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Abstract

We propose a Wavelet-Galerkin scheme for the stationary Navier-
Stokes equations based on the application of interpolating wavelets.

To overcome the problems of nonlinearity, we apply the machinery
of interpolating wavelets presented in [10] and [13] in order to obtain
problem-adapted quadrature rules. Finally, we apply Newton’s method
to approximate the solution in the given ansatz space, using as inner solver
a steepest descendent scheme. To obtain approximations of a higher accu-
racy, we apply our scheme in a multi-scale context. Special emphasize will
be given for the convergence of the scheme and wavelet preconditioning.

MSC 2000: 46E35, 656N30, 41A17, 76D05, 65F35
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1 Introduction

During the last decade, wavelet analysis has become a field of increasing impor-
tance in the numerical treatment of partial differential equations and integral
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equations, see, e.g., [2, 11, 12, 14, 16, 17, 18, 20]. The advantages of wavelet
methods can be described as follows. It turns out that a simple diagonal scaling
applied to the stiffness matrices relative to the wavelet bases suffices to pro-
duce uniformly bounded condition numbers. Moreover, for a wide class integral
and pseudo-differential operators the stiffness matrix relative to wavelet bases
can be shown to be sufficiently close to sparse matrices so that sparse solvers
such as conjugate gradient schemes achieve optimal complexity under minimal
regularity assumptions.

So far all these potential advantages of wavelet methods have been exploited
in many settings and yield powerful convergent Galerkin schemes. The most
impressive results were obtained for self-adjoint and saddle point problems.
For these problems it has been possible to derive optimal adaptive wavelet
schemes [2, 11, 12, 14, 21].

It is therefore natural to explore the potential of such techniques for nonlin-
ear problems. A first strategy to attack was proposed in [12]. After transforming
the equation to a well-posed /o-problem, a locally convergent iterative scheme
is applied to the (infinite dimensional) problem. The involved operators are
adaptively evaluated within suitable updated error tolerances. However, in this
paper, we proceed in some sense, other way around. By using the classical
Galerkin approach, we project our problem onto an increasing sequence of ap-
proximation spaces spanned by wavelets. Then the computation of the actual
Galerkin approximation requires the solution of nonlinear equations in a (finite
dimensional) space. Althought the first approach seems to be more powerful, at
least in the long run, we are now interested in develop stable numerical schemes
and wavelet preconditioning for nonlinear equations. As a typical example we
will focus here on the Navier-Stokes equation as a model for the motion of an
incompressible, viscous fluid in a d-dimensional domain Q C R?, where d = 2
or d = 3 are of the primary interest. Stable numerical schemes for the Navier-
Stokes equations for large viscosities (i.e. small Reynolds numbers) can be
derived (see e.g. [4]). In this case, preconditioning results as derived in e.g.
[19, 29] carry over without serious difficulties. For small viscosities, the deriva-
tion of stable numerical schemes and, moreover, nice preconditioners is slightly
complicated due the lack of stability and global convergent results.

After projecting our problem onto the (finite dimensional) wavelet spaces, we
are faced with two basic problems, namely how to solve the resulting nonlinear
equation and how to evaluate the nonlinear functionals of wavelet expansions
induced by the addition of a nonlinear perturbation. For this purpose, we will
implement the approach proposed in [10].

This approach is based on a treatment of the nonlinear equation by a ver-
sion of Newton’s method and the evaluation of nonlinear terms is attacked by
a wavelet variant of the classical "knot oriented quadrature rules” by using in-
terpolating scaling functions. In the end preconditioners are derived for the
presented version of Newton’s method.



2 The Scope of Problems

We consider the following adaptation of the Navier-Stokes equations

Tu—vAu+ (u-grad)u+gradp =f in Q, (1)
divu =0 in €, (2)
u =0 on I' =00 (3)

with the additional condition

/dem =0. (4)

Hereby, u denotes the velocity of the fluid, p the hydrostatic pressure, v is
the kinematic viscosity (equivalent to the inverse of the Reynolds number) and
f the vector of the external forces. The above adaptation usually results from
an implicit time discretization with time step 7 > 0, as in the application of the
Rothe’s method to the nonstationary Navier-Stokes equations.

Throughout this work, we use boldface type to denote vector-valued func-
tions having d components. The corresponding function spaces will be presented
also in boldface type. For simplicity, we shall use the same inner product and
norm notation for vector field function spaces. In addition to the usual function
spaces we will introduce the function space

Ly o(Q) := {q € Ly(Q) : / qdxr = O}
Q
which is isomorphic to the quotient space La(2)/R ( see e.g. [5, 32]).
Introducing the notation

d d
gradu - grad v := Zgrad u' - grad v’ = Z

i=1 i,7=1

ou’ Ot
6l‘j 8Z'j

and the multi-linear forms

ary(u,v) = / (tu-v+vgradu- grad v)dz
Q

b(v,q) == — /Q(divv)qdac = /Qv - grad gdx

d n
clu,v,w) := /Q(u -grad)v - wdzx = Z /Qum g;}m w"dz

m,n=1
we obtain the mized formulation: find (u,p) € H}(Q) x L2 (£2) such that

arp(u,v) +b(v,p) +c(u,u,v) = [, f-vde Vyeni () (5)
b(u, q) = 0 vqeLz‘O(Q). (6)



