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1 Introduction

Adaptive solution concepts aim at achieving a desired “quality” of a numerical solution
(usually in terms of error or deviation bounds with brespect to a given norm) at possi-
bly low numerical cost by exploiting information acquired during the solution process,
thereby extending the scope of computability.

In a real life application context such methods draw from several disciplines such as
computer science, physical modeling, and mathematics. This lecture is concerned with
the relevant mathematical foundations.

The problem areas of interest can be roughly divided into the following categories:

e Capturing (mathematical) objects that are given explicitly in terms of measure-
ments or observations, (imaging, machine learning).

e Capturing (mathematical) objects that are given only implicitly as solutions of dif-
ferential or integral equations, in brief operator equations.

In each of these categories one may encounter different regimes, namely

e Low spatial dimension: classical models in continuum mechanics, up to three spa-
tial and a time variable. Computational complexity is then essentially governed
by the regularity (measure of smoothness in terms of differentiability or related
properties) of the searched objects;

¢ high spatial dimension: one tries to capture functions of many (even several thou-
sand) variables. Examples are: models in high-dimensional phase space (Schrodinger
equation for electronic structure calculations, Fokker-Planck equations, paramet-
ric PDEs, stemming e.g. from stochastic PDEs, data-mining, etc.). The comploex-
ity of solution concepts is now no longer be goverend by regularity alone. Result-
ing effects are commionly referred to as curse of dimensionality. It can be mitigated
or avoided by using sparsity. This means roughly speaking that the searched ob-
ject can be approximated within a desired accuracy tolerance by relatively few
terms of a (possibly problem dependent) basis (or more generally dictionary).

Methodologies addressing these issues draw from several mathematical areas such as
numerical analysis, partial differential equations (PDEs), harmonic analysis, functional
analysis, statistical estimation. In this course, I try to bring out the basic ideas and the
interconnections between the various conceptual platforms. I do not aim at providing
all details but rather at working towards a common conceptual platform that helps to
place the various aspects in a propere context and navigate between them.



2 The Role of Nonlinear Approximation Theory, Examples
and Basics

We discuss first some basic principles from approximation theory on which the
analysis and understanding of adaptive methods are based upon. We distin-
guish two basic paradigms:

e linear methods and
e nonlinear methods.

Adaptive methods are instances of nonlinear schemes.

2.1 A Guiding Example: Approximation by Piecewise Constants
2.1.1 Linear Methods
Setting;:

Q=(0,1)

-

k—T1 k
Pn= { [— —) k=1, ...,n} uniform partitions
n'n

Approximation system:

Sy 1= {g = Z crxi:cr R T e iPn} (2.1.1)

IePn

where
ifx eI,

1,
xilx) = {0, else.

Task: understand the error

en(f) := gigsfn If— gHLOO(Q) ) (21.2)
where
1]l @) =supf(x]] .
xeQ
Questions:

e How fast can e, (f) decay as n — oc0?

e On which properties of f does the decay of e, (f) depend?



Basic concept: Approximation classes
A" ((8n)nen, C(Q)) ={f € C(Q) : supn'ey(f) < oo} (2.1.3)

neN
|

::lfl_A'r

[fll 4 =: HfHLOO(Q) + 4

Exercise 2.1.1. Show that ||f|| ;. is a quasi-norm for the space A" ((8n)nen, C(Q)).
How to read membership to A" ((8n)nen, C(Q))?
feA ((Sn)neN) C(Q)) = glgsf Hf - QHLOO(Q) < |f|Ar n

Problem:
Characterize A" ((8n)nen, C(Q)) in terms of “intrinsic” properties of f such as
smoothness properties — this is a central question in approximation theory.
Holder continuity:
Lip (r,C(Q)) :={f € C(Q) : 3C > 0: [f(x) —f(y)| < Clx—yl",x,y € Q}

(2.1.4)
||f||L1p r,C(Q ||f||Loo + |f|Lip(‘r,C(Q))
: [f(x) — f(y)l
Ifl s ::mf{C:—TSCVX, €eQ
Lip(1,C(0Q)) x—y] Y
(Common alternative notation: Lip (v, C(Q)) = C"(Q),r < 1)
Theorem 2.1.1. One has
A" ((81)nen, C(Q)) = Lip (1, C O0<r<1land
((Sn)nen, C(Q)) p (r,C(Q)), 2.1.5)

3¢,C>0: ¢ |flluprey < Iflar < Clifllpreia -

Thus smoothness is characterized by approximability.
Proof. 1) “Direct Theorem”: Show Lip (r, C(Q)) C A" ((8n)nen, C(Q)), i.e.,

|
[l < C ||ﬂ|Lip(r,c(Q)) . (2.1.6)

