye—yp)>+c2) 2

(MQ)
(IMQ)

zj*mL)Q‘F(yk*yp)Q

7z (Gaussian)

(MQ)

(G=D*+(k=p)?—29"
[(G—1)?+(k—p)2+92]2

rrgrl( = 1% + (k= p)* — g%Je

|
2=

and

VG0 (k—p)P 52 MR e

(IMQ)

_ =02+ (k=p)? )
97 (Gaussian)

[(G—0D2+(k—p?+g%F (MQ)

_ G024 (k—p)?

h
qﬁi:; = ¢($j — X, Yk — yp) = %((] - l) (k _p)2 + 92)7% (IMQ)
e

It follows from (a), (b), (¢), (d), and (e) that

n+1 )
ZC‘;:ZPU@ :fjk 5L k=1,2,...n

1,p=0

n+1

qué—pvlp:g(oayj) = g9oj j:0717"'7n
l,p=0

n+1

Yo v =9(Ly) =g J=0,1,.n

l,p=0

n+1
> éh oy =g(x;,0) =gjo j=1,...,n
l,p=0

n+1

Z ¢n+1 —pU = g(zj, 1) = gi1 Jj=1,..,n

l,p=0

(Gaussian)

+1

+1

207

(3.6)

(3.9)

(3.10)

(3.11)

(3.12)

When exploiting the relations (3.8), (3.9), (3.10), (3.11), and (3.12) above we deduce the following linear

system
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AT AT A AT ey o
n+2 n+2 n+2
L I G | e e £
ACTD AD g aa | | g
n+2 n+2 n+2 n+2 n+1 n+1
A$l+120 A5L+121 A£L+12n A£L+17)n71 v f
ie.,
Agv=f (3.13)

where d,, = (n +2)%. For j =0,1,....,n+1

A(nf2) _[ j ]n-i—l . A(n+2) _ [¢l("+1)*j]”+1 (3.14)

0—5 — Wi-pll,p=0° n+l—j = -p l,p=0

forj=1,2,...,nand [ =0,1,...n+1

i—1 -1 i1 -l
S TP A

71

c c{;l cn:ll et

AT = (3.15)
d A g
I A

for k=0,1,....,n+1,

T ot =

k T. £(0) _ T
vk = (Uk,o,vk,1,~-~,vk,n+1) 5 f( ) = (90,0,90,1, ---,go,n+1) 9n+1,0, ---79n+1,n+1)

and for p=1,2,...,n,

f(p) = (gp,07 fp,la eeey fp,na gp,n+1)T'

The relation given by (3.13) is called the radial basis functions collocation systems approximating the
elliptic boundary value problems (1.1) and the associated two level matrices Ay, are the collocation
matrices. These matrices are highly structured, full and near Toeplitz [3].

4. Approximation of the collocation matrices by Toeplitz sequences

This section is devoted to the approximation of collocation sequences by Toeplitz and to the asymptotic
behavior of the generating function of these Toeplitz sequences.

4.1  Approximation of collocation sequences

In [1], the authors provided explicit asymptotic estimates, as function of ¢/h, ¢ being the shape parameter,
h being the step size, to the condition number p(7},) of the Toeplitz matrix T}, related to the approximated
one-dimensional model problem

u (x) = f(x) z € (0,1)
u(0) = ug, u(l)=uy (4.1)
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with the collocation technique over a grid of equally spaced points and based on the MQ, IMQ, and
Gaussian radial functions, respectively. Here we are interested by the approximation of two-dimensional
model problem (1.1).

