INTERNATIONAL JOURNAL OF © 2007 Institute for Scientific
NUMERICAL ANALYSIS AND MODELING Computing and Information
Volume 4, Number 2, Pages 143-177

INCREMENTAL UNKNOWNS AND GRAPH TECHNIQUES
WITH IN-DEPTH REFINEMENT
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Abstract. With in-depth refinement, the condition number of the incremental

unknowns matrix associated to the Laplace operator is p(d)O(1/H?)O(|log, h|?)

for the first order incremental unknowns, and q(d)O(1/H?)O((log, h)?) for

the second order incremental unknowns, where d is the depth of the refine-

ment, H is the mesh size of the coarsest grid, h is the mesh size of the finest
. d— d—11

grld: p(d) =

1
and ¢(d) = —— —d(d? — 1). Furthermore, if block di-
agonal (scaling) preconditioning is used, the condition number of the precon-

2 12

ditioned incremental unknowns matrix associated to the Laplace operator is
p(d)O((log, h)?) for the first order incremental unknowns, and q(d)O(]log, h|)
for the second order incremental unknowns. For comparison, the condition
number of the nodal unknowns matrix associated to the Laplace operator is
O(1/h?). Therefore, the incremental unknowns preconditioner is efficient with
in-depth refinement, but its efficiency deteriorates at some rate as the depth of

the refinement grows.
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Laplace operator, Poisson equation, Chebyshev polynomials, Fejér’s kernel.

1. Introduction

The incremental unknowns—first introduced by Temam [22] through approxi-
mate inertial manifolds and spatial multilevel finite-difference discretizations—are
a natural tool to study the long-term dynamic behavior of nonlinear dissipative
evolutionary equations. Although only dyadic and triadic refinements have been
considered so far, Temam has already suggested the use of incremental unknowns
with in-depth refinement, ibid., page 169.

As an example, the numerical solution of the incompressible Navier-Stokes equa-
tions [20, 21] with Dirichlet boundary value conditions on a staggered marker-and-
cell (MAC) grid [16] entails the numerical solution of the (generalized) Poisson
equation with Dirichlet and Neumann boundary conditions on a classical and stag-
gered grid [13]; the incremental unknowns with dyadic refinement appear there as
an efficient preconditioner. In what follows, we present an analysis of the Poisson
equation: we first introduce the equation, then its spatial finite-difference discretiza-
tion (variational approach), the self-similar interpolating continuous function, the

Received by the editors October 12, 2005 and, in revised form, March 8, 2006.

2000 Mathematics Subject Classification. 65N06, 65F35, 65M50.

This research was supported in part by the Fondo Nacional de Desarrollo Cientifico y Tec-
noldgico, Chile, through Proyecto Fondecyt 1980656, and in part by the National Science Foun-
dation Grants No. DMS-9706964 and DMS-0305110.

143



144 S. GARCIA AND F. TONE

incremental unknowns with in-depth refinement and the graph techniques. With
=)0, 1[x]0, 1], the Poisson equation with Dirichlet boundary conditions is

—Au = f inQ,
u = ¢ onl =090

We consider the preconditioned incremental unknowns matrix K‘lgh, where
ﬁh = STE;LS. Here Zh = PTA,P, where P stands for the permutation matrix
from hierarchical order to lexicographical order, A, = —Aj, and Ay, is the finite-
difference Laplace operator. In addition, S stands for the transfer matrix from the
incremental unknowns ¢ to the nodal unknowns u, i.e., v = S, and K stands for a
suitable symmetric block diagonal matrix.

With in-depth refinement, the condition number of the incremental unknowns
matrix associated to the Laplace operator is p(d)O(1/H?)O(|log, h|?) for the first
order incremental unknowns, and ¢(d)O(1/H?)O((log, h)?) for the second order
incremental unknowns, where d is the depth of the refinement, H is the mesh

and

size of the coarsest grid, h is the mesh size of the finest grid, p(d) =

d—11
q(d) = Tﬁd(dZ — 1). Furthermore, if block diagonal (scaling) preconditioning
is used, the condition number of the preconditioned incremental unknowns matrix

associated to the Laplace operator is p(d)O((log, h)?) for the first order incremental
unknowns, and ¢(d)O(]log, h|) for the second order incremental unknowns. For
comparison, the condition number of the nodal unknowns matrix associated to the
Laplace operator is O(1/h?). Therefore, the incremental unknowns preconditioner
is efficient with in-depth refinement, but its efficiency deteriorates at some rate as
the depth of the refinement grows.

Related conditioning analyses for dyadic refinement are done using a functional
analytic argument [4, 3, 2, 24], whereas here we present a purely linear algebraic
reasoning for in-depth refinement, following the corresponding analysis with dyadic
refinement from [12].

This analysis consists in:

e describing the block-matrix structure of the matrix (SK=1ST)~1 with
graph techniques;
e deriving an appropriate upper bound of the preconditioned generalized
Rayleigh quotient
(v, (SK=18T)"ty)
(v, h?(=Ap)v)
e deriving an upper bound of the maximum eigenvalue of the incremental
unknowns matrix ./Zh.

Incremental unknowns with triadic refinement have been introduced by Poul-
let [19] for the numerical solution of the generalized Stokes equations. Moreover,
computational experiments displayed therein (see page 37, Fig. 6) show that this
condition number is O((logs h)?), agreeing with the theoretical results presented
herein (with the coarsest grid reduced to one point). No conditioning analysis is
reported therein.

As usual, the symbols (+,-) and | - | will denote the scalar product and norm of
the Hilbert space L?(Q2). Throughout this article, ¢ will denote an absolute positive
constant, which may be different at different occurrences.

The outline of this paper is as follows. In Section 2, we present the incremental
unknowns framework: first we introduce the incremental unknowns with in-depth



INCREMENTAL UNKNOWNS WITH IN-DEPTH REFINEMENT 145

refinement in two space dimensions by means of a self-similar interpolating contin-
uous function, and then we introduce some finite-difference operators to obtain an
upper bound of the generalized Rayleigh quotient. In Section 3, we describe the
multi-level structure of the matrix (SS7)~! with graph techniques. In Section 4, we
derive the condition number of the incremental unknowns matrix Eh: first we de-
rive an upper bound of the generalized Rayleigh quotient without preconditioning,
and then we derive an upper bound of the maximum eigenvalue of the incremental
unknowns matrix. In Section 5, we consider block diagonal (scaling) precondition-
ing: first we describe the multi-level structure of the matrix (SK~1ST)~! with
graph techniques, then we derive an upper bound of the preconditioned generalized
Rayleigh quotient, and in the end we derive estimates for the condition number
of the incremental unknowns matrix with or without preconditioning. Finally, In
Section 6, we summarize the distinctive features that are intrinsic to in-depth re-
finement and draw the conclusions.

2. The incremental unknowns framework

In this section, we first introduce the incremental unknowns with in-depth refine-
ment in two space dimensions by means of a self-similar interpolating continuous
function, and then we introduce some finite-difference operators to obtain an upper
bound of the generalized Rayleigh quotient.

Herein, we consider the finite-difference variational approach [1]. Let n be a
nonnegative integer. In two space dimensions, we consider the plane segment =
10, 1[x]0, 1[ and set up the classical uniform grid €, corresponding to the mesh
size h = 1/n in both directions, as follows:

Qh:QhXQh, wherth:{wk:kh|kzl,...,nfl}.

We introduce the finite-difference vector space V), that consists of restrictions to
the plane segment ]0,1[x]0, 1] of step functions which are constant on the plane
segments [T, T(x41)[X [T, zq41)[ for k,0 = 1,...,n — 1. The vector space Vj, is
spanned by the nodal basis @, 4,),k,0 =1,...,n — 1, with @, »,) equal to 1 on
the plane segment [z, Z(p11)[X[21, 2(41)[ and 0 outside this plane segment. Then
we can write a generic vector u € Vy, as follows:

(2.1) u= > u(z)w..

2€Q,

The nodal values {u(z)},cq, are the nodal unknowns of the generic vector u at
the nodes of the grid ;. This equation relates these nodal unknowns to the nodal
basis.