In other words we need to find a constant C and for eachn € Na g = g, €
8, such that n'||f — g/ o) < Clfliipr,ca). Given f € Lip (v, C(Q)) let g :=
ZI@, (&1)x1 € Sn, where &; is the m1dpo1nt of the interval I. Then we have

f— = f(x)—f
| 9||LW(Q) ﬂ’é‘%fn}ealxl(") (&1l

g £0) — (&)
< maxmax —————
1P xel  |[x — &

’X - E.Ilr )



and by Holder continuity

1\’
< max (3 fliip(reia)
= (20) " Mfliipr,cio -

Therefore
en(f) <n 27" ’ﬂLip(T)C(Q))

and

|f|Ar < 2 ’ﬂLip(r’C(Q)) .
This is (2.1.6) which yields

Lip (r, C(Q)) € A" ((8n)nen, C(Q)) .

2) “Inverse Theorem”: Show A" ((8,)nen, C(Q)) C Lip (r, C(Q)) which means

|
¢ ||f||Lip(r,C(Q)) < [l 4 - (2.1.7)

To see this, pick n > 2 and any x,y € Q such that 1 < |[x —y| < L.
Let g € 8, such that [|f — g[;_ o) < Ifl;- 17" We consider two cases.

Casea): x,yele?,.

[f(x) — f(y)l = [f(x) — g(x) + g(x) — f(y)|
= [f(x) —g(x) + gly) — f(y)]
< [f(x) —g(x)| +Ig(y) — f(y)l
< 2[|f — gL,
Hence,
[f(x) — f(y)l

x—gr =2l gl =yl < 2 =gl @n ™ < 2l

by our choice of g. This proves the claim in case a).

Case b): x,y do not belong to the same interval. In this case, since n > 2, they
must belong to adjacent intervals. Let a be the shared endpoint of these two
intervals, then

(%) — fly)l < If(x) — fla)[ + [f(a) — fy)I,



where w.l.o.g. x <y. Applying case a) to (x, a) and (a,y) we obtain

[fx) = f(y)l _ If(x) = fla)l  [fly) — fla)|
x—ylm = x—af [y —al

< 41fl 4
and hence [fl; ;. (o)) < 41fl4r -
Remark 2.1.1. This is an example of linear approximation, although

gESn

(2.1.8)

is a nonlinear mapping. We speak of linear approximation because we approximate from

linear spaces given independently of f.

Remark 2.1.2. v = 1 is the highest possible order achieved by approximation from 8,

in the sense that
en(f) =0M") forsomer >1 = = const.
This is called saturation.

Proof. See Corollary 2.1.1 later below.

2.1.2 Nonlinear Approximation
Next we discuss an example of nonlinear approximation. Consider

L, =1{g: Jpartition P of O, #P <n,g = Z cixn ¢ € R},

Ie?

Note:
f,gel, = f+gein

that is X,, is not a linear space. Now we are interested in

ou(f) = inf [|f gl

(2.1.9)

(2.1.10)

(2.1.11)

which is a nonlinear best approximation error. We can still define related ap-

proximation spaces

A" ((En)ner, C(Q)) = {f € C(Q) : supno, (f) < oo}

neN

1lar == 1l @) + Iflar s £l == supnon(f) .
neN

(2.1.12)



Remark 2.1.3. A" ((Z,)nen, C(Q)) is a linear space and ||-
there exists a constant C such that

4 1S a quasi-norm, i.e.,

I+ gl < CUEIr +1gllar) - (2.1.13)

Proof. exercise [

Problem: Again we wish to characterize A" ((Z;)nen, C(Q)). We discuss only
the caser = 1.
Questions:

e What does nonlinearity buy us? Do we have

-A1 ((Sn)neNa C(Q)) ; -A1 ((Zn)nel\h C(Q)) ?
e What is the main principle that gives us something better ?
The main tool for this is another smoothness notion

V(£,Q):=  sup > [f(x)—f(x1)l,

n,0<x0<...<xn <1 j=1

the total variation of f. The closure of C(Q) under this metric is called BV(Q),
the space of functions with bounded variation.

Remark 2.1.4. It can be shown that every BV-function can be written as a sum of two
monotone functions, see [32].

Theorem 2.1.2. One has

A" ((Zn)nen, C(Q)) =BV(Q) N C(Q), (2.1.14)
[l = %V(f,Q). (2.1.15)

Comments: A short discussion of this result prior to the proof.