In reference to section 3 and for [ = 0,1,...,n + 1; if we set

n+2 n n+2 n+1-—1 n+l—I1n
A(()71 = Wv—p - Cic—p}k;:lzo and A£L+121 = ktzl) - th; ]k;IZO (4.2)

then the matrices Agjg), A2 ASTZ_Q), and A(n+2)l are symmetric of rank at most n + 2 and the

nt1—0 n+l—
matrices Tr(fgz)l and Tr(ﬁii)l defined respectively by

T3 = AT — AT and TP, = AU, AR (4.3)

are symmetric Toeplitz matrices generated by the function

s(z,y) = + 2202 [cos(2kmx) + cos(2kmy)] + 4220? cos(2jmx) cos(2kmy)  V(x,y) € N

k=1 k=1j=1
(4.4)
Next, for j =1,2,....,nand [ =0,1,...,n + 1, if we set
oy~ ol A
0
n+2 . . n+2 i—l1n
Agfz ) = : : and Tj(fl )= [Cifp]k,;gl:o (4.5)
0 ... 0
fz;ll - Ci;ﬁ ¢671 - C(j)il
we deduce the following splitting
n+2 n+2 n+2
A = D g A (4.6)

It follows from (4.5) that each matrix ijm is of rank equal to 2 and according to relation (4.6), it
is obvious that rank(Ag-T{Q) -T j(flﬁ)) = o(n + 2). Exploiting Proposition 2.7 it follows that the matrix
sequences {A;T{m}n and {T;ff2)}n are equally distributed (ED) and equally localized (EL), i.e.,

n+2 n+2
(A~ p (T (4.7)

When constructing the two-level matrices Ay, and Ay, of the following way:

n+2)1n n+2)1n
Ty, = [T7210F and A, = [AVT2)0H (4.8)
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we deduce from relations (3.14), (4.2), (4.3), (4.4), (4.5), and (4.8) that

Ag, =Ta, + Aa, (4.9)

where Ay, is a matrix of order d,, = (n + 2)? and whose the rank satisfies the inequality

rank(Aqg,) <4(n+1) = o(dy) (4.10)

Next, Ty, is a symmetric block Toeplitz matrices with symmetric Toeplitz blocks generated by the
function s(z,y) defined in (4.4). Using relations (4.9) and (4.10) we have that

Adn — Tdn = Adn

rank(Ag,) = o(dy) (4.11)

Exploiting again Proposition 2.7 it follows that the matrix sequences {4q4, }» and {Ty, }, are equally
distributed (ED) and equally localized (EL), i.e.,

{Aa, }n =00 {Tu, }n (4.12)

so, the Toeplitz matrices Ty, are good approximations for the collocation matrices A4, which can also
be seen as good preconditioners for Ag, .

4.2 Asymptotic behavior of the generating function s(x,y)

In this subsection we study the asymptotic behavior of the generating function s(z,y) of two-level block
Toeplitz matrices Ty, := Ty, (s) in the Multiquadric, Inverse Multiquadric and Gaussian cases. First, we
recall the following main result for the integrable functions.

(n)

Proposition 4.1. [8]. Let {S,}n be a sequence of quasi-uniformly distributed grid points x; ' on I =

[—7, 7] Then, for any bounded and Riemann integrable function g, we have
n—1 n T
>y = 5= [ g+ olm
i=0 T r

If the distribution is uniform and if g is bounded and Lipschitz continuous except, at most, for a finite
number of discontinuity points, then

S o) =g [ g0,

—T
Armed with Proposition 4.1, the following Lemma holds true
Lemma 4.2. The real-valued integrable function s(x,y) is even and unbounded over the compact domain

Q=[-1,1.

9 Darbose
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Proof. In this proof, we treat separately the cases: Multiquadric, Inverse Multiquadric and Gaussian.