Moreover, we introduce the finite-difference operators V;;,, Vin

Vino(a) = 3 (ol + hes) = o(z),
Vino(e) = 4 (v(a) ~ vlo - hei),

for i = 1,2, where e; = (1,0),e2 = (0, 1) is the canonical basis of R2.
The finite-difference Laplace operator reads

2
(2.2) Ap = Zvihvi}ﬁ
i=1

its finite-difference matrix reads

(2.3) Aj, = I®Ah + A ®I,
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XXX XXXXXXXXXXXXXXXXXXXXXXX
XXX XXXXXXXXXXXXXXXXXXXXXXX
cXXOXXOXXOXXOXXOXXOXXOXX0XX
XXX XXXXXXXXXXXXXXXXXXXXXXX
XXX XXXXXXXXXXXXXXXXXXXXXXX
cXXOXXOXXOXXOXXOXXOXXOXX0XX
XXX XXXXXXXXXXXXXXXXXXXXXXX
XXX XXXXXXXXXXXXXXXXXXXXXXX
X XOXXOXXOXXOXXOXXOXX0OXX0XX
XXX XXXXXXXXXXXXXXXXXXXXXXX
XXX XXXXXXXXXXXXXXXXXXXXXXX
cXXOXXOXXOXXOXXOXXOXXOXX0OXX
XXX XXXXXXXXXXXXXXXXXXXXXXX
XXX XXXXXXXXXXXXXXXXXXXXXXX
cXXOXXOXXOXXOXXOXXOXXOXX0OXX
XXX XXXXXXXXXXXXXXXXXXXXXXX
XXX XXXXXXXXXXXXXXXXXXXXXXX
X XOXXOXXOXXOXXOXXOXX0OXX0XX
XXX XXXXXXXXXXXXXXXXXXXXXXX
XXX XXXXXXXXXXXXXXXXXXXXXXX
cXXOXXOXXOXXOXXOXXOXXOXX0OXX
XXX XXXXXXXXXXXXXXXXXXXXXXX
XXX XXXXXXXXXXXXXXXXXXXXXXX
cXXOXXOXXOXXOXXOXXOXXOXX0OXX
XXX XXXXXXXXXXXXXXXXXXXXXXX
XXX XXXXXXXXXXXXXXXXXXXXXXX

0. .
0 1
Figure 2.1: The nested sequence of grids: d =3,t=3, N = 3.
Triadic refinement (d =3).

where Ay, is the one-dimensional finite-difference Laplace operator, and its associ-
ated finite-difference bilinear form reads
2
(2.4) ((w,0))n = > (Vinu, Vinv).
i=1

Now we present the multigrid-like framework used to introduce incremental un-
knowns. Here, we assume that n = d/N, where £ = 1 — 1 and d,}, N are fixed
integers, d,}, N > 2. The parameter d is the depth of the refinement, the parame-
ter tis the number of levels, and the parameter N determines the size of the coarsest
grid. For j = ¢,...,0, we introduce the jth-level uniform grid €); corresponding
to the mesh size h; = d*~7h in both directions; therefore, we obtain the nested
sequence of grids

(2.5) QD1 D---D0Q DN

In addition, we denote by H (instead of hy) the mesh size of the coarsest grid.

In Figure 2.1, we display the nested sequence of grids for d = 3,1 = 3, N = 3;
this is triadic refinement (d = 3).

Now we propose a hierarchical ordering of the nodal values, the unknown values
of u at the nodes of the finest grid )y, as follows:

e First, the nodal values of u at the nodes of the fine grid €2; that do not
belong to the coarser grid €;_1, for j =¢,...,1.
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e Finally, the nodal values of u at the nodes of the coarsest grid €.
At this point, we consider a function ¥ (¢) with the following intrinsic properties:

e Continuity and Compact Support: (t) is continuous with compact
support; there exits an absolute positive constant M such that | (¢)] <
M, Vt.

e Interpolation: (t) interpolates the Kronecker sequence at the integers:
¥(0) = 1,9 (m) =0,Ym € Z\ {0}.

e Self-similarity: ¢ (t) satisfies the two-scale relation
- d—1
(2.6) v (5) = v@) + Yo, Wz =)+ vz +1)).
r=1

r
where «;. :w(a) ,r=1,...d—1.

e Piecewise continuous differentiability: () is piecewise continuously
differentiable; there exists an absolute positive constant M’ such that |¢'(¢)| <
M’ almost everywhere.

The construction of this function 1 (¢) and examples giving rise to the first order
incremental unknowns can be found, e.g., in [6, 7, 8, 5]. The one example giving
rise to the second order incremental unknowns appears below.

Furthermore, the conditioning analysis hereafter requires:

e o, >0, r=1,...d—1.
e o tag =1, r=1,...d — 1. This requirement implies that

d—1
d—1
2.7 E = )
(2.7) 2 Qe D)

Now we introduce the incremental unknowns and we recursively define them from
the finest level up to the coarsest level (the coarser level is excluded, successively).
First, at the nodes of the fine grid €2; that do not belong to the coarser grid §;_1,
the jth-level incremental unknowns are the increment of the nodal values of u to
the weighted average of the nodal values of u at the neighboring nodes in the
coarser grid ;_1, for j = /,...,1. Finally, at the nodes of the coarsest grid ¢ the
incremental unknowns are the nodal values of u. In Figure 2.2 we display a generic
node of the grid ©; \ ©;_; inside a square. In the refinement process, the open
circle nodes (o) correspond to the previous (coarser) refinement, whereas the solid
circle nodes (e) correspond to the current (finer) refinement. The explicit definition
of these incremental unknowns is the following. First, for j = ¢,...,1, we define
two kinds of incremental unknowns as follows:

Incremental unknowns on the edge of a square (the extremes excluded):

(28) ¢ (,9) = w2, )

_ (aru(previous)(x —rhy,y) + ad_ru(PreviouS) (z + (d —r)hy, y)) ,
for & = khj_1 +rhj,y =lhj_1,k,l=1,...,d" N —-1,r=1,...,d— 1.
(29) ¢ (z,y) = w2 )

- (asu(p'e"ious) (2,9 — shj) + cg_uP®) (2 y + (d — s)hj)) ,

forx:khj_l,y:lhj_l—i-shj,k:,l:1,...,dj_1N—1,s:1,...,d—1.
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r d—r —

e Grid Qj \Qj—l
o Grid Qj—l

Figure 2.2: Incremental unknowns inside a square.
The coarse (o) and fine (o, ®) grid points on a square.

Incremental unknowns inside a square (the edges excluded):

(210) )z, ) = w0 1 )
— (ad_rozd_su(’"e"b”s) (x+ (d—r)hj,y+ (d— s)h;)
+ apaulP) (1 — rhyy — shy) 4+ apag_uP) (z — rhyy 4 (d — s)hy)
+ag_rosulP®) (z 4 (d — r)hy,y — Shj)) ’

for x = khj_1 +rhj,y =1lhj_1 +shj,k,l=1,...,d7'N—-1,r,s=1,...,d— 1.
Finally, we define the coarsest level incremental unknowns as follows:

(2.11) C(coarsest) (.I, y) _ u(coarsest) (.’17, y)’

for x = khg,y = lhg,k,l =1,..., N — 1. Here, these incremental unknowns are the
coarsest level nodal values of u.

Using the Taylor series expansion, we infer that the incremental unknowns in-
troduced before are small quantities of order h;,j =1,...,¢. In fact, because

Qd—rOd—s + QrOs + QrQg—s + ag—rots = 1, rys=1,...,d -1,
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-1 0 1

Figure 2.3: The function ¥(t).
Second order incremental unknowns.

we have

w(@,y) — (ag—rog—su(z + (d —r)h;,y + (d — s)h;) + apou(z — rhj, y — shy)
+ apag_su(x —rhi,y + (d— 8)h;) + ag_rasu(x + (d — r)hj,y — sh;)) =

ou 1 0%u
i 5y @) = 5 (@ar(d = 1) + anr®) =5 (2,y)
ou 1 0%u
— (ag_s(d — 8) — a8) hja—y(x,y) 25 (aa_s(d —5)> + ays?) hfa—yQ(Ly)

— (ag—r(d—71) —ayr)h

82
I 0xdy Oy
In addition, we infer that the incremental unknowns introduced before are small
quantities of order h?,j =1,...,¢, if and only if
Qg—r(d—71) — a,r =0, r=1,...,d—1.
We therefore obtain

— (ag_r(d=7) = apr) (ag_s(d — 8) — rgs) h? (z,y) + O(h3).