Corollary 2.1.1. The highest nontrivial approximation rate achievable by piecewise
constants on 1 intervals is O(n™'):

(on(f) <Cn " forsomer >1) = (f = const)
Exercise 2.1.2. One has
Lip (1,C(Q)) & BV(Q) N C(Q), (2.1.16)

i.e., the nonlinear method provides the optimal rate for a strictly larger class of functions
than that for which the linear method achieves the optimal rate.



Comments:
¢ nonlinear aproximation does not increase the highest possible rate but

e nonlinear approximation retains the highest rate for a much larger class of
functions, so it compensates lack of regularity to a certain extend.

Exercise 2.1.3. i) f(x) = /x, Q = [0,1], compare e, (f), on(f). More generally:
f(x) =x%,0<s<1,felLip(r,C(Q))ifand only ifr <.

ii) Let
WL (Q)) :={f: L If'(t)] dt < oo}.
Show that
W (Li(Q)) S BV(Q) (2.1.17)

and that for f € W' (11(Q)), we have

V(f, Q) :J [f'(t)] dt. (2.1.18)
o}
The above two examples illustrate the principal distinctions between linear
and nonlinear schemes. The superior performance of nonlinear approximation
hinges on an equidistribution principle. In the above “Direct Theorem” the vari-
ation was equidistributed. The underlying approximation method is only an
idealized conceptual trick because one generally does not have the information
about the target function f needed to construct such an approximation.

Proof of Theorem 2.1.2: Suppose that f € BV(Q) N C(Q). To show (2.1.15)
observe that V(f, -) is set additive, that is for [a, b] = [a, ¢] U [c, b] one has

V (f,[a,b]) =V (f,[a,c]) + V (f, [c,b]) .

The key idea is to choose those intervals for piecewise polynomial approxima-
tion that equidistribute variation, that is given f € BV(Q) N C(Q) (for the direct
theorem BV C A'"), choose 0 = %y < ... < X, = 1 such that

V(f, I]) = T]_‘LV(f)Q), J = ]..Tl, I]' = [XH,X)') . (2119)

Clearly, the x;’s may be very irregularily distributed and their location depends
on f. (Equipartition of the range, not of the domain).

Next observe that for any partition P the best constant approximationonI € P
is given by the median m;(f) of f on L.

my(f) = 1 (max f(x) + min f(x)) , (2.1.20)

2 xel x€l



that is

. V(f,1)
my(f) = argmin [ —cll_, 1= mi(f) o <
ceR
Hence
. V(f,I,) 1V(f,Q)
er () = irelﬂg If—clli gy = lIf=m (Ol < i ) T)L :
Thus 1
< < —
on(f) < Jmax e (f) < 2T1V(f,Q)
and thereby
21fl,, < V(f,Q) (2.1.21)

which gives the “Direct Theorem™:

BV(0) N1 C0Q) € A' ((E4)ner, C(0)) and [fly) < V(0]

For the “Inverse Theorem” assume f € A' ((Z.)nen, C(Q)) and show f €

|
BV(Q) i.e., we wish to show that V(f,Q) < C|f| 4. To see this, onsider an
arbitrary partition P = {[x;_1,%;) = I;,j = 1,.,n}, and set g := }_|_,, f(&1)x: for
some &; € 1. Observe that

Z 9ley )| = 3 [f(8) — £y, )| < VI£,Q).
=1 =
Since
[F(Er) — F(&r, )| < [F(&r) —Flxion)| + [F(x-1) — f(& I < 21— gl
S~ ——
=9(&r;) 9(Er;_y)
it follows that
Vig, Q) <2n|[f —glli_(q)- (2.1.22)

We use this to show next that also V(f, Q) < Cn |[f —g||; o, for some constant
C which would prove our claim. To that end, consider any t) < t; < ... < tx in
Q and note that

I\/]x

K
Z f(t) — (1) < (If(t;) — gt + 1g(tj—1) — f(t—1) + g(t;) — g(tj—1)])
=1

j=1
<V(g,Q) + 2k ||f — QHLDO(Q)

2.1.22)
< 2Mm+K) If =gl

10



Taking the infimum over all g € X, gives

k k feAl k
And for the limitn — oo

k
Z ) = (1) < 2l

Since k, t; are arbitrary this yields V(f, Q) < 2|f| . O

2.1.3 Towards Algorithmic Realizations

Unfortunately, finding optimal partitions by equilibrating variation is ussually
practically infeasible.

Question:

Can one find an algorithm that works for every continuous function
and achieves the same rate O(n') if f € BV(Q) N C(Q) (without us-
ing this knowledge directly).

An algorithm that realizes the best possible rate without prior knowl-
edge of the properties of f is called universal.