For j,k=0,1,...,n+1; let us recall that: z;; = (z;,yx), h = n%rl and g = {.

e Multiquadric case

1 1 g% . . ,
C;C*E(]2+k2+92> 2+ﬁ(j2+k2+92) 2:C§g+§£

where
1 1 . 1 9 92 ) L
cg,lz = E(]Z + k2 +92) 2 and C(.,]z = 7(32 + k2 +g2) 8

. [o ol o]
Since the Fourier coefficients ¢), are nonnegative, to study the behavior of the series »_ > c;?, we study
k=1j=1
n+1 (2)
the behavior of the sequence }_ ¢;; and we conclude by exploiting the inequality
k=1 '

n+l ) n+1 ) n+in+1
IETELRTY DIV ED I (1.13
k=1 k=1 k=1j=1

Indeed:

g2 _ g3 1 c

1 2
h(k2+g2)3  cln+ D [(A5)2 + 25 [ + )3

o2 —

Since the function y — ﬁ is positive and continuous on the interval [0, 1], it is Riemann integrable,
c“+y=)2
o)

1 2
0</ ———dy = ag < o0,
0 (2 +y2)2

and according to Proposition 4.1, we have that

1 ! ? ! c?
lim = dy = ap.
n—)oon+1;(62+yi)% /0 (02+y2)% Y 0

Then, for € = ap/2, AN, € N such that

1 ni:l 2 Qg
n> N, = —op| < —
n+1k:1(02+y2)% 2
n+1 2
3
= Fn+1) < T < S+ 1)
=1 (2 +y7)?
Then,
n+1
Zc((f,l ~n-+1
k=1
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S0
n+1 y
(2
nl;rr;OZco . = (4.14)
From (4.4), (4.13), and (4.14) we obtain
lim s(z,y) = oo, lim s(z,y) = o0
(z,4)—(0,0) (=.9) (z,9)—(0,1) (=.9)
and
lim  s(z,y) = oo, lim  s(z,y) = o0
(z,y)—(1,0) (.9) (z,y)—=(1,1) (.9)
Hence, s(z,y) is unbounded over Q. Since the Toeplitz matrix Ty, (s) is symmetric, we deduce that
the function s(z,y) is even. O
e Inverse Multiquadric case
oL PR
TR (24 R+ )l
then
gL Ko PGP ety

R— fr— + =
B2+t @+ GEAT @+

One shows as in Multiquadic case the following relations

n+1 n+1

ch ~—(n+1) and li_>m ch = —00 (4.15)
k=1 k=1

Since the Fourier coefficients cé‘? of s(z,y) are all nonpositive, we have

n+1 n+1ln+1 n+1
) +4 ch + ZZC] < ch. (4.16)
k=1j=1 k=1
From (4.4), (4.15), and (4.16), it follows that
lim s(z,y) = —o0, lim s(z,y) =—o0
(z,y)—(0,0) (.9) (z,9)—(0,1) (@9)
and
lim s(z,y) = —o0, lim s(z,y) = —o0
(z,y)—(1,0) (.9) (zy)—(1,1) (=:9)

Hence, s(z,y) is unbounded over the domain €2 and because Ty, (s) is symmetric, we deduce that the
function s(z,y) is even.
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e Gaussian
Also in this case, one shows as in Inverse Multiquadric case the following limits

lim s(z,y) = —o0, lim s(z,y) =—o0
(z,y)—(0,0) @) (z,y)—(0,1) (@9)
and
lim  s(z,y) = —o0, lim s(z,y) = —00
(z,y)—(1,0) @) (z,y)—(1,1) (@9)

Since the Toeplitz matrix Ty, (s) is symmetric, we conclude that the generating function s(z,y) is even.

Remark 4.1. The solution of the system of linear equations T, (s)v = f provides an approximate

solution of the collocation system Ag,v = f which is also an approximate solution of the elliptic boundary
value problems (1.1). Furthermore, the matrices Ty, (s) are ill-conditioned for any value of n. More
precisely, the Euclidean condition number of Ty, (s), as a function of the dimensions, is unbounded:

lim ko(Ty, (8)) = oo. (4.17)

n— oo

Hence, unless some preconditioning are used, all classic iterative methods are very slow.