=1-- =1,....,d- 1
d d7 r ) 7d

Thus, for second order incremental unknowns, the subjacent self-similar inter-
polating continuous function ¥(¢) is linear (see Figure 2.3):

0, otherwise.

As the nodal unknowns are related to the nodal basis, the incremental unknowns
are related to the hierarchical basis that we introduce below.

First we introduce the hierarchical basis in one space dimension. Here only
the context differentiates the nested sequence of grids (2.5) in one and two space

dimensions. For x € (), we introduce the quasi hierarchical-basis elements w( ) =

wg; for & € Qp \ Q4_1, the hierarchical-basis elements are wg(g ) Fork=10— 1,...,0
and for x € Q, we introduce the quasi hierarchical-basis elements

O = w, + Z Z%( o(cj)rh A:S:th)?

j=k+1r=1

~(k)

for x € Qi \Qk_1, the hierarchical-basis elements are &, ’. Furthermore, for z € Qy,

t— ~
we introduce the function 1/)95 (t) = (%) , and we denote by w;k,)l(t) its finite-

difference discretization on the grid €2y,.
Then using the self—similarity property of v, we obtain

(2.12) ) =),  Vk=10,...,0,Yz € O
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Therefore, all the elements of the hierarchical basis are constructed by means of
one function, the self-similar interpolating continuous function v (t), using the above
formulae.

Now we introduce the hierarchical basis in two space dimensions. Using the
definition of the incremental unknowns, we observe that

u= Z u(z)w, = Z u(z)w, + Z

ZEQR 2692\9571 2€Qp
= Y @wt Y uEelY Qe
2€Q\Qp—1 2=(z,y)EQe—1

For z = (z,y) € £, we introduce the quasi hierarchical-basis elements & =w, =

wz Q wy; for z € Oy \ Qg_1, the hierarchical-basis elements are @; ) We obtain
u= Y CaP+ D wEalV R,
2€Qe\Qp—1 2=(z,y)€EQ—1
Now we assume that, for 1 < k < ¢ — 1, we can write
u= Z ()0 + -+ Z C(z)B¢* D 4 Z 2)o®) ®A(k
2€Q\Qp—1 2€Q,4+1\ Q% z=(z,y)EQy
For z = (x,y) € Q, we introduce the quasi hierarchical-basis elements &) =

o ®w(k) for z € Qi \ Qg_1, the hierarchical-basis elements are &) We there-
fore obtain

u= Y @O+ Y (@R Y u(z)el

2€Q\Qp_1 2€Qp 11\ Qe 2€QR\ Q1
+ > ue® Q.
2=(z,y) €k —1
Furthermore, using the definition of the incremental unknowns, we observe that

u= Y (@EY+t Y @Rt Y (@)t

2€Q\ Qo1 2€QK4+1\ %k 2€Q\ Q-1
~(k=1) (N ~(k—1
+ E u(2)w, wé ),
2=(,y)€EQk—1

For z = (z,y) € Qo, the hierarchical-basis elements are

&0 =50 Q.
(k)

Therefore, the two-dimensional hierarchical-basis elements w(z y) are twofold

tensor products of the form wEk’)y) = X w(k) and all the elements of the hierar-
chical basis are constructed by means of one function, the self-similar interpolating
continuous function ¢ (¢).

From the above, we infer that

)4
(2.13) Z )z,

0 26\ Qk_1
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where we have assumed that Q_; = (). The incremental values {((2)}.cq, are the
incremental unknowns of the generic vector u at the nodes of the grid €. This
equation relates the incremental unknowns to the hierarchical basis.

We now extend every function u : @ — R to a function @ : R? — R, defined
as follows:

2l — 0@ y), i (2 y) €9,
(z,9) {07 ) 0,

and, from now on, we always consider the extension u, while dropping the symbol

(r)

Forr =1,...,d—1, we introduce the symmetric finite-difference operators A hy
defined over the axial directions of the grid as follows:
(2.14) A u(z,y) = AL uz,y) + AL u(z,y),
where
1
(2.15) A(h u(z,y) = ﬁ( w(x —rhj,y) — 2u(z,y) +u(z +rhj,y)),
j
- 1
(2.16) A u(ey) = o3 (u(a,y = rhy) = 2u(@,y) +ulz,y +rhy)).
j
For r,s = 1,...,d — 1, we introduce the symmetric finite-difference operators

@ﬁ;’s), defined over oblique directions of the grid as follows:

r,8 1
(2.17) (9;1; )u(:c,y) F( w(@ —rhj,y — shj) — 2u(z,y) + u(x + rhj,y + sh;))
j
1
+ﬁ( w(@ +rhj,y — shj) —2u(z,y) + w(x — rhj,y + shj)) .
J

We also introduce the finite-difference operators V(T s) V(T %)

8 1

(2.18) V;Lj’ Iy = W (v(z 4+ rhj,y+ sh;) —v(z,y)),
j
= \TS 1

(2.19) Véj Jy = h—(v(x,y) —v(x —rhj,y — shj)).
j

We observe that

(2.20) AP = OV L wIIeeD r= 1 d -,
(2.21) @,S”]_’S) - vg;”vg;;@ + VIV s =1 d - L

(From now on, we will write Ay, instead of Aglj), O, instead of @Sj’l), and

Asn;, Ayp; instead of Agh) ,A;h) , respectively.
With the above notatlons we have the following discrete integration-by-parts
formula (see, e.g., [23, page 481]).

Lemma 2.1. For any u,v € Vy,, we have

(2.22) (u V;: ) ) = — (Vg’s)u,v> .

J
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Proof. Indeed,

d'N-1d'N-1

(w93 0) = kzl Z (khy, 1)} (b, 1hy)

2

d?N—
Z Z u(kh;, lh; ) (v(khy, thy) —v(khj —rhj, lh; — sh;))
k=1

=1 J
d'N—-1d"N-1

hj kzl Z (khj,1h;)v(khj,1hj)

dN-1dIN-1
Z Z (khj, Ih;)o((k —7)hj, (I — s)h;)
hy k=1 I=1
(by setting first k' =k —r,l' =1 — s and then k = k', 1 =1")

dIN-1dIN-1

Z Z (khy, 1hi)o(khy, lhy)
k=1 I=1

d'N—-1—rd’N—1—s

— > > ulkhy +rhy,lh; + shy)v(khy, lh;)

] k=1—r l=1-s
(since u,v are equal to 0 outside 2)

dN—-1d'N—-1
h > Z v(khj,1h;)
J k=1 —

1 d'N-1d'N—-1
- > Z (khj + rhy, lhj + sh;)v(khj, lh;)
k=1 =

d'N-1d'N—-1

Z Z u(khy, lhj)v(khj,lh;) — u(kh; + rhj, lh; + shj)) v(khj,lh;)
dPN-1d'N-1
=- > Z w(khj + rhy, lh; + shj) — u(khj, lh;)) v(kh;, lh;)
k=1 =
= — (V;{’;S)'th) .
This proves the lemma. ([l

3. Incremental unknowns and graph techniques

In this section, we describe the multi-level structure of the matrix (SS7)~! with
graph techniques.

Hereafter, the matrices A = (a(z,2,),(z,,,z,)) Will be of order (n — 1)%; their
associated directed graphs G(A) consist of (n — 1)? vertices that are the nodes of
the finest grid €, and arrows from one vertex to another. An arrow leads from
(Tx,21) to (wh, 2p) if and only if a(4y ), (2, ,2,) 7 0, and this element (coefficient)
is associated to that arrow; this is a direct connection.