A central idea is to equidistribute local errors. Recall that m;(f) is the median
of f on I and that
my(f) = argmin ||[f —cl|,_,
ceR

Ideal scheme:
e Pick € > 0 target accuracy.
e Choose partition P, such that forall I € P:
er(f) = igﬂg If— CHLOO(I) = |If — mI(f)HLw(I) =€

o Set

ge = Zml(f)XI = |f- ge”Lm(Q) =€.
IeP

11



Question: How many intervals belong to P.?

if fEBV(Q)N
#Te)-e:Ze=ZeI( S Z V(f,Q),
1€P, I€Pe €Pe
which gives
1
e = [If—9gellL_0) Z(#zP )7V, Q). (2.1.23)
Thus, we obtain
#P. < V(f,Q)' (2.1.24)

2e

In particular, taking e = n~' leads to (#P.) < n, i.e., the error equidistri-
bution principle realizes the optimal rate. This latter principle works in most
adaptive methods.

V(£,Q)

This ideal scheme is, of course, difficult to implement because it is hard to find
Pe. A more practical alternative uses the greedy paradigm to push local errors
towards equilibration:

Adaptive refinements (here in the simplest prototype version):

Algorithm 2.1.1. QO = (0, 1), fix € > 0, Pyo0d, Pvaa

i) Set Pyaa = {Q}/ :Pgood =0

i1) Zf:Pbad 7é @,fO?‘ I e ipbad
lfel(f) S €, j)bad\{l} — bead» j)good U {I} — Tgood
else ((Pbad\{I}) U {IO) Il} — Tbad) :Pgood — (Pgood
where I:I()UI], |Io|Z|I]|:%

iii)  if Poaa = 0, set Pe = Pgooa
set ge = Zlef}le mI(ﬂXI

Algorithm 2.1.1 is an example of tree approximation. Hence it is more restric-
tive since only dyadic intervals I = [L 27% (1 +1)27%),1 = 0,..,2" -1,k € N,
occur. The question is: What do we lose?

For f € C(Q), Algorithm 2.1.1 terminates after finitely many steps.

Set
ge =) my(flx
TP,
By construction
1f—gelli ) < e€- (2.1.25)

12



How “good” this algorithm is depends on how many intervals belong to P..
So we are again interested in the relation

e<i>#iP€

depending on properties of f. Remember from (2.1.24): we have shown that
for f € BV(Q) N C(Q) the ideal scheme produces a partition P; with #P; <
(2¢)7'V(f, Q).

To estimate #P. for the output P, of Algorithm 2.1.1 we we need a new smooth-
ness measure:

Hardy-Littlewood maximal function
For f € L;(Q) consider

Mf(x) = sup |1I| JICQI (t)| dt. (2.1.26)

I>x
Mapping properties (see e.g. [32, 31]):
Theorem 2.1.3. For 1 < p < oo:
MfelL,(Q) & fel,(Q).

Forp =1:
Mf e L1(Q) & [fllog(1+If]) € Li(Q).

Our new smoothness condition is
M(f') € Li(Q).
(This is a stronger condition than f' € [1(Q) & fe W'(L(Q)) C BV(Q))
Remark 2.1.5. For any f with Mf’ € L; one has

(#7) < max {1, &7 IMF|L, )} - (2.127)

In other words, the algorithm constructs an approximation with accuracy O(n~') at
the expense of n pieces whenever Mf’ € L.

Proof. We need to count #P. and w.l.o.g. #P. > 1. Key observation: If I € P, its
parent Tbelongs to Praa, i-e., e;(f) > €. Hence one has
) [T] 1

v(f,T) L ij t)] dt = 1|

1 ,
T\J £/(8)] dt < [T MF/(x),

1
€< ef(f) Z

13



for any x € I. Let X minimize Mf’ over I. Then

Mf'(x) < lj IMf'(t)] dt,
I

so that
e < [IMF/(R) < j IMF/(]dt,
1

and consequently

M0 = | M) dt = 3 | IMF(0)] d > (#02) - <.
Q I

1ePe

Thus,
IMF][L, ()

€

#Pe < (2.1.28)

Moreover, forn € Nand € = [[Mf'[|_ 5, n"' the algorithm creates a partition P,

of at most n intervals, giving accuracy ||[Mf’[| n™', it provides the optimal rate
for the class
M;(Q) :={f € L;(Q) : Mf’ € L1(Q)}.

What is the meaning of Mf’ € L;?

The theorem says that
If'[log(1 + If']) € L;(Q) (2.1.29)

which is strictly (but only a little) stronger than f’ € L;(Q) which implies
f € BV(Q) N C(Q). In fact, ' € L,(Q), p > 1, implies (2.1.29). Hence the
adaptive algorithm realizes the same work-accuracy balance € < n(e) as the
“best partition” scheme under slightly stronger smoothness requirements. We
shall encounter later more general results of this type.