This formulation can be rewritten in the operator form: find (u,p) € H}(Q)x
L2(Q) =: H such that

= (4 ) () (H)-(3) o

where
Ary HG(Q) = H Q) (Ar W, V-1 (@)xmi@) = Grw(W, V), Vyemi(o)
B:Hj(Q) — L2(Q) (BW, @)1 (0)xH1(2) = b(W, q) s VaeLao(@)
B': Ly () - H Q) (B'7, V) Ly (@) x Lo(2) = b(V,T) VveHi Q)
C(): Hg(?) — HTY(Q) <C(W)aV>H—1(Q)xH5(Q) = c(w,w,V) aVveH(g(Q)-

For the numerical treatment of the operator equation (9), we employ a New-
ton scheme. To this end let us take a closer look at the Fréchet derivative of
the operator F, ,(u,p):

For a fixed u,v and a small w,

clu+w,u+w,v)—c(u,u,v) =c(u,w,v) + ¢(w,u,v) + o(w). (8)

Thus, the Fréchet derivative 7., in the operator form, is given by

A;, + Ni(u) + Na(u) B’ ) ()

D]:.,-’,,(ll,p) = ( ' B 0

where for a fixed u € H{(Q2), the operators Nj(u), No(u) : H}(Q) — H™1(Q)
are defined by

(N(W)w, v)g-10)xHi @) = (U, W, V) Vieni(o)

(N2 (W)W, V)g-1(0)xmr (@) = (W, 0, V) Viemy(a)-

This means that in each step of the Newton scheme, we solve a linear system

of the form
w

r

DFr(u.p) ( ) —Fo(up) (10)

and afterwards, update the (approximate) solution by the relation

()= W

Consider the nodal bases ®; := {¢;r : k € A;} and Z; = {& 1 : k € ©;}
and the ansatz spaces X; = span ®; and M; = span Z;.

To solve numerically the operator equation (7) in the Wavelet-Galerkin sense,
we apply the Newton scheme projecting the linear equation (10) onto the ap-
proximation spaces X; x Mj.



Consider the ansatz expansions
— U
W= yikdin =y, P
kEAj

_— . . - —_ T .
i= E T kPjk i =X; Py
kGAj

_ e 4T
p; = E : k€ =t 5
ke@,-

_ N
Ty = E , $5,k&j,k = 8 Ej

keo,
and the matrix operators

A= (ar,u(¢j,l7¢j,k))k7leAj

B = (b(¢j7l’§j7k>)keA]~,le®j

N (v ®5) = (e(y] @5, 85 85.0)) g s,

Ny (v7 ®5) = (e(65.0,¥5 D5 65k)) ) sen,

C;ly; ®;) := (C(yf@j,yf@j,qﬁj,k))kseAj = No(y; ®,)y;

£j = ((£,05,))1ea

Now, the Newton scheme (10)-(11) in the nodal basis representation, is given
by the equivalent system

i) () = S3) (12)
Yi X (13)
with
Grulyy) = (Ars P NB WD ERG2) By
45(y,) = ( Nl%j(y,]r?)j)yj + ) (15)

Some drawbacks arise in the numerical solution in form of the update of
the matrices Ny ;(y] ®;), Na;(y] ®;) in each iteration, the numerical stability
of the scheme and preconditioning strategies to increase the accuracy of the
results.

To solve the first drawback, we will use knot oriented quadrature rules to
approximate the arising integrals numerically in a problem adapted way. Af-
terwards, we will prove the convergence of the perturbed system to the original
system and moreover, we will introduce some strategies to ensure the stability
and to precondition the perturbed system.



3 Multilevel setting

Our goal is to develop Galerkin methods for the approximate solution of (9).
However, in difference to conventional finite element discretizations we will work
with trial spaces that do not only exhibit the usual approximation properties
and good localization but in addition lead to expansions of any element in the
underlying Hilbert spaces in terms of multiscale or wavelet bases with certain
stability properties. We will show that these stability properties ultimately
stated in terms of norm equivalences for Sobolev spaces will indeed allow us to
improve on previous theoretical investigations for the above problem. In this
section we formulate the relevant facts for our framework. These results are
essentially known (cf. [17, 18]) but for the convenience of the reader we include
a brief summary of the relevant facts.