The product C = AB of two square matrices of order (n — 1)2 may be done
graphwise. To compute the element c(y, ), (z,/,,), We take into account all the
vertices (7, 2p+) such that there exits an arrow in G(A) from (x, ;) to (xg, xpr)
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d
== =|
7( (@] o o o o o (@]
o o o o o o o
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d

o o o o . o o o

(679 A —r
o o [ ] o . . . o o o
V £ D TN

s

== = =|

r d—r

e Grid Q] \ Qj—l
o Grid Qj—l

Figure 3.1: Directed graph of the matriz D;.
Vertices on the edge of a square.

and an arrow in G(B) from (zg~,xp) to (xg,xp); we compute the product of the
associated coefficients, and we add them for all such vertices (zy, x). If there are
no vertices (-, 2;+) with such characteristics, the element Clan,a),(z,z,y) 1S €qual
to 0.

An intrinsic (i.e., invariant under permutations) description of the transfer ma-
trix S~! from the nodal unknowns to the incremental unknowns is readily done
using the associated directed graph of the transfer matrix from the (previous) nodal
unknowns to the (current) jth-level incremental unknowns. This is illustrated in
Figure 3.1 for the generic vertices of the grid €; \ ;-1 on the edge of a coarse
square (the extremes excluded) and in Figure 3.2 for the generic vertices of the grid
Q; \ Q;_, inside a coarse square (the edges excluded). In addition, with the indi-
cation that the generic axial coefficients are «,. and the generic oblique coefficients
are a5, we have a complete definition of a square matrix D; of order (n — 1)?
such that

¢
S =1-)"D;
j=1

We display the associated directed graph of the matrix DjT in Figure 3.3 for the
generic vertices of the grid Q; \ ©,_; on the edge of a coarse square (the extremes
excluded) and in Figure 3.4 for the generic vertices of the grid ©; \ Q;_; inside

a coarse square (the edges excluded). Now, it is immediate to see graphwise that
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r d—r

e Grid Qj \Qj—l
o Grid Qj—l

Figure 8.2: Directed graph of the matriz D;.
Vertices inside a square.

D,{Dl = 0 for k # [; indeed, the arrows in G(D,{) leave a node of the grid Q4
and land on a node of the grid € \ Qx_1, and the arrows in G(D;) leave a node of
the grid €; \ ©;—1 and land on a node of the grid €;_1; therefore, because k # I,
the arrows in G(DY) and in G(D;) are not connected, and then Df D; = 0. ;From
there, we obtain

4 14
(88"t =975 =1->"D] -3 D;+Y DID;.

j=1 j=1 j=1

To compute the matrix DjTDj7 we select a generic coarse vertex in the grid €2;_1,
and we consider the four nearby coarse squares. Then we need to compute the
circular coeflicients, associated with an arrow leaving a coarse vertex and landing
on the same coarse vertex; the axial coefficients, associated with an arrow leaving a
coarse vertex and landing on the nearest coarse vertices on the axes; and the oblique
coefficients, associated with an arrow leaving a coarse vertex and landing on the
nearest coarse vertices on the diagonals. There are no other direct connections.

The Circular Coefficients. First we select a (generic) neighbor fine vertex
on the edge of a square. We can go there through a DJT—arrow with associated
coefficient «,., and we can come back through a Dj-arrow also with associated
coefficient «,. Then we compute the product of these coeflicients, and we add
them for the overall number of vertices: » = 1,...,d — 1. Since we have to consider
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Figure 3.3: Directed graph of the matriz D;‘-F.
Vertices on the edge of a square.

four edges, we obtain
d—1 d—1
4Zarar = 42@3.
r=1 r=1
Second we select a (generic) neighbor fine vertex inside a square (the edges
excluded). We can go there through a DjT—arrow with associated coefficient a,.a,

and we can come back through a Dj-arrow also with associated coefficient o.cv.
Then we compute the product of these coefficients, and we add them for the overall

number of vertices: r,s = 1,...,d — 1. Since we have to consider four squares, we
obtain
d—1d—1 2
422%& g = 4 (Zaf) .
r=1s=1
Therefore, the circular coefficients are
d—1d—1 d—1
420@0@ —&-42204,«0( apos =4 (Zaf) (1 —&—Zaf) .
r=1s=1 r=1

The Axial Coefficients. First we select a (generic) neighbor fine vertex on the
edge of a square. We can go there through a DjT—arrow with associated coefficient
a,, and we can go forward, to the next coarse vertex on the same edge, through a
Dj-arrow with associated coefficient ay—,. Then we compute the product of these
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Figure 8.4: Directed graph of the matrix DjT.
Vertices inside a square.

coefficients, and we add them for the overall number of vertices: r =1,...,d — 1.
Since we have to consider only one edge, we obtain

d—1 d—1 d—1 d—1

2
g QpQg_y = g a. (1 —a,) = g a, — g Q.
r=1 r=1 r=1 r=1

Second we select a (generic) neighbor fine vertex inside a square (the edges
excluded). We can go there through a DjT—arrow with associated coefficient .o,
and we can go forward, to the next coarse vertex on the same edge, through a D;-
arrow with associated coefficient ay_,cs. Then we compute the product of these
coefficients, and we add them for the overall number of vertices: r,s =1,...,d—1.
Here we have to consider two coarse squares, and we obtain

d—1d—1 d—1 d—1
QZZarasad r%?(Zar Za) af.

r=1s=1 r=1

Therefore, the axial coefficients are

d—1d-1 d—1 d—1 d—1
Zarad T—i—QZZozroz Qg_rOlg = (Zar—2a3> <1+2Za2>.
r=1 s=1 r=1 r=1 r=1

The Oblique Coefficients. Here we select a (generic) neighbor fine vertex
inside a square (the edges excluded). We can go there through a D;fr—arrow with
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N 7

Y Ry

O Grid Qj—l
Figure 3.5: Directed graph of the matriz Fj;_;.

associated coefficient a..as, and we can go forward, to the next coarse vertex on the
opposite diagonal side, through a Dj-arrow with associated coeflicient ag—rog—s.
Then we compute the product of these coefficients, and we add them for the overall
number of vertices: r,s =1,...,d — 1. Since we have to consider only one of these
coarse squares, we obtain that the oblique coefficients are

d—1d—1 d—1 d—1 2
2
E § ApOgOd—pOd—g = E Qyp — E (67 .
r=1 r=1

r=1s=1 r

Consequently, we conclude that

d—1 d—1
(3.1) DID; =4 (Z ai) <1 + Za,’%) Iy + Fj_q,
r=1 r=1

where I;_; denotes the adequate identity matrix, and F;_; denotes a matrix whose
associated directed graph is described in Figure 3.5. Furthermore, recalling that
the axial coefficients are

d—1 d—1 d—1
(S Xt) (102502),
r=1 r=1 r=1
and that the oblique coefficients are

2

d—1 d—1

§ § : 2
oy — (o7 s

r=1 r=1
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we have a complete definition of the matrix F;_;. More precisely,

(3.2)
d—1 d—1 d—1 d—1 d—1 2
(Zar — Zaf) (1 +2Zaz> Ahj + (Zar — Zai) O,
r=1 r=1 r=1 r=1 r=1
d—1 d—1 d—1 d—1
+4 (Za,- - Zaf) (1 —&-Za,. —|—Za2> 1;.
r=1 r=1 r=1 r=1

Also, it is easy to see graphwise (completing the arrows) that

(33) I;—Dj —D;j=hj (d . (—A(T))—kdz:ldz:la a (_@ms)))
J J r hj rQs h;

r=1 r=1s=1

() (3) 1))

with a square matrix G; of order (n — 1)? easily defined graphwise; we display its
associated directed graph in Figure 3.6 for the generic vertices of the grid Q; \
2;_1 on the edge of a coarse square (the extremes excluded), and in Figure 3.7
for the generic vertices of the grid ©; \ ©,_; inside a coarse square (the edges
excluded). Furthermore, recalling that the axial coefficients are «;,., s and the
oblique coefficients are a,.as, we have a complete definition of the matrix G;. To
complete the definition of the finite-difference operator

d—1 d—1d-1
(34) Fag =3 (Zar (-ai) + X X aven (- ZS)))

-1 r=1s=1
axial and oblique (DT Dj)-arrows with their associated coefficients need, at first, to
be subtracted and, afterwards, to be added (to maintain equation (3.3) unchanged)
at all the vertices of the grid Q; \ €;_1; those axial and oblique (DjT, D;)-arrows
with their associated coefficients account for the definition of the matrix G; and
correspond to the axial and oblique (DJT, Dj)-arrows with their associated coeffi-
cients defined by the finite-difference operator —f}, except that those axial and
oblique (DjT, Dj)-arrows with an arrowhead landing on a coarse vertex of the grid
;_1 are discarded (see Figure 3.6 and Figure 3.7 light and straight arrows).