5. Asymptotic growth of the spectral radii of the collocation matrices

Throughout this section we prove that the spectral radii p(Ag, ) of the collocation matrices A4, grow as
d,, when the shape parameter ”¢” is strictly greater than /2. The proof of this result will be done in
the cases: Multiquadric, Inverse Multiquadric and Gaussian.

Lemma 5.1. If ¢ > /2 then, the inequalities (5.1), (5.2), and (5.3) hold true

p(=Ta,) = p(Ta,) < p(Aa,) < p(Ta,) + p(Ad,) (5.1)

In Multiquadric case

n+ln+1 n+ln+1
min E E c] Ty,) < max E E ci:l (5.2)
0<j,k<n+1 0<j,k<n+1 P
1=0p=0 1=0p=0

and in Inverse Multiquadric and Gaussian cases

n+1ln+1 n+ln+1

C < Tb 5.3

0<j, k<n+lzz b p Al 0<g k<n+1zz ) (5-3)
1=0p=0 =0 p=0

Proof. According to (4.9)

Aq, =T, +Aqg,
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then
(Adn)Q = (Tdn)2 + T4, Ag, + A, Ty, + (Adn)z (5.4)
since
n+2)1n n+2)1n
Ty, = [Tj(fl+ )]jj:lo and Ag, = [A§':lr )]j,;rzlo
then
nt1 n+1 n+1 n+1
n+2 n+2 n+2 n+2
(T0,)? = | oTEPTE 5 (Ag,)7 = [ YA Al
s=0 3,1=0 s=0 4,1=0
nt1 n+1 nt1 n+1
Ty Ag, = ZT;ﬁjQ)Ag’j?)] D Aa T, = [ ST
s=0 3,1=0 s=0 4,1=0
then
n+1 n+1
(A0,)> = > {T}T)Tgﬁf DA AT L AR A ) }] (5.5)
s=0 4,1=0
For k,p=0,1,...n+1
n+1 n+1
n+2 n+2 n+2 n+2 j—s s—
(Tj(fj )Ts(ir ))k,p = Z(Tj(fi ))kq(Ts(jr ))qp = Zcfﬁch,i,, (5.6)
q=0 q=0
n+1 n+1
n+2 n+2 n+2 n+2 j—s 5— s—
(Tj(_—: )Ai_J{ ))k,p = Z(Tg(—j ))kq(Ag——; ))qp = chjc—q((bqf; - cq*é)’ (5.7)
q=0 q=0
n+1 n+1
n+2 n+2 n+2 n+2 j—s j—S\ _S§—
ATy = S AT (T ) gy = (6175 — e, (5:8)
q=0 q=0
n+1 n+1
n+2 n+2 n+2 n+2 j—s j—s s— s—
AT ATT )y = S (AT (A )0 = D (0175 — A5 (0575 — ci)- (5.9)
q=0 q=0

. n+1

From (5.5), (5.6), (5.7), (5.8), (5.9), we have that (Ag, )2 = [[afc’lp];;;l:o] where for j,0 = 0,1, ..,n+1
e Js

and k,p=0,1,...n+1

n+1ln+1
gl j—s s—I j—s/ 15—l s—l1 j—s i—s\ s—lI
Tp = Zz{c’ichq—p + Cqu((bq—p - Cq—p) + k—q Ci?ffq)cq—p

s=0q=0
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j—s j—s s—1 s—I
+ (Ph—g = G-g) (9g=p — cg=p)}
n+ln+1
j—s 1s—1
= quﬂ%q%w >0
s=0q=0

smceqS >0 Vin,m,r=0,1,...,n+1. Then

(Ag,)* >0 (5.10)
. n+1 . n+1

On the other side, Ty, = [[c}cil ]’,;‘H:O} > 0 (in Multiquadric case) and =Ty, = [[fc};l ]ZH:O} >
n plkp=0] 1 o n plkp=0] ., 4

0 since fci:lp > 0 (in fact ¢ > v/2) Vi, j,k,p=0,1,...,n + 1 (Inverse Multiquadric and Gaussian cases).
Then (Tdn)2 = (=Tg,)? > 0. All the coefficients of the matrices (A4, )% and (T}, )? are nonnegative, then
both(A44,)? and (T, )? are nonnegative matrices, soAy, and Ty, are eventually nonnegative matrices.
According to Theorem 2.3, the matrices Ad , Ad , Ty, and Td possess the Perron-Frobenius property.