3.1 Stable Multiscale Bases

Suppose H is a Hilbert space (of functions defined on 2, say) with inner product
< +,- >. Throughout this section orthogonality will always be understood rela-
tive to this inner product. Typical examples include H = Lo(Q2), H = H*(2) or
products of such spaces. Let {V}};’O:O be a sequence of closed nested subspaces
of H whose union is dense in H. In general the spaces V; are spanned by single
scale bases (or nodal bases) ®; = {$; r : k € A;} which are uniformly stable, i.e.,

lelleaagy ~ 11 Y erdjnllar (16)
keA;
uniformly in j € Ny. Here we denote as usual | - |2, =< -,- > and HCHZ(AJ-) =

Eke/\j lex .
Successively updating a current approximation in V;_; to a better one in V;
can be facilitated if stable bases

\I/j = {’l/)j7k ke J]}

for some complement W; of V;_; in V; are available. Defining for convenience
Uy = Oy, Wy := Vg, any v, = ZkeAn Ckdn.k; € V, has then an alternative
multiscale representation

U = Z Z dj ki

§=0 keJ,

which corresponds to the direct sum decomposition
n
V., =EPpw;.
j=0

Of course, there is a continuum of possible choices of such complements. Or-
thogonal decompositions would correspond to wavelets. However, orthogonality



often interferes with locality and the actual computation of orthonormal bases
might be too expensive. Moreover, in certain applications orthogonal decompo-
sitions are actually not best possible [18]. The essential constraint on the choice

of Wj is that
v=J v

J€Ng

forms a Riesz-basis of H, i.e. every v € H has a unique expansion

v = Z Z < v,k > Yk (17)

7=0 kGJj

such that

oo

loller ~ {D° D I <viju> | . veH, (18)

j=0keJ;

where ¥ = {1/;]k :k € J;,j € No} forms a biorthogonal system
<y jw >=0jj0kn, .5 €No, k€T, K€y (19)

and is in fact also a Riesz-basis for H (cf. [17]).

To explain one aspect why this is important let L; denote the transformation
that takes the coefficients d; in the multiscale representation of v, into the
coefficients ¢ of the single scale representation. It corresponds to the synthesis
part of the fast wavelet transform. In fact, it is known that the Riesz basis
property of U is equivalent to L; and Lj_1 being well conditioned, i.e.,

IZ; 1, 15 = 0(1), n— oo, (20)

where | - || denotes the spectral norm [16, 17].
With such a pair of biorthogonal bases ¥ and ¥ one can associate canonical
projectors

Quu=Y_ > <v x>tk Qui=Y > <uvhx >k

j=0keJ; j=0 ke J;

which are obviously adjoints of each other. Of course, when ¥ is a Riesz-basis
then the @,, and hence their adjoints Qn are uniformly bounded in H. Denoting
by V,, the range of @)/, we have therefore two sequences of nested closed subspaces
V; and Vj, respectively, whose union is easily seen to be dense in H [16].
While the Riesz-basis property of ¥ implies the existence of a biorthogonal
Riesz-basis U as well as the uniform boundedness of the projectors Q,, and Q.
the converse is known not to be true in general [17]. Additional conditions
for verifying the Riesz-basis property for a general Hilbert space setting have
been established in [17]. Here we are only interested in their specialization to
the particular case H = Lo(£2) (where as above € is either a closed surface or a



domain in R?) and denote by H* a corresponding scale of Sobolev spaces. What
turns out to matter is that both {V,,} and {f/n} should have some approximation
and regularity properties which can be stated in terms of the following pair of
estimates. There exists some v > 0 such that the inverse estimate

[onllas @) S 2" lonllLo@),  vn € Vo, (21)
holds for s < . Moreover, there exists some m > v such that the direct estimate

Jinf o= vall ey S 2 0leey, v E HQ), (22)

holds for s < m. Such estimates are known to hold for every finite element
or spline space. For instance, for piecewise linear finite elements one has v =
3/2,m = 2.

It will be convenient to introduce the following notation. Let

oo

A={A=(k) :ker;jeNo}=J{i}xAy).

Jj=0

and define
[Al:==7 if AeA,.

The following result from [17] will play a central role in the subsequent
analysis.

Theorem 3.1 Suppose that U = {5 : X\ € A} and ¥ = {45 : A\ € A} are
biorthogonal collections in Lo(S2) and that the associated sequence of projectors
{Qj}320 is uniformly bounded. If both {Q;} and {Q}} satisfy (21) and (22)
relative to some v,7' >0, v <m, v <m/, then

1
2
[oll ey ~ <Z 22Xl < 0,4y > |2> , s€ (=), (23)

AEA

Nl=

~ <Z22'A'S|<v,1/u>|2> , se(=1Y), veH(Q).

AEA

Moreover, the projectors Q;, Q' are uniformly bounded in H*(Q2), s € (—=',7)
and s € (—v,7"), respectively.