Now, using equations (3.1)—(3.3), we obtain

= D} = Dj+ D} Djy1 = (I; = Df = D;) + (=1I; + D} 1 Dj11)

(S (a0) 8 e (o)

r,s=1

+Gj
d—1 d—1 d—1 d—1 d—1 2
+h§ (Zar Zaf) (1 JrQZa%) Ap, + (Zar — Za%) O, | »
r=1 r=1 r=1 r=1 r=1
and observing that

(88T~ =DTD, + Z — D+ DY Djy1) + (I — Df — Dy),
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Figure 3.6: Directed graph of the matriz G;.
Vertices on the edge of a square.

we find
é ~
(3.5) (SST) M =Fny+ Y Fn, — (G+G),
=1
where
Fry = Io,
d—1 d—1
Fr, = hf (Z o (—A;:)) + 0 Oeg (—@;fg))) , forj=1,
r=1 r,s=1

159
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Figure 3.7: Directed graph of the matriz G;.
Vertices inside a square.

= d—1 d—1 d—1
G=> hn ((Za - Zai) (1 +2Za§> (—A,)
j=1 r=1 r=1 r=1

d—1 d—1 2
(Ee-5et) o)
r=1 r=1
Lemma 3.1. The matrices G and G are positive definite.

Proof. First, we note that the matrix

d—1 d—1
(3.6) (4 (Z ar> <1 + Zar> - 1) (I; = I;_1) — Gy
r=1 r=1

is positive semidefinite.
Indeed, in the first place, the sum of all the associated coefficients corresponding
to the axial and oblique (DjT, Dj)-arrows defined by the finite-difference operator

d—1 d—1d-1 d—1 d—1
4 (ZQT —I—ZZaTaS) =4 (ZQT> (1 —&—ZaT) .
r=1 r=1s=1 r=1 r=1
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In the second place, the sum of all the associated coefficients corresponding to
the axial and oblique (DT Dj)-arrows discarded while defining the matrix G; is 1.
In fact, we have the followmg

e For a generic vertex of the grid ©;\Q;_1 on the edge of a square at position
r within this edge, there are two axial (DJT7 Dj)-arrows discarded. The sum
of their associated coefficients is

ar +oag—r =1, r=1,...,d—1.

e For a generic vertex of the grid ;\;_; inside a square (the edges excluded)
at position (r, s) inside this square, there are four oblique (DjT, D;)-arrows
discarded. The sum of their associated coefficients is

Qg rQq_s + Qrag + Qrag_s + qg_ras = 1, r,s=1,...,d—1.

Then the Gersgorin theorem (see, e.g., [15, page 46]) implies that the matrix (3.6)
is positive semidefinite if

(4 (Z) (Hz) _1> ~0

1 1
To show that, we note that 4x(14+2)—1 = 4(x—&)(x—¢&'), where = —54—5\/5, ¢ =

d—1
I 1 d—1 1 V2
—5 - ﬁandthatg QT7T>€:7§+7>0'

Second, we note that the matrix

(3.7) 4 (Z ar> <1 + Za) — DI Dji

is positive definite, Vj > 0.
Indeed, using (3.1) and (3.2), we obtain

d—1 d—1 d—1
DJ.T+1Dj+1 = h? <<Z o — Zaf) (1 + 22042) Ay
r=1 r=1 r=1
d—1 d—1 2 d—1 d—1
+ (Zar—2a2> O, —|—4<Zar> <1+Zar> I;,
r=1 r=1 r=1

r=1

and hence

4 (3:1 ar> (1 + Zar> ; +1DJ+1
(2:; Q. — 2:; ozf) (1 + 22:; af) (—Ahj) + <z:; o, — Z:;O‘?") (—@h

By the Gersgorin theorem, the symmetric matrices —Aj,; and —@y,; are positive

definite, since they are irreducibly diagonally dominant and have positive diagonal
entries. Moreover, we have

d—1 d—1 d—1
E oy — g af = g araqg—r > 0.
r=1 r=1 r=1
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Hence the right-hand side matrix of equation (3.8) is positive definite, and then the
matrix (3.7) is positive definite.
Now, using the definition of G and recalling (3.8), we have

-1 d—1
se) G- (4 (Z ar> <1 + Zar> ‘ JHD]H) ,
j=1 r=1
and thus G is positive definite, too. This completes the proof of Lemma 3.1. ]

We now introduce the following symmetric positive definite operators, needed in
the sequel:

(3.10) Ap, —h (ZQT( j)), forj=1,...,¢,

d—1d—1
(3.11) Xy, = b2 (ZZO‘T% (_@gj_)s))) , for j=1,...,¢,

r=1s=1
(3.12) By, = hi (=Ap,), for j =0,...,0.

4. Condition number of the incremental unknowns matrix

In this section, we derive the condition number of the incremental unknowns
matrix Eh. First, we derive an upper bound of the generalized Rayleigh quotient
(see Subsection 4.1), and then we derive an upper bound of the maximum eigenvalue
of the incremental unknowns matrix (see Subsection 4.2).

4.1. Upper bound of the generalized Rayleigh quotient. We begin with
discrete inequalities relating the operators &}, and Ay, and the operators /5, and

Ap,.

Lemma 4.1. For any v € Vy,;, we have

d—1
(4.1) (U,thv) <4 (Z ar> (’U,.Ah,j’U) .

r=1

Proof. Using the discrete integration-by-parts formula (see Lemma 2.1), we obtain

(v, -0 " 0i ) = (v;g%,v(f»%)
d'N—-1d"N-1

= Z Z v(kh; +rhy, h) — v(kh;, lh;))?,
k=1 =

h;
(v —VELOT th T)v> = (VEZ_’T)U,VES’T)U)
#N-1d'N-1

Z Z v(khy,lhj + rhj) — v(kh;, 1h;))> .
k=1 =

J
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Using discrete integration by parts again and the inequality (a + b) 2(a® + b?),
we find
(0. -V i) = (V;?S)v,vﬁjf)u)

dN-1d'N-1
Z Z v(khj + rhy, lhj + sh;) — v(khj, 1h;))?
k=1 =1

J

(adding and subtracting the term v(kh; + rhj,lh;))
1 dN-1d'N-1
25 > Z v(khj +rhy,lhj + shj) — v(kh; + rhj, ;)
J k=1 =1
dN-1d'N-1
Z Z v(khj + rhy, lh;) — v(khyj, 1h;))?
k=1 =1

J

(by setting in the former term first &' = k + r and then k = k')
dIN—14rd/N—-1

.
25 > Z v(khyj,lh; + shj) — v(kh;,1h;))?
]

dN-1d'N-1
Z Z v(khj +1hy, thj) — v(khj, lh;))?
k=1 =1

J

(since v is equal to 0 outside )

1 dIN-1dIN-1
2 > Z v(khy,lhj + shj) — v(kh;, 1h;))?
J k=1 =1

d'N—-1d?N—-1

+2% > Z v(khy 4 rhy, thy) — v(khj, 1h;))? .
7 k=1 =1
Thus
d—1d—1 (o) (o)
v, Q- Ol —Vh:’s Vhr’s v>
( r=1s=1 ( ! )
d—1 d—1 1 d"N-1d'N-1
§2< ar> Oars > (v(khj, lh; 4 sh;) —v(kh;,1h;))
r=1 s=1 J k=1 =1
d—1 d—1 1 dPN-1dIN-1
+2 < as> arﬁ (v(kh; +rhj,lh;) (khj,lh;))
s=1 r=1 J k=1 =1
d—1 d—1
=+(Lor) (e (o))
r=1 r=1

Similarly, we obtain

[EZen ey 22 (ge) (- £ o)

r=1s=1 r=1
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Consequently, we conclude that

(U,thv) <4 (Z ar> (U,.Ahjv) .

r=1

This proves Lemma 4.1. [l
Lemma 4.2. For anyv € Vy,;,v # 0, the operators F,; and Ay, satisfy the relation
(v, Fn;v)
4.2 1< ——= < ,
(4.2) (0, An0) = Z ar
where ¢’ is an absolute positive constant; in fact, we have ¢’ = 9.