Comments:

1. In the above abstract form Algorithm 2.1.1 is still idealized. However, as
will be seen later, it is very close to practical versions arising for instance
in machine learning, data coarsening, or implicitly in PDE solvers.

2. So far: Approximation methods were based on localization and equidistri-
bution. Moreover linear and nonlinear approximability could be charac-
terized through regularity viz. smoothness properties of the approximand

14



f. Another important class of adaptation concepts is based on representa-
tions of f in terms of a basis (or dictionary). This is particularly important
in the spatially high-dimensional regime. In either case it is essential to
have some understanding of the involved function spaces describing the
properties of f.

2.2 A General Framework: Approximation Classes
The above examples suggest the following abstract setting;:
e Suppose that X with norm || - ||x is a (quasi-)Banach space.

o Let X, C X;n € Ny, be determined by n degrees of freedom/parameters
s.t.

ger, > cger,ceR, X, +1,Cx,, somea>1l, (2.2.1)

for instance, piecewise constants of fixed degree on arbitrary partitions
into n intervals. Let
Gn(f)X = ginf Hf — QHX (222)

Eln

denote the error of best n-term approximation.

e Consider the approximation class

A ((£4),X) = {f € X : [f|4y < o0} (2.2.3)
[fll.az = [Iflls + [fl.az,

where

a (2.2.4)

H_-| SuanN nro-n(f)X} 1/ q — OO,
q q
B (ZneN (nro-n(f)X> E) , 0<q< 0.

Thus, we put all f € X into the same bucket whose error of best n-term
approximation decays at least as O(n™"). For q < oo this decay must be a
little stronger to make the series converge. So ¢ can be viewed as a “fine
tuning” parameter. Its relevance will become clear later.

Since q = oo is perhaps the case of primary interest we usually write for
convenience

A((Zn), X) = AL ((Zn), X),

as in the earlier examples. In particular, f € A"((X,),X) means that for
eachn € N we can find a g,, € L, such that

[ = gnllx < n7"Iflar

15



Remark 2.2.1. Another way to read t € A'((X,),X) is that for any given target
accuracy € > 0 it suffices to take

flary
n(e) = R eA ) = dg ey st |[f—glx <k,

compare this with (2.1.24), (2.1.28). Obviously the larger r the fewer terms are needed.
Remark 2.2.2. It is often convenient to work with the expression
. qa\ 1/4
(3 @Ion(h)x)") " ~ Il (2.25)
jeNy
which indeed can be shown to be equivalent.

Linear Approximation:
We talk about linear approximation when the X, are linear spaces such as splines
or finite element spaces with respect to fixed meshes

Non-linear Approximation:
X, are non-linear sets (only satisfying (2.2.1)) such as rational functions, free-
knot splines, adaptive mesh-refinements.

Let P, (Q)) denote the linear space of polynomials of (total) order m (degree
m — 1) over Q. For a given partition P of Q let

P (P) = {ZXTPT PrePn(T), Te 73}
TeP

denote the space of piecewise polynomials of order m subordinate to the parti-
tion P. The results in the previous section can be reinterpreted as follows.

Remark 2.2.3. Linear approximation classes:
A ((P1(Pn)), C(0,1)) = Lip(r, C(0, 1))
piecewise constants on uniform partitions Py, of (0, 1).

Remark 2.2.4. Non-linear approximation classes:
A'((Z4),€(0,1)) = BV(0, 1)

L, = piecewise constants with n arbitrary pieces, i.e.,

£, = B (P) : #(P) < mi.

16



Comments:

In the above examples we identify approximation classes with intrinsic classical
smoothness spaces. Why is this relevant? we can see from the type of smooth-
ness whether a nonlinear or adaptive approximation performs better than sim-
pler linear methods. Information about the smoothness of a function is, for
instance, provided by regularity theory for PDEs. In general the understanding
of the complexity and performance of adaptive schemes draws crucially on the
deep interrelation between approximability and regularity.

2.3 A Primer on Function Spaces

In view of the findings in the last section, we collect next some basics on function
spaces.

2.3.1 Sobolev Spaces

Classical differentiability is understood in a pointwise sense. So called weak
differentiability relaxes these requirements leading to the notion of weak deriva-
tives.

Let

1/p
||f||]_ Q) = { (IQ ‘f(X)’de> y 0 < P < 00,
P
esssup, ., [f(x)l, p = oo.

Note, this is only a quasi-norm when p < 1. The spaces of p-integrable (equivs-
lence classes of) functions are given by

L,(Q) = {f measurable : ||f||., o) < oo}.