For more information about the construction of multiscale bases ¥, U with
the above properties the reader is referred to [22]. Throughout the remainder
of this paper we will assume that ¥ and U satisfy the assumptions of Theorem
3.1 and for

d d
>t W’>—t+§, (24)



we know that there exist positive constants 0 < c3, ¢4 < oo for which

1/2 1/2
c3 (Z 272 < v, gy > |2> <oll—¢ < e <Z 22| < 0,9y > 2) :

AEA AEA
(25)

Finally, for our applications it will be important to work with local bases,
i.e., we will always assume that

diam (supppn i), diam(supppn ) ~27", neN. (26)
Furthermore, it is desirable that the ank, @an have the same property

diam(suppdn 1), diam(suppz/:mk) ~27" neN. (27)

3.2 Interpolation Projectors and knot oriented quadra-
ture rules

In our approach we propose to approximate the trilinear form c¢(z,w,v) by a
suitable quadrature rule.

For this purpose it is convenient to work with interpolating refinable func-
tions, i.e., one requires that ¢ is at least continuous and satisfies the interpolation
property

(k) = o, kezl (28)

and the integral property

[ olarde=1 (20)
R4

As already stated, we only consider compactly supported scaling functions.
Furthermore, functions ¢ which are sufficiently smooth and well-located are
preferable. In recent studies, several examples of refinable functions satisfying
these conditions have been constructed, see, e.g., [13, 23, 24, 25, 26, 31]. In
particular, in all our numerical computations, we select the interpolating scal-
ing functions from the family of the so-called Deslauriers-Dubuc fundamental
functions. These functions, which are obtained via auto-correlation of the well-
known compactly supported orthogonal Daubechies scaling functions, have very
attractive properties; see, e.g., [25, 26]. In fact, if we denote by ¢ := ¢*"V the
Deslauriers-Dubuc scaling function of order 2NV, obtained as autocorrelation of
the Daubechies scaling function associated to the parameter N, we have that
¢ has compact support and is interpolating. Moreover, ¢?" has polynomial
exactness 2N — 1 and its smoothness increases with N.

An algorithm for constructing a dual scaling function gg for a given interpo-
lating scaling function ¢ was developed in [28].

Let us restate some basic facts about interpolation projector related to ¢:

For what follows, we will denote by ¢ := (¢!, #2,...,¢%) the vector field of
the interpolating scaling functions such that ¢ = ¢™. To solve a linear system
in each Newton iteration, our main goal is consists in approximate the trilinear



form ¢(z;, wj, v;) by a suitable quadrature rule. In our case, we consider for each
component of ¢ := (¢, #2,...,¢?) and for a real valued continuous function f
which satisfy periodic conditions, the interpolating projectors I defined by

I =Y f7k)e™M2 - —k) (30)

kEA,
and the quadrature rule
w1 = [ (e (31)
We state a first result on the operators I7' (c.f. [10]).
Lemma 3.1 The operator I3 is a bounded operator from Loo to Loo.
As a consequence, we obtain the following theorem (again, c.f. [10]).
Theorem 3.2 Let f be uniformly Holder-a. Then, we have
1f = I} flloe < C277%
For what follows, let

d n
¢i(z,w,v) = Z L <zmg;u v")

m,n=1

be the resulting perturbed trilinear form.
Using the interpolating property (28) and the integral property (29) our
quadrature rule (31) becomes then

T (f) = /QI;L(f)dx= Zf(2‘jl)/ﬂ¢"(2jx—l)d:p

LA,
_ —j —jd " () doe
_ l;jjf@ l)(z /Q(z><>d)
= 27713 fa7). (32)

lEAj

Applying (32) to é;(z, w, V), we obtain

d n
Glzwy) = 27903 eI gkt ) (@)
m,n=1 m

10



4 Applications to the Navier-Stokes equations

4.1 Construction of discretized problem

According to our approach, we solve numerically a perturbed version of the
system (12), where we consider

5 A, +Nii(yT'®) + Nyi(yT®,) BT
gT’V;j(yj) — ( wij + 1,J(YJB .J) + 2’3(}’] J) O] ) (34)
Jj
_ Ni,;(y7®,)y; + £
gj(Yj) _ ( 1,](3’; OJ)YJ J > (35)

instead of G, ,..;(y,) and g¢,(y;), respectively.

Here A, ., N1 (y] ®;) and No.; (y] ®;) are diagonal block matrices with
diagonal blocks A" - N7..(y7®;), and N3 (yI®;), forn =1,...,d. B; is a
matrix with column blocks B and f; is a column vector with row blocks {7 for
n=1,...,d.

Details for the construction of the matrices A, ,.; and B; can be found in,
e.g., [20]. According to (3.2), for sufficiently smooth functions, we can construct
each row block f}' by using the formula (32).

For the construction of the perturbed matrices Np;j(ijq)j), p=1,2, we
take into account the perturbed trilinear form ¢;(z, w, v) obtained in (33).