Proof. By the lemma above, for any v € Vj,,v # 0, the operators Ay, and A},
satisfy the relation

(v, (An; + X))
LT A <1+4(Zar>~

d—1 1 \/§

Now, since Zar > ¢ = —5 + -5 > 0 and since €71 +4 < 9, we conclude that
r=1
the discrete inequality (4.2) holds with ¢ = 9. O

In what follows, we establish discrete inequalities relating the operators (—AEL?)
and (—Ayp,) and the operators A, and By, .

Lemma 4.3. For any v € Vy,;, we have
(4.3) (v, (—Aé?)v) <r?(v,(=Ap,)v), r=1,...,d—1.

Proof. Indeed, adding and subtracting terms and using the triangle inequality, we
obtain

lu(khj + rhy,lh;) — v(khj, lh;) |<Z|u (khj + (7 4+ D)hj, 1h;)
—U(k}h]‘ + fhj,lhj)‘ .

Using the Cauchy-Schwarz inequality, we infer that

(v(khj + rhy, 1h;) — v(kh;, lh;)) <rz (khj + (7 + 1)h;, 1h;)

—U(k’hj + Thj,lhj))
r—1
=Y (v((k+7)hj + hj,lh;) —v((k + 7)hs, 1hy))> .
7=0
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Therefore, we conclude that

dIN-1d"N—-1

44) (v, O)V(’ Do) = = v(khj + rh;, lh;) — v(kh;, 1h;))?
h
J k=1 =1

1

< Z Z ((k + )y + hy,hy) = o((k +7)hy, 1h;))?
] k=1 =1 r=
r—1 1 dPN-1d'N-1

—ry Z ((k + #)h; + hy, hy) — v((k + 7)hj, hy))?
=0 J k= =1

1
(by setting first k" = k + 7 and then k = k')
1

d/N-1+Fd/ N-1
> > (v(khy + hy,lhy) — v(khy, 1h;))?
k=1+7  I=1
(since v is equal to 0 outside Q)

r—1 dIN-1d'N-1

<TZ & Z Z w(khy + hy, Uhy) — v(khy, 1hy)? = r*[ Vg, 0f.
=0 J
Similarly, we ﬁnd
(4.5) (0. =T VI00) < 02T 0l

Now, adding inequalities (4.4) and (4.5), we obtain the conclusion (4.3) of the
lemma. O

Lemma 4.4. For anyv € Vy,;,v # 0, the operators Ay, and By, satisfy the relation

(4.6) v s An; v <Z a,r ) v thv).

Proof. This lemma promptly follows from the previous lemma. U

Now we ask the following question: can inequality (4.3) be improved? To answer
this, we switch to periodic boundary conditions, we compute the eigenvalues of the
operator A( ), and then we write the corresponding discrete inequalities relating
the operators (— AEL )) and (—Ayp,) and the operators Ay, and Bp,;.

Hereafter, we assume that N is even.

Lemma 4.5. For periodic boundary conditions, the eigenvalues of Agfj) are

4 .
(4.7 5 (sin®(rpmh;) + sin®(rumhy)) 0<p,pu<dN/2
J

Proof. First, we are going to find the eigenvalues of AS;) for periodic boundary
conditions in one space dimension. To do so, we introduce the finite-difference
operator

. 1
(4.8) Agj)u(x) =52 (u(z — rhj) — 2u(z) + u(x +rhy)),
J
and we write A, instead of A( ) Then using the Taylor series expansion of u(x —
rh;) and u(x +rh;) around z and the Maclaurin series expansion for cosh, we infer
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that
2 d
(4.9) A;Z;) = h_§ <COSh(Thj%) - I) .
In particular, since
2 d
Ap, = w2 cosh(hj%) -1,
J
we obtain
d _ h?
(4.10) hj% = cosh™' (I + nghj).
d
Replacing expression (4.10) of hjd_ in (4.9), we find
x
4 A — 2 (cosh(reosh (1 + A I
(4.11) h, = 52 | cos (rcosh™( —&-7 n)—1].
J

Now we consider the Chebyshev polynomials and recall some of their properties
(see, e.g., [18, page 96)):

(4.12) Vo e[-1,1]:  To(z) =cos(rcos (z)),  VreNU{0},
(4.13) Vo € [1,+00) : T, (z) = cosh(r cosh™ (z)), vr € NU {0}.
Then using formula (4.11) and property (4.13), we obtain
2 h?
4.14 A = ST (1 4+ 2A) -1
( ) hj h? ( T( + 2 hJ) )
For —d’N/2 < ¢ < d’N/2 — 1, we introduce the following functions:

(4.15) 0 (€) = sin(2mpehy),  —dINj2 < p< —1,
(4.16) b (€) = cos(2mpéh;), 0<p<dN/2-1,
and we note that

4 .
(4.17) Ap,af = 3 sin”(mph;)a’, —d’N/2<p< -1,

j

4 ,
(4.18) Ap, b = —72 sin®(mph;)b?, 0<p<d'N/2-1.

j
Thus,

h? ,
(419) I + EjAh]- af = COS(27Tphj)a,p, —d]N/Q S 14 S —1,
h? ,

(4.20) I+ 7’Ahj b’ = cos(2mph;)b”, 0<p<dN/2-1.

Therefore, using (4.14), (4.19), and (4.20), we conclude that the eigenvalues of
A;:;) are
2 )
(4.21) 72 (T (cos(2mph;)) — 1), 0<p<dN/2.
J
Using property (4.12), we obtain

(4.22) T, (cos(2mph;)) = cos(r cos™ ! (cos(2mphy;))) = cos(r2mph;),
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and thus the eigenvalues of AEL:) are

(4.23) % (T (cos(2mphj)) — 1) = 4 sin’(rmph;), 0<p<dN/2

T2

J hj

Now using the Taylor series expansion, the Maclaurin series expansion for cosh,
and the one-dimesional formulae (4.11) and (4.14), we obtain

h?2
(4.24) A;Z;)u(x,y) = % <cosh(r cosh™ (I + 7]A$hj)) - I)
J

2 L1, B
+ 72 cosh(r cosh™ (I + 7Ayhj)) -1
J

2 h? 2 h3
J J

Using the one-dimensional formulae (4.19), (4.20) and (4.23), and the fact that

the eigenvectors of AE«L) are the twofold tensor product of the eigenvectors of Agz;)

given by (4.15) and (4.16), we conclude that the eigenvalues of A;Z;_) are given by

formulae (4.7).
Thus, Lemma 4.5 is proved. (]

We now introduce Fejér’s kernel (see, e.g., [17]), needed to obtain improved

discrete inequalities relating the operators A;[j) and Ay, and the operators Ap,
and th:

(4.25) Ko (2) = (2&%?)2 if o £ 0

r2 if x =0.

Lemma 4.6. For any v € Vy,;, we have
(4.26)

(v, (—A;’j)v) < Ko (mhy) (v, (=Ap, v) << 72 (v, (=Ap,)0), r=1,....d—1.