These are (quasi-)Banach spaces (i.e., complete normed linear spaces).

Remark 2.3.1. Assume that Q C R% is a bounded domain. When v < p one can use
Holder’s inequality to show that

”fHLr(Q] < C||f||Lp(Q)) fe Lp(Q)> (231)

with C depending on v,p,Q, i.e., || - ||, (q) is a weaker norm than || - ||, (). Measuring
smoothness in L, is therefore less demanding than measuring smoothness in L,, when
p > 1. This will be used later intensely, see also Remark 2.3.2.

Consider the standard pointwise partial derivatives 0% := ﬁ, x € Z4.
1 7Y

Here |&| = a1 +- - -+ otq. A function f € L,,(Q) possesses the ath weak derivative
D*f € L,(Q) if

J f(x)0*d(x)dx = (—1)""|J D*f(x)d(x)dx, V ¢ € CF(Q).
Q

Q
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Exercise 2.3.1. One has D*f(x) = 0%f(x) whenever f € CI¥(Q).
Sobolev semi-norm:
wellp 1/p
[flwm e ) = ( > 9 f”]_v(g)) , 1<p<oo;
lojl=m

Sobolev-norm:

1/p
Il = (Imsyic + Bmpian) > Iflwortyian = Il

Assume that Q C R? is open, and satisfies a uniform cone-condition (at every
point x on the boundary 00) of Omega one can fit a cone of a fixed opening
angle and peak x fully in Q).

Sobolev-spaces:

WMLy (Q)) = {f € L,(Q) : [flwn (i, (0 < 00}
Remark 2.3.2. One has the following trivial continuous embeddings:
m<n = WHL(Q) CWNL(Q), p<q = WHL(Q) € WNLI(Q)),
where the second one follows from Remark 2.3.1.

Recall that a normed linear space (Y, || - ||y) is called continuously embedded in
(X0 M) if
Ifllx < ClIf]ly, VfeY. (2.3.2)

An important special case is p = 2. In this case one obtains Hilbert spaces, i.e.,
the norms are induced by inner products. One often uses the notation:

H™(Q) := W™(L,(Q)), HFHQ) := clos|.|,m (CF(Q))
Exercise 2.3.2. The function f(x) := |x| belongs to H'((—1,1)) but not to C'((—1,1)).
Another special case is the Lipshitz space discussed earlier: W'(L,(Q)) =
Lip(1,C(Q)).
2.3.2 Bounded Variation

A convenient way to define equivalent norms for the space BV(Q) for Q C R¢
is to use duality. To this end, for ¢ € (L,(Q))? let

d 5\ 172
9l = (X 1) |

i=1
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For 1 < p < oo the existence of the weak derivative can be characterized as
follows: there exists a constant C < oo such that

1 1
J f(x)o%dp(x)dx < C[[d[[Ly0), ¢ € CF(Q), - + q- 1, (2.3.3)
Q
and in particular that f € W'(L,(Q)) if and only if

Jﬂf(X)din(X)dx < Clbla, &€ Lol (2.3.4)

Here we use that L,(Q) is the dual space of L,(Q). For p = 1, q = oo this does
not characterize W'(L;(Q)) because L;(Q) is not the dual of L.(Q). Instead, in
this way one characterizes the space BV(Q) of functions of bounded total varia-
tion. Specifically, define

f(x)dive(x)dx: ¢ € (CF(Q))" and [[¢]lioioy =1}
(23.5)

Remark 2.3.3. One can show that £ € BV(Q) if and only if sup, _p. % < 00,
where Anf(x) = (x +h) —f(x), Qp :={x € Q : x+h € Q}) Thus BV(Q) =
Lip(T, L (Q)).

Exercise 2.3.3. Suppose that € is a domain in Q, E C Q whose boundary OFE has finite
Hausdorff dimension H4~' (OE). When the boundary is smooth enough one has

XelBvio) = H* ' (OE).
This shows also that BV(Q) # W'(L;(Q)).

[flgv(q) := max { J
o)

2.3.3 Besov Spaces

A series deficiency of the above smoothness classes is that they are too coarse
grained. A classical example is the Trace Theorem which states that the trace
opereator - a substitute for the restriction operator defined when a function is
defined pointwise - maps for instance H'(Q) onto H2(0Q)), i.e., traces of func-
tions with one weak derivative in L,(Q)) are only half differentiable in L, on
0Q). An example of spaces with non-integer smoothness are the Lipshitz spaces
(also called Holder spaces) encountered in earlier sections where smoothness
is measured in L. The concept of Besov spaces is important for (at least) two
reasons:

e it allows one to formulated non-integer degree of smoothness for all 0 <
p < oo in a unified way;

e nonlinear and adaptive approximation is goverend by Besov-regularity,
not just by standard Sobolev regularity.
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Basic ingredients: The perhaps most important point is to describe smooth-
ness in a “derivative free” way. Instead, one uses so called moduli of smoothness:

Difference operators:
(ARf)(x) == f(x+h)—f(x), A =A""(Anf), Quni={x€Q:x+lhec Q, 1<k}
Modulus of smoothness:

Wi (f,t, Q)p = sup AT, (), O <P <oo. (2.3.6)

lhi<t

For p = oo the integration over Q,;, is replaced by the supremum.