Using (12) and the interpolating property (28) for each component of the
scaligg function ¢, the entries of the matrix blocks N7.; (ijq)j) and Ng;j(y}@'j)
are given by

(Ng;j(}’qu)jDk lea, = 0, - grad (y;?chgl) (277 k)
and )
n (yT _ lo—
(Nz;j(Yj <I>j))kyl€Aj = (91:; k)Y,

respectively, for each n =1,...,d. Hereby, y; := (yj,...,y})".
In both cases, the construction of the matrix blocks N;};j (ij@j),p =1,2,

involves the evaluation of the partial derivatives of the scaling functions.

Fixing M;"" := (%(2*jk)) en and expanding gi;;l (277k) in a biorthog-
) J
onal expansion, we obtain due the interpolating property (28) the identity
n n
9 J,l (2—jk) — 2jd/2 8¢j7lm an
ax?’n 6'1:7” ’ ]*km

and, moreover,
d
a(yymep) @R) =3 My
(et (37 0) 27R), | = D2 My,

11



Consequently, we obtain for each n =1, ...,d, the formulae

d
N (y] ®;) = diag(y}) <Z M}”’") (36)

m=1

d
N3 (yT®;) := 27992 diag (Z M}”’"y?) , (37)
m=1
where diag(x) denotes the diagonal matrix associated to the column vector z.
In the next section, we will prove that the exact solution of the problem (7)
in X; x Mj is the limit of the solution of the perturbed problem

o= (%5 D) (2)+(97)-(3)

in X; x Mj, where éj is a nonlinear operator defined by
<C~(j(u)7v>H*1(Q)><H(1)(Q) = 5j(11, u,v) vveH})(Q)

4.2 Convergence Result

In this section, we consider the convergence of our Galerkin approximation of
the Navier-Stokes equation (1)-(4). Hence, we aim to estimate the error

lu —u}llm @) + 1P — P lla (),

where (uj,p;) is assumed to be the limit of the Newton scheme. This can be
done by means of the following decomposition

[u—vjlg < [[u—wla@ +lw —a;lu @ + [0 — u}la (@),

P =Pl < llp—pillLa) + 1P — BillLa) + 185 — Pillzaco

where (u;,p;) is the exact solution of (7) in X; x M, (@;,p;) is the solution of
the perturbed system (38) in X, x M; and (uj,p;) is the Newton approximation
of (uy,p;)-

For the Newton approximation we have quadratic convergence for a suffi-
ciently close initial approximation. The terms |[u — w;||g1 (o) and ||p — pjl 2, ()
can be estimated by the classical abstract estimates and the Jackson-type the-
orems for our wavelet bases, for instance, see [30], [9], or [10]. Therefore, it is
enough to prove the following theorem.

Theorem 4.1 Let (u;,p;) be the exact solution on the space X; x M; system
(7), (4;,p;) the exact solution of the perturbed system X; x Mj;. If for each
v € X, the Fréchet derivative A, , + C’j(v) is invertible on ker B and if for
a >0, (u;-grad)u; is in the Sobolev space H*(Y), s > d/2+ v, then there exists
positive constants o, dj,/f;’j and k1 and such that

12



- 1 dia
u; — 85/l 0) < 7 k2 Y (39)
J

1 a; :
-y < = (14 2L ) k2% 40
Iy il < 5 (1451 ) (40)
Proof: Consider the Navier-Stokes problem in the operator form (9),

A; oy + B'pj+Cuy) =
Bu]‘ = 0

and its associated problem arising by applying the quadrature rule
Ar8y + B'p; + Cj(1)
Bua; =
Denoting by v; = u; — 1; and ¢; = p; — pj, we obtain

A vi+C(uy) = Ci(y) +B'qy = 0
BVj = O
that is,
Arovi+Ci(uy) = Ci(0;) + B'g; = Cj(uy) — Cluy) (41)
Bv; = 0 (42)

At this stage, we assume for each v € X; that the Fréchet derivative of the
operator A, , + C;(v) is invertible on ker B.

Looking at the perturbed operator éj in the mized form and choosing w; €
X sufficiently small, as in (8), we have the relation

(Cj(uy) = Ci(8;), Wil u-r@yxmy) = G0, v, w;) + (v, 5,v;) + o(w;).

Therefore,

(Cj(uy) = Cj(07), W) a1y xma() = (N1() + Noy (0)))V, W) a1 () xri (0) (43)
where Ni.;(11;) + Na.;(11;) is the Fréchet derivative of the perturbed operator
Cj(ay).