Proof. Indeed, because the eigenvalues of Ag';_) are given by formulae (4.7) with
the same set of orthonormal eigenvectors, to prove the left inequality in (4.26) it
suffices to observe that for p, p # 0,
sin®(rprh;) + sin®(rumh;) - {sinz(rmrhj) sin®(rumh;) }
sin?(prh;) 4 sin®(urh;) —

sin?(prh;) * sin®(umh;)
sin’(rmh;)
= sin®(rhy)

In addition, the right inequality in (4.26) promptly follows from the properties of
Fejér’s kernel (ibid., page 6). In Figure 4.1, we sketch K,.(x) for a few values of r

and we plot the vertical straight line x = wh;. The intersection of this line with
K, () gives the value K, (mh;) << r?. O

= Kr(whj).

Lemma 4.7. For anyv € Vy,;,v # 0, the operators Ay, and By, satisfy the relation
d—1

d—1
(4.27) (v,.Ahjv) < (Z aTK,,(whj)> (v,thv) XK (Z arr2> (v,thv).

r=1
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Figure 4.1: The Fejér’s kernel for increasing values of r.

Proof. This lemma promptly follows from the previous one. (]

We now leave the periodic boundary-conditions constraint and with the same
method used to prove the discrete inequality established by Elman and Zhang |9,
page 205] and restated in [14, page 354], one can show the following result.

Lemma 4.8. For anyv € Vi, v # 0, the operators By, and By, satisfy the relation
(4.28) (v, By, v) < "(Ind)(€ - j) (v, Bp,v), j=0,...,0—1,
where ¢’ is an absolute positive constant.

The inequalities above allow us to state the following upper bound.

Lemma 4.9. An upper bound of the generalized Rayleigh quotient without precon-
ditioning is given by

@ BT < (S0 ) (St ) a0

If the coarsest grid is reduced to one point, this upper bound becomes

(4.30) rilio (((fST (Z ar> <Z T ) (Ind)cl?.
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Proof. Since the matrix G + G is positive definite (see Lemma 3.1), from equa-
tion (3.5) we obtain

(v, (8ST)~1w)
(v, Bp,v)

<

(v, Frov) ! (v, Fr;v)
(v, Bp,v) +Z ’

Then we observe that

(v, (SST) ")

max ————=~ § max (U7Fh0v) max (U’Bhov)
v£0 (v, Bp,v) v#£0 (v, Bp,v) v#£0 (v, Bp,v)
L () (0, Age)  (0,By0)

+ max — max max
— w70 (v, An,v) v£0 (v, Bp;v) v#0 (v, Bp,v)

(U Fho ) ! S Z (v Bh U)
< e (Sor) (So) Do

r=1

(0, F ) d—1 -1
<r1r}12())( (0. B chd ) "Ind)¢+ ¢ <Za7> (Za,.r2> d'(Ind)(£ - j)

r=1

(v F ) ST DTN (VL
SI}}I;())( (0, Broo ) "Ind)¢+ ¢ <Zar> (Zar )c (Ind) 5

r=1

‘We therefore obtain

(4.31) Hvliéi% (Zar> (Zar ) (Ind)Ce?,

where

1 (v, Frov) d
O == > M ho nwogon C
3maX{ri?8‘ 0, 2An0) " m2

and since f, = Iy and (see [15, page 53])

(v,v) 1
max ——-——>——— = 0(—),
v0 (v, hg (= Apo)v) (h%)
we conclude that (4.29) holds true. O

2. Upper bound of the maximum eigenvalue.

Lemma 4.10. An upper bound of the mazimum eigenvalue Amax of the incremental
unknowns matrixz Ay, is cf for the first order incremental unknowns and c for the
second order incremental unknowns.
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. . . . . . ~(k
Proof. Since the two-dimensional hierarchical-basis elements w((m)y) are twofold

tensor products of the form @Ei)y) = o® ®@§k) and since the scalar product

on Vj, splits into one-dimensional scalar products over tensor products [11], one-
dimensional scalar-product computations provide the coefficients of the incremental
unknowns matrix Ay. In order to find these coefficients, we note the following:

(1) For k=0,...,¢ and for x € Qj, we have
: orhi t—az\ 1 t—
(@00 ~ | '( x)_w< x)% for j > k.

ooty e \ b )by \Uhy
and hence
) 2 1 c
~R) S, (< 22 L c .
(4.32) (@7, 0] £ hkM . (dZ—k) , forj>k.

(2) For k=0,...,¢, x € Q, and for a kth-level neighbor y of x, we have

. v 1 t—x\ 1 t—
o5k) 50) ~ / / < ) ’ ( y) .
W, W ~ + — dt, for j >k,
(( * v ))h yEh; hk¢ hk hjw hj J

and then

. 1 1 c
~(k) ~ 2 .
(4.33) (@00l £ M7 =5 () o=k
(3) For k = 0,...,4, x € Qk, j > k, and for a jth-level node z inside the

support of @f(ck), with z # x, we have

. #thy t—z\ 1 t—z
5K 5N, A ) ' dt. for i >k
(@037, &F)n /Z_hj hkw ( I )hjz/) ( h; ) , forj>k,

and thus
. 2 1 c
~(k) ~ 2 .
(434 (@090 5 M2 =5 (o). ford >k
For the second order incremental unknowns, we obtain
(4.35) (@" 50N, =0, forj> k.

(4) For k=0,...,¢ and for x € Qj, we have

x—i—hj _ _
(@;’”,a;”)z/ (0 o (2 Y ar, for >k,
I I

T—h;

and hence
(4.36) (@8, &) S 2hjM? = h (cd*™7), for j > k.
(5) For k=0,...,¢, x € Q, and for a kth-level neighbor y of x, we have

. Y — —
@;’”,agﬂm/ w(t x)w(t y) dt, for j >k,
+h, hy h;

y
and then
(4.37) (@P, 80| £ hjM? = h (cd"™7), forj > k.
(6) For k = 0,...,¢, x € Q, j > k, and for a jth-level node z inside the

support of @(Ek), we have

z+h;
, i (t— t—
(@;k)7@.(z])) ~ / ’l/) < x) d) <—Z) dta for ] > ka
z—h; R, hj
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and thus
(4.38) (@, 69) S 2hjM? = h (cd*™7), for j > k.
(k)

(z,y)

with center at (x,y) (see Figure 4.2 light shading). The jth-level hierarchical basis

1%8)/ > With j > k such that ((%E’;)y),aéf} ,)))n # 0, has support a square with

center at (z',y’) on the support of %Ef)y). The approximate inequalities (4.32)—
(4.38) imply

Now, let @ be a fixed kth-level hierarchical basis; its support is a square

(@ @t yy)n| < Cdj—l—lc’ for j > k.

To count the functions cAu((Q’y,) such that ((@Ei)y)7a82y/)))h % 0, we notice
that there are at most O((d’~*~1(d — 1))?) jth-level hierarchical basis (a two-
dimensional count) for the first order incremental unknowns, and there are at most
O(d’=F=1(d —1)) jth-level hierarchical basis (a one-dimensional count) for the sec-
ond order incremental unknowns. Here the center (z’,y’) must be either on the
edges or on the axes of the support of %Ez)y) (see Figure 4.2 dark lines), because of
property (4.35).