Comments and related results:

e Notice that
Wwn(g,t,Q), =0 VgePy,

because mth order differences annihilate polynomials of degree m —1, i.e.,
order m, just like derivatives.

e For each fixed f € L,(Q) one has w;(f,t,Q), — 0, t — 0 which expresses
continuity in L, just like continuity in C(Q):

wi(f,t,Q)o =supsup [f(x +h) —f(x)] = 0, t—0.
x€Q [h<t

e Itis easy to show (triangle inequality) that
walf,1, Q) < Cwi(f,1,Q)y, k<n, C=Clkn), (23.7)

so that each fixed f € L,(Q) one has wy(f,t,Q), — 0,t — 0, holds for an
fixedn € N, see e.g. [32].

e On adeeper level the modulus characterizes compactness in L, in the sense
that 7 is a compact subset of L,(Q) if and only if

lim sup w, (f, t,Q), =0,
20 e r

which corresponds to Ascoli’s Theorem for p = oo.

Clearly, for an arbitrary f € L,(Q) the convergence of wn,(f,t, (), may be ar-
bitrarily slow. However, the smoother f the faster one expects the convergence
to be. This suggests to describe smoothness by quantifying the decay of the
modulus.
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Definition 2.3.1. Let s > 0 and 0 < p, q < oo and let m € N be an integer such that
s<m

00, s qdt 1/4
IflBs (1, (0)) = { <f0 (T wn(f,t,Q)p) T) y 0<q<oo,
sup,_, twy(f,t, Q),, q = oo,
Then
B (L, (Q)) := {f € L,(Q) : Iflpy 1,,(0)) < o0}
and

1[5 1,00 = (Il ) + [flBs (1, 00))-
Remark 2.3.4. In analogy to (2.1.4) one can define Lipschitz spaces for L,, by

Lip(s,L,(Q)) :=={f € L,(Q) : supt " wi(f,t, Q) = [flLip(s,L, () < 00} (2.3.8)

>0
Obviously, one has
Lip(s,L,(Q)) =B, (L,(Q)), 0<s<T. (2.3.9)
One can show that
Lip(1,L,(Q)) = W'(L,(Q)), 1<p<oo
Lip(1,L;(Q)) = BV(Q) # W' (L (Q)). (2.3.10)
The smoothness characterized by this definition seems to depend on m, the
order of the modulus, because s is limited by m through s < m. It is a con-

sequence of Marchaud'’s inequality for moduli of smoothness that this is not the
case in the sense that

(Jm(tswm(f, t, Q)p)q%>]/q+||f||Lp(Q) ~ (J

0 0

o)

. dty /s
(w4005 ) Il @y

(2.3.11)
as long as m, k > s, see [32].

Remark 2.3.5. One may wonder about the role of the additional parameter q € (0, co].
It will be explained later in a bit more detail. Here it suffices to note that the strongest
information is given by s and p, while q is used as a “fine-tuning” parameter.

There is another important fact at the heart of analysing the Besov spaces,
sometimes referred to as Whitney’s Theorem that says

dnf [[f = glliya) ~ wn(g, Q) FE L (Q), (2.3.12)

with constants of equivalence depending on m, p, and Q, where

Wm(g, Q)p == sup wn(g,t, Q). (2.3.13)

t>0
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(2.3.12) says that best local polynomial approximation scales like the modulus.
One direction is familiar from Taylor’s expansion. Thus, local polynomial ap-
proximability is also a smoothness measure. One very familiar consequence of
Whitney’s Theorem can be stated as follows: let D be a fixed “reference do-
main” (e.g. unit simplex, unit cube) and let (Dy,)n>o be a family of affine images
of D of shrinking size h = diam Dy, where the affine mappings have uniformly
conditioned linear parts, then rescaling arguments show that (2.3.12) implies

gler]%)f ||f — g||]—‘p(Dh) S ChmlﬂWm(Lp(Dh))) fe Wm(Lp(Dh)), (2314)

where C depends on m, p, the bound on the condition of the affine mappings,
and on the reference domain D. In fact, there is a more general version

d d). (2.3.15)

. S _
inf 1= gl < CRlfls o 85— (57

When r = p this gives the order h* of approximation corresponding to the fact
that smoothness is s. When r < p measuring smoothness in L, is weaker than
mesuring smoothness in L, (see Remark 2.3.1). Thus, one can still quantify the
error even when f is not smooth in L,. It lowers the rate though by ¢ — % > 0.