Since Aq, — Ta, = Aq, it follows from Theorem 2.6 that

p(=Ta,) = p(Ta,) < p(Aa,) < p(Ta,) + p(Aa,)
and according to Theorem 2.4, we have that

e In Multiquadric case

n+1ln+1 n+1ln+1
: j—1
min g E CJ max E E c,jci
0<j,k<n+1 0<j k<n+41 p
1=0p=0 1=0p=0

and
e Inverse Multiquadric and Gaussian cases

n+ln+1 n+ln+1

C < Td
0<],k<n+lzz b p (=T, o<j k<n+lzz
1=0p=0 =0 p=0

O

Lemma 5.2. Ifc > /2, then the spectral radius p(Ty,) of the Toeplitz matriz Ty, grows as d,, = (n+2)2.

Proof. We treat separately the cases: Multiquadric, Inverse Multiquadric and Gaussian.

e Multiquadric
For j,l,p,k=0,1,....,.mn+ 1

gt =L
PTG 02+ (k—p2t g B - 02+ (k—p)?+g3

Then

n+ln+1 ) n+1n+1 1 g2
35 - 135 (o ) G

=0 p=0 1=0p=0
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First of all, for j — 1 € [-n — 1,n + 1] fixed, let us study the functions: f, ,_;(z) = ——+—
’ 2[ i Y Fni=i(®) = ot

— the interval [—n — 1 1]. Si i—1 and g, j—

1ot E over the interval [—n ,n+ 1] / ince fn ;-1 and g j—; are even

functions, the study of these functions reduces on [0,n +1]. Because f,, ; ;(z) = W < Oand
’ g2 +x=+(J 2

g, (x) = —— 35—~ < 0for x € (0,n+ 1], then f, ;; and g, j— are decreasing functions on
7 (92+22+(j=D2)2

[0,n + 1]. So, it follows that,

and g, ;—i(z) =

—3(] T

n+1n+1 n+1n+1 g

2
min +

Forl,p=0,1,...n+1,

(5.12)

1 1 1 1 c? 9°
S and 3§ 3
n+1lv2+c2 = 24 p?+g2 n+1l24c): = (24p2+42):

then

n+ln+1 2

1 ? g
(=t aran) §§%<¢p+p+g*1p+ﬁ+fﬁ> (313

On the other side, one easily shows that

n+1n+1 ) [F]+1[5]+1
R 5 3 KA o S
0= ksnt1i=0020 g 1=0 p:O
241 [2]41[2
= 42 Z ¢, + c
=1 p=1
2 2 1 18

<4Z+Zn+2)+ —(n+2)?| < —(n+2)° 5.14
@)[C+CW+)+?JH+)}_(JH+) (5.14)
(a) follows from ¢, < 2 VI,p=0,1,...,[%]+1 and [3] + 1 < 242, Tt follows from (5.2), (5.12), (5.13),

and (5.14) that the spectral radius of the matrix Ty, grows as dn = (n+2)%

e Inverse Multiquadric
For j,k=0,1,....n+1,

n+ln+1 n+1ln+1 2
> (a5 WZZ(jl“£<k”) (5.15)

1=0 p=0 1=0 p=0 ) +9%2

For j—1 € [-n—1,n+1] fixed, the function f, ;_;(z) = =22 =(G=D"+29% jofined on the interval [-n—1,n+
(22 +(—1)2+9%] 3