Since the incremental unknowns matrix Eh has the block structure Eh = [Ek j] ks
where Ek,j = [((@E’;?y),@Eiz,y,)))h]&](k) ~G) , the analysis before implies:

(@) (2 ,y")

e for the first order incremental unknowns:

~ (k) ~(j 2 e 1 \?
> @0, 20, ) <ed -y (djk> <
~ (5)

(z',y")

e for the second order incremental unknowns:

2
3 (s} <0 () 2o
Pl ")
Therefore, an upper bound of the square of the Euclidean norm of any row of the
matrix A\k, j is ¢ for the first order incremental unknowns, and c% for the second

order incremental unknowns; on the other hand, any column of the matrix A\k’j
has at most six nonzero elements. It then follows from linear algebra lemmas (see,

e.g., |9, page 197]) that an upper bound of the norm HA\;”H% is ¢ for the first order

1
e for the second order incremental unknowns, and
thus an upper bound of the Euclidean norm ||Ay |2 of the incremental unknowns

incremental unknowns, and ¢

matrix Eh is ¢f for the first order incremental unknowns, and ¢ for the second order

incremental unknowns. Since Apax = ||gh||27 the lemma follows.
O

5. Block diagonal (scaling) preconditioning

In view of the results above (see (4.29) and (4.30)), when the coarsest grid is not
reduced to one point, we will use left orientation block diagonal (scaling) precon-
ditioning [13] to solve the incremental unknowns linear systems. An upper bound
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Figure 4.2: The support of @(U;)y) o ultra light

shading; the center of /(%Eizy/) dark line.

of the preconditioned generalized Rayleigh quotient will be derived. The precondi-
tioning matrix C for the incremental unknowns matrix Aj; will be as follows:

L |
L4
K= Lo ,
Ly
L=hi(-An,), Li=k;j(I; —ILi_1),j=1,....4,
where

1

—_— forj=1,...,0—1,
kj =4 (€—7) g

1 for j = ¢.

The associated directed graph G(K) is strongly connected at the coarsest level,
and each node communicates only with itself at the fine levels. Furthermore, noting
that the coefficients at the coarsest level are the coefficients of the coarsest level
matrix £ and that the circular coefficients at the jth-level are the coefficients k; > 0,
we have a complete definition of a square matrix M of order (n — 1) such that

0
K=M+Y k(L —1-1).

j=1

Now we describe the multi-level structure of the matrix (SK~157)~! with graph
techniques. First, multiplying graphwise, we obtain

£
KS™ = M+ ki{(l; = Ij-1) = Dy},

j=1
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and thus

l l
STTRS™ =M+ > ki {(I; — ;1) — D} + > k; (-DF + DI'D;),

j=1
or
¢
STKs M+Zk —D;) + > k; (~Ij-1 + DT D).
j=1
Recalling (3.3), we obtain
¢
(5.1) (SK1ST) ™ =STTKS™ = Fpy + > _kjFn, — G,
j=1
where

Fh, —h <Zar< ) (Sa,aas (—@Efj’s))>7 for j=1,...,%,

r,s=1

é:jz:;kj <<<4 (dZ:a> <1+§ar> —1) Ij—Gj> +1j1—DjTDj>.

Lemma 5.1. The matriz G is positive definite.

Proof. Indeed, since

(5.2) ((4 (2 ar> (1 - §a> - 1) I — Gj> +1;.1-DID; =
() Ee) o)
+ (4 (2_:1 w) (1 + §a> Iy - Dij> :

and since the right-hand side of the equation above is the sum of the positive
semidefinite matrix (3.6) and of the positive definite matrix (3.7), it follows that
the matrix G itself is positive definite. O

The results above enable us to state the following:

Lemma 5.2. An upper bound of the preconditioned generalized Rayleigh quotient
is given by

SK=18T)~
(53) rlr)l;zé(( ((U’Bhl (Zar> (Z QT > h’ld
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Proof. Since the matrix G is positive definite, using equation (5.1) and the proce-
dure in the proof of Lemma 4.9, we obtain

(v, (SK~1ST)~1v) (v, Mv) ,
< =~ ' 7
o e S e L L

() () () (5
() (St (£ (£

d—1 1 _
=c"(Ind)l + <Z a7.> (Z a,r ) (Ind)(¢—1) (Z a,) <Z a,.T2>
r=1 r=1 r=1

< (dzjozT) (:aﬁ > (Ind)ct.

O

Remark 5.1. Since Amax = |[K~'Ap|l2 and since [[K= 4,2 < [|IKY|2]|An]l2, an
upper bound of the maximum eigenvalue Apax of the incremental unknowns matrix
K14y, is ||KK~Y|2 x ¢l for the first order incremental unknowns, and [, x ¢
for the second order incremental unknowns. Thus, the block diagonal (scaling)
preconditioner deteriorates the upper bound.

We are now in a position to give the main result.

Theorem 5.3. With in-depth refinement, the condition number of the incremental
unknowns matriz associated to the Laplace operator is p(d)O(1/H?)O(|log, h|?) for
the first order incremental unknowns, and q(d)O(1/H?)O((log, h)?) for the second
order incremental unknowns, where d is the depth of the refinement, H is the mesh

size of the coarsest grid, h is the mesh size of the finest grid, p(d) = and
d—11
q(d) = Tﬁd(dz —1). Furthermore, if block diagonal (scaling) preconditioning

is used, the condition number of the preconditioned incremental unknowns matriz
associated to the Laplace operator is p(d)O((log, h)?) for the first order incremental
unknowns, and q(d)O(|logg h|) for the second order incremental unknowns.

On the other hand, the condition number of the nodal unknowns matrix associ-
ated to the Laplace operator is O(1/h?).

Proof. In the first place, we observe that, as the depth of the refinement grows, the
quantity (see (2.7))

d—1 d—1 d_1 (!
(5.4) Q= (Z oz,.) (Z 04,«7’2) =5 <Z oz,.r2>
r=1 r=1 r=1

deteriorates the upper bound of the preconditioned generalized Rayleigh quotient
(see (5.3)).
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For the second order incremental unknowns, we have

d—r 1
2 : 2 _ 2 _ 2
Q" = d rT = Ed(d — 1),
r=1 r=1
and hence
d—11 o
= —d(d*-1).
Q 5 1pdld —1)

For the first order incremental unknowns, we may require the self-similar interpo-
lating continuous function ¥ to satisfy:

d—1
(5.5) ZO[TTZ <cg,
r=1

and then
d—1

Q<

In the second place, we point out that the smallest eigenvalue Ap;, of the incre-
mental unknowns matrix K~ A is (see, e.g., [18, page 87))
1 (v, (SK=LST)~1v)

= max
>\min v#0 (v, Bhev)

C.

(5.6)

1
In the third place, we note that h < 70 and thus ¢ <|log, h |.

Finally, since the condition number cond(IC’lgh) of the incremental unknowns

matrix K14, is Cond(IC_lgh) = ™ the theorem readily follows from Lemma 4.9,

Lemma 5.2, and Remark 5.1.

min

O

6. Distinctive features

As a conclusion to this article, we summarize the distinctive features that are
intrinsic to in-depth refinement:

e The upper bound of the maximum eigenvalue of the incremental unknowns
matrix f/l\h is ¢f for the first order incremental unknowns, and c for the sec-
ond order incremental unknowns. This result—worse for the first order in-
cremental unknowns—relies primarily upon the behavior of the self-similar
interpolating continuous function (¢): it is linear for the second order in-
cremental unknowns and it may have a rather unpredictable behavior for
the first order incremental unknowns (see, e.g., [6, 7, 8, 5]). Ultimately, this
result relies upon the positioning of the supports of the hierarchical basis
relative to one another.

e The upper bound of the generalized Rayleigh quotient is the same both
for the first and second order incremental unknowns. As the depth of the
refinement grows, the quantity

d—1 d—1
(6.1) Q= <Z a,) (Z arr2>

deteriorates this estimate.
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For periodic boundary conditions, this quantity may be replaced both
in Lemma 4.9 and Lemma 5.2 by (see Lemma 4.7)

d—1 d-1 d-1 d—1

(6.2) Q= Z o Z a. K. (mh) | « Z o Z apr?
r=1 r=1 r=1 r=1
For the second order incremental unknowns, we obtain

~ d-11
Q< ——5d(d* —1).

For the first order incremental unknowns, we may require the self-similar
interpolating continuous function (t) to satisfy a weaker requirement:

d—1
(6.3) Z a. K. (mh) < c.
r=1

Therefore, the incremental unknowns preconditioner is efficient with in-depth
refinement, but its efficiency deteriorates at some rate as the depth of the refinement
grows.

Computational experiments with dyadic refinement can be found in [10]; compu-
tational experiments with in-depth refinement are the subject of a separate work.

TEXdraw and Matlab have been used for the figures in this paper.
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