Moreover, as in [5], page 133, we have the estimates

1 -
HVJ'HH})(Q) < 5||Cj(uj) - C(uj)HHfl(Q) (44)
J
1 o ~
gill L) < = ( 1+ =2 ) [105(0)) — C(uy) [l (), (45)
Bj Q;

13



where the constants 0 < &; < a; < oo comes from the norm equivalence
ajlIvilla ) < [[Aruvj + N (@) vy + Noji () v lla-1(0) < ollvilla @)
and (; > 0 comes from the inf-sup (or LBB) condition

(Bv, q>H*1(Q)><H[1J

inf sup @ > B;, (46)

9€M; veXx; HV”H},(Q)”VHH})(Q)

On the other hand, under the assumption that (u,-grad)u; is in the Sobolev

space H*(Q),s > d/2+a, by Sobolev’s embedding theorem [1] we conclude that

(u; - grad)u; is in the Holder space C*(Q2). As a consequence of Theorem 3.2,
we obtain the estimate

16 (uy,u;, w;) — c(uy, uy, wy)| < k279 (47)

for some positive constant k; independent of j.
Therefore, we obtain the upper estimates (39) and (40) for ||u; — 0 |la (o)
and ||p; — pjllar (o), respectively. B

4.3 Newton based steepest descendent scheme

The implementation of the Newton scheme involves, in each iteration, the res-
olution of a saddle point problem. Instead of considering the nodal bases ®;
and Z;, to span X; and M;, respectively, we will consider the multiscale bases
U= Ul_¥; and T := [J]_, T, where ¥; and T; are stable bases for the
wavelet spaces X; © X;_1 and M; © M;_1, respectively.

As it was shown in [17, 19, 29], working in the multiscale sense allows us to
construct preconditioners in an easier way as compared with the construction
of the preconditioners in the multigrid and finite elements sense.

Let L; denote the matrix which transforms the coefficients relative to ¥; into
those relative to the nodal basis ®; and U; denote the matrix which transforms
the coefficients relative to T; into those relative to the nodal basis =;.

Choosing
L' o0
- J
Qi ( 0 Ujl)

Xy \ x5\ L 'x;
()=o(8)-(e3)

yo =Ly,
and considering the multi-scale representations for the matrix operators
Ay = Lj_lAr,u;ij;
Now(y] ®;) = L7'Nu,(y]®)L;, n=1,2
fg = L;lfj,
By = U;'B,L;

14



the equation in the multilevel basis is given by

~ .
Grvvwr) (32 ) = u(ws)
with

5 5 Ao+ Nig(yT®,) + Nog(y?®;) BT
Grvwr(yj) = QijGrui(y;) = < vl 17‘1’(3]’%\11 qu) + Naw(y; ;) (\)II,T (48)

N Tg \T,~1
dnly) i= Qytyy) = (NrOT PR g

There are a lot of approaches concerning the numerical solution of saddle
point problems, see e.g. [3, 4, 6, 7, 11, 14, 21, 29]. Two of the most popular
approaches implemented in the wavelet context are the Uzawa scheme and the
preconditioning conjugate gradient scheme proposed by Bramble and Pasciak
in [6] and further developed by Kunoth [29] in the wavelet and multiscale sense.

One of the drawbacks of Uzawa algorithm is that the convergence of the
scheme depends on the spectra of the Schur complement, and hence, we cannot
precondition the Schur complement associated to the (1, 1)-block without com-
puting its inverse. On the contrary, the Bramble and Pasciak approach allows us
to preconditioning the system without computing the inverse of the (1, 1)-block.
Taking up this approach, one can turn a saddle point problem into a positive
definite one. It requires a good preconditioner for the (1,1)-block in (48).

For questions concerning the preconditioning of the saddle point system, we
will adopt a steepest descendent variant of the Bramble and Pasciak approach,
[6]. Let us take a close look to this approach:

Let

FT,V;\I/(Yj) = AT,V;\IJ + Nl,\ll(ijq)j) + N’2,\P(yJTCI)J)

Suppose that PTVU;q,(yj) is a positive definite preconditioner of 13‘7,1,;\1,_]. (¥5),
that is

FYjVTPT,u;\I/(y‘j)V < VTFT,V;‘I/(yj)V < FjVTPT,u;\I/(Yj)V (50)

holds for all v € £5(A;) with 1 <~; <T'; < oo. Thus,

- . - 1 .
('Vj_l)VTPTW;‘I’(Yj)V <v’ (FT,V;‘I’(YJ‘) - P"’W%‘I’(yj)) v = <1 - F) VTFTW;‘I’(YJ')V
J

holds for all v # 0.
Moreover, the sesquilinear form

K ; )’( : )] =u’ (FT,,,;@(yj) —f’T’V;q,(yj))erqu

is positive definite.

15



Pre-multiplication of the matrix G, ,.¢(y;) and the right hand side gy (y;)
by the matrix

N PT)y;\I/<yj)_1 0
My x(y;) = ( By P, u(y;)" I

yields the system

A X ~
Grunry) (32 ) =duixly) 61
with
P () Erun(y)) Pryu(y;) By
G ( ) . v 0 \Y5 7,00 \Yj 7,00 \Yj v, (52)
P B (Prow () Frun(y) — 1) BuxProw(y;) "By

Prou(y;)™ (quw(y]‘T‘I’j)Lj_l}’qf + fq/)

: e o . (53)
B\II,TPT,V;\II(yj) (Nl,\I/(y])L] Yo +f\11)

gur(y;) =

Let us remark that the matrix QAT’U;@T(yj) is positive definite relative to the
sesquilinear form [, -].