1] is even, then the study of f, ;_; reduces on [0, n+1]. Because fn)j_l(x) =

—alg®+at+(=1)*) 3 (126° =322 ~3(/-1)*)

(T G0

<
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0 for z € (0,n + 1] (since ¢ > v/2), then f,, j_; is decreasing over [0,n+1]. Hence

n+1in+1 n+1ln+1
1
0<j, k:<n-i—1ZZ ck p 0<J<n+1zz (5 6)
[=0p=0 1=0p=0
Also, the function g, ,(z) = % is a decreasing function over the interval [0,n+1]. So, we deduce
+p<+g°]2
that
n+1ln+1 n+1ln+1
o 3> (=™ =3 > (=¢) (5.17)
<j<n+1
1=0p=0 1=0p=0
According to (5.16), (5.17), it follows that
n+ln+l n+1ln+1
— _
0<j, k<n+1zz - ZZ( cp) (5.18)
1=0 p=0 1=0 p=0

. : 2g°—2(n+1)? -
Because, mlln{ml}n(—cé)} =5 (gq+2(:+-;)2))2 =% (nfl)3 2 Z 215 , then for I,p=0,1,...,n+1,

1 2 -1 < 1 2¢%2—12—p? .
el il = ¢
h3(n—|—1) (02—|—2)% h3 (g + 124+ p? )% P
S0,
02 n+1ln+1
2(5) n+2 < (5.19)
@+ 22
Next,
n+1ln+1 [ ]+1[ J+1
l
e 3ETERD 3D IE
=0 p=0
[3]+1 [3]+1[5]+1
=4q-cG+2) () + (=cp)
p=1 =1 p=1
2 2 1 18
<4|S+ = 2) + — 2)?| < = 2)2 5.20
5 L?}-i-cg(n—&- )+263(n+ )]_C(n-i- ) (5.20)

(8) follows from — ]lo <% Vi,p=0,1,..,[2] + 1. It follows from (5.3), (5.18), (5.19), and (5.20) that
the spectral radius p(Ty, ) of Ty, grows as (n + 2)2.

e Gaussian

One shows as in Inverse Multiquadric case by considering the function f, ;—i(z) = [¢? — (j — 1)? —
_G=024a?

x?Je s that the spectral radius p(Ty,) of the collocation matrix Ty, grows as d,, = (n +2)%. O
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Lemma 5.3. If ¢ > /2, then the inequalities (5.21) hold true

n+1ln+1
< <
p(Ag,) < ZOS;?CE%ﬁHZO];)qb 2V2c¢d, (5.21)

Proof. Since ¢ > /2 then all the coefficients of Ay are nonnegative, so Ay, is an eventually nonnegative
matrix, according to Theorem 2.3 both matrices Ay, and (Ag4, )T possess the Perron-Frobenius property.
It follows from Theorem 2.4 that

ntln+1
p(Ag,) < 0<]r§1€8<u>;+lzz Sy — i)
1=0 p=0
Obviously
max %Til (b / )<2 max Tihilqﬁj_l < z?Cdn 8\1/{/[@@))
0=gksnt1i 0p=0 = k<n+1l=0p:0 e QCdnn (Gaussian)
O
Lemma 5.4. If ¢ > /2, then the spectral radius p(Aq,) of the collocation matriz Aq, grows as d,, =
(n+2)%
Proof. The proof follows from (5.1), Lemmas 5.2 and 5.3. O

6. Conclusion and future works

In this paper we have studied in detail the asymptotic behavior of the generating function of the block
Toeplitz matrices which are equally distributed and equally localized as the collocation matrices approx-
imating elliptic boundary value problems (1.1) and we have provided a deep analysis of the asymptotic
growth of the spectral radii of collocation matrices. Our future researches will consist to solve the precon-
ditioned collocation systems by the quasi minimal residual (QMR) method with preconditioner chosen
in the Tau algebra.
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