Using this fact, we can implement as in [6] a steepest descendent algorithm
to solve the system (51) relative to the sesquilinear form [-, -].

Furthermore, according to [6, 29], the matrix operator

R I 0
PTJJ;‘I’,T(Yj) = ( 0 B\IMTFT,V;\I/(yj)_lBg’T )

is spectrally equivalent to the matrix operator gA,,—’V;\y;r(yj) relative to the func-

tional [-, -], in the sense that
5 v v
gt (3 ) (3)
{ i (yj) a a

; [ﬁT,V;@,T(Yj) < ; )’( : ﬂ
o; [ﬁr,y;qz,r(}’j) ( ; ) ’ ( ; ﬂ
holds for all (v, q) € £2(A;) x £5(0;), where

3 —1 1 (
Hj = + 1711— +

2Fj j

2
1—%)
4
1
Uj:Fj 1+ 1_117
J
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The constants p; and o; tend uniformly to one as I'; tends to one, implying
that the eigenvalues of ’ﬁtu;q;(yj)_lg;’l,;\p(yj) tend to one uniformly. There-
fore, P, ,.y(y;) should be scaled such that (50) holds with T'; not so far from
one. Furthermore, the constants indicate that the spectral condition number of
757’V;q,(yj)_1§';m,;g,(yj) with respect to [, -] grows, at most, proportional to the
largest eigenvalue of P v (y;) ' Frpw(y;)-

Now our main problem is reduced to find a preconditioner for the matrix
F,,.w(y;). Contrary to the linear case presented in [19] and [29], there are no
well-establish strategies to construct wavelet preconditioners for the nonlinear
case. In the nonlinear case, we need to construct a preconditioner in each
Newton step which depends on the level j and on the last approximation.

We will develop an approach in this direction in the section 5.

5 Wavelet Preconditioning

Typically, stiffness-type matrices in the nodal basis exhibit a polynomial growth
rate of spectral condition proportional to the size. There is a whole theory
concerning preconditioning strategies, see e.g., [19, 20, 29]. Concerning the H*-
coercivity of the operator it can be easily shown, under the stability of the
wavelet basis, so that, our scheme would converge rapidly. In the non-coercive
case, things are slightly complicated.

We assume that our solution is regular in each iteration and for each level
j, that is

ar (v, v)+ Ej(v,ij@j,v) + Ej(yféj,v,v) -

sup
vex; [[v]?

Following the construction described in the subsection 4.3 and according to

[19, 29], under the stability of the wavelet basis ¥;, i =0, ..., j, a preconditioner

P, ..o (y;) can be defined by

P ow(y;) =L 'Dryyly;)Ly,

where D, ,.;(y;) is a diagonal block matrix with diagonal blocks ]3:.‘71,; ;(yj),n =
1,...,d, which entries are given by

(D2,,))

for certain positive constants d;(y}),n =1,...,d.

= di(y})Sibge 07 =0,...] kK €A
(i,i7), (k") (¥7)0iirlkpr 1,1 j

We are interested in estimate the condition number of P ,.¢ (y;) ' Frpw (y;),
that is

. . T,
K (PT,V;‘I/(YJ‘) 1FT;V;‘I’(yj)) < C’YJ" (54)
J

where the constants v; and I'; comes from the inequality (50).

17



Let us remark that our matrix looks like the expansion

i
D7, )V =D dily}) D (v v,

i=0 kEA;

and
d
<Dr,u;w(yy‘)V7V> =Y <D?,V;\p(yy‘)"”7"">~
n=1
The operator A. ..y is a diagonal block matrix, with blocks AT ,n =
1,...,d, where each block is a linear combination of stiffness and mass matrices.

Therefore, we can conclude by c.f. [20] that each block is spectrally equivalent
to 7+12%7%. Then we have the spectral equivalent relation for each block ATy

< TV‘I’w’Lk" >N

T4 v2%4 (55)
(L b

The matrices Np;q,(y;f(bj), p = 1,2, are diagonal blocks matrices with diag-
onal blocks Ng;q,(ij@j), n=1,...,d. i
Let us take a close look for the diagonal entries of Ng;q,(yffﬁj), p=1,2,

d
877,
n mT ;m i,k
> w (vprep i)

m=1
d T
> (v e
— i\ 0T b
respectively. We will make estimates using knot oriented quadrature rules de-

veloped in the subsection 3.2.
Let us remark that

and

[ l1? & 2794 e (2790

leA;

o Uide 2 sz L (g W (2770),

1/ Ol |? /3
= —dr =
2 Q al’m Q

leA;
Then we have
oyyTay) e ( oo ’“) Ay e
min —1__JZ(277]) < max —_—
I€A; “—= 0T, (A leA; £~ Oxm
d o nk
n mT gm v
ij< o7 oz, ) < 294/2 max|y]l| Z/
m=1
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Expanding

T n
Q in a bi- orthogonal expansion and using the interpolat-

ing property and the identity ( ,qﬁ )= 27 g,,.1, where

OPpm ~
Gpl = /Q afm (x —p)o"(x —l)dx

is a constant independent of j, m and n. Then we have

oyrTen _
(}g )(2 i1y = 93240 § g
Tm PEA;

Moreover, the inequality (56) becomes then

Zd n m a(y;LT@y) n
m=1Tj ik Oz ik

O A DI
ik p€A
2=t ( bk Oem i’k> (d/2+1)

[k < @O max L gty (59)

PEA;

On the other hand, using Stokes’s theorem, under zeroth Dirichlet boundary
conditions, we have obtain

Z/ P~ [ i rar =

Therefore, using relation (57), we obtain

d T gm O¥7.
Zm:lﬂ-jn< ;T e znk)
1712

~

Taking

di(Yj) p02id + de(d/2+1 mlIl Z gpvlyj P’
peA

we have that
72 (D% (V)00 0 ) < (Bt (Vi V) < T2 (D7 ()00 W )

with i j
T+ 1224 4 @23(@/24 D) in; > pen, InlYjp

N - _ , :
i, p22id  495(d/2+1) minge s, ZpeAj Ip1Y5,
and
T+ 1/22“1 + d2J(d/2+1) maXlEA ZPEA ngyJ’p
b3 T 92id 4 g94(d/2+1) mingey, ZPEAJ' gPalyjm
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Summing up for all n =1,...,d, we have

mind%T,Lj <DT,U;\I/(yj)1/Ji,kawi,k> < <]§‘Tyy;q,(yj)¢i)k7¢i,k>

n=1,...,

< max . e <DT,D;\1;(YJ‘)1/%,1<, ¢i,k> .

n=1,.

Because each element of X; can be expressed as a linear combination of ¥; ,
we prove that

% (Draw(y)v.v) < (Fruu(y,)v.v) < T (Do (y))v.v)

holds for all v € X;, where

. . n
vj = min min -
J 1=0,...,7n=1,...,d +J
B n
I'j = max max I,

1=0,....j n=1,....d

Thus, we prove that f’”,;q,(yj) = L;lﬁTyl,;\p(yj)Lj is a preconditioner for
F, ,.v(y;) which satisfy the conditions imposed in subsection 4.3 and condition
(54). Furthermore, the condition number of P, ,.¢(y;) ' Fr,.¢(y;) is bounded
L
by 5
Furthermore, our preconditioner is optimal if min;ex; Zpe A, 9p,1Y;, is closed

to maxjey; EpeAj 9p1Y}, as j increases.

6 Numerical Examples

To confirm the applicability of our approach we present a test example for the
two dimensional case. Numerical examples results were obtained by choosing
the (periodized) Deslauriers-Dubuc interpolating scaling functions of order 2,4
and 6, respectively.

For this purpose, we assume that our exact solution (u,p) = (u1,u2,p) is
given by

up (21, x2) = cos(2mxy) sin(27wxs)
ug(x1,x2) = — sin(2mwx ) cos(2mwxs)

p(21,x2) = sin(27x ) sin(2wz2)

which is a sufficiently smooth periodic function on Q = [0, 1]2. For the kinematic
viscosity and for the time step, we choose v = 20 and 7 = 1, respectively.
Let us remark that our exact solution u satisfy the divergence free condition
(divu = 0).

The exact solution is displayed on the figure 1, the approximation of the u,
ug, and p and its error approximation are displayed on the figure 2,3 and 4.
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exact solution Uy exact solution u,

exact solution p

Figure 1: Exact solution for the Navier-Stokes equations.

(dd2,dd2duall) at j= 2 (dd4,dd4duall) at j= 2 (dd6,dd6duall) at j= 2
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(dd2,adBa1) at j= 3 (dd4,dfdfaln) at j= 3 (dds,ddbdBar1) at j= 3

1 <N
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1 05 1 05

05 0.5 . 0.5 0.5
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2 3 4 2 3 4 2 3 4
level level level

Figure 2: Approximation of u; for the levels j = 2,3, 4 and error approximation.
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(dd2,dd2duall) at j= 2

(dd4,dd4duall) at j= 2

(dd6,dd6duall) at j= 2

2 1 1
0 0 o . S 0 AN N4
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0.5 0.5 1 0.5 05 1 0.5 0.5 1
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Figure 3:

Approximation of uy for the levels j = 2, 3,4 and error approximation.
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(dd2,dd2duall) at j= 2 (dd4,dd4duall) at j= 2 (dd6,dd6duall) at j= 2
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Figure 4: Approximation of p for the levels j = 2, 3,4 and error approximation.

Conclusion: As we can see in the figures 2, 3 and 4, the error approximation
depends on the level and on the order of the wavelets. Hence, the increasing of
the order of the Deslauriers-Dubuc wavelets provides us to get better accurate
results.
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