Conversely, when v > p one gains in approximation order taking advantage of
the fact that f has smoothness s in a stronger metric.

Additional Background Facts: We record next some further useful facts with-
out proof and refer to [32] for details. In particular, this concerns the relation
between Sobolev and Besov spaces.

Remark 2.3.6. The following properties hold:

1. 0<s<m: B(L,(Q)) interpolates between L, (Q) and W™(L,(Q)).

2. p,q > 1: By(L,(Q)) is a Banach space, otherwise only a quasi-Banach space.
3. p,q < 1is important for nonlinear approximation, as shown later.

4. BRM(L,(Q)) #W™(L,(Q)) forp # 2, but  B5(L,(Q)) = H*(Q), s € R.

. . 1/p
5. Equivalent semi-norm:  ||(ax)aezlle,(z) = (erz’aﬂp>

IlBs 1y () = 129w (f, 27, Q)p)sez, lleg (.-

This follows from discretizing the integral in Definition 2.3.1. Compare this with
the expression (2.2.5) appearing in the approximation classes.
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6. Defining
WAL, (Q)) =By (Ly(Q)), s ¢N,

one recovers the Sobolev-Slobodezcki spaces, defined through multiple integrals.
Moreover BY (L (Q)) are for all s > O the spaces referred to as Holder spaces.

The key word above is “interpolation”. 1. says that the Besov spaces B (L, (Q)),
k < s < k+1, somehow fill the “gap” between W*(L,(Q)) and W*(L,(Q)). In-
terpolation of Banach spaces is a concept addressing the following objective. Sup-
pose that X || - ||x, Y, || - || are two Banach spaces where we assume that Y C X
in the sense of continuous embeddings. More precisely, we assume that Y has a
semi-norm | - |y and
Dot 1 e~ - fls (23.16)

i.e., the left expression is an equivalent norm on Y. Simple examples are X =
L, (Q), Y = WXL, (Q)), |- Iy = | - lwr(t, -

Remark 2.3.7. We are considering a somewhat specialized setting. In general one need
not require an embedding of one space into the other but rather works with the spaces
X+Y,XNY. For our purposes the specialized scenario suffices, see [5] for the general
picture.

We wish to “fill up” the “interval” [X,Y] by certain “intermediate” spaces
(X, Ylg,q, parametrized by 0 € [0, 1], q € (0, oo] (as explained later) in the follow-
ing way:

e Let £L(X,Y) denote the space of bounded linear operators from X to Y en-
dowed with the norm

Bv
“B”E(X,Y) = sup H ”Y)
vex  IVIIx

and suppose that B € £(X;,Y;) and B € £(X;,Y,).
e The interpolation method that yields the interpolation spaces
X1, Yilog,  [Xy2, Yaloq
for fixed 0, q should ensure that
1Bl 21 ¥10.goxe¥2l0.g) < 1Bl v 1Bl 2w, (2.3.17)
i.e., Bis also bounded as a mapping between the interpolated spaces.

A classical application arises in deriving error estimates in the finite element
method. Suppose one has constructed a projector Qn, whose range is a finite ele-
ment space Vj, subordinate to a mesh of mesh size h. Certain such projectors are
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so calles “quasi-interpolants” which are bounded mappings in £(L,(Q), L,(Q))
and also in £(H'(Q),H'(Q)) (L,- and H'-stable). Typical error estimates (Nu-
malV) then read

I = Quflla < Chiflgo (23.18)

L,-boundedness also gives ||f — Qnfl|i,q) < C||1°||L2 = ChO||f||r,(q)- Once one
knows that H*(Q) = [L,(Q), H'(Q)];, an apphcatlon of 2.3.17)to B :=1—Qn
yields

If = Quflliaia < Chilflieco (2.3.19)

i.e., the rate s is determined by the difference of smoothness between the norms
on the left and on the right.

The K-functional: The decisive tool to construct the interpolation spaces [X, Y]g 4
is the K-functional (see [5] and the literature quoted there) introduced by J. Pee-
tre. Under the assumption (2.3.16) it takes the form

K(£,8) = K(f, 65, Y) = inf {||f — gllx + tlgl}. (2.3.20)

Thus, K(f,t) measures closeness of f € X to some element in the subspace Y.
When insisting of approximating f too well by an element from Y the second
term may become large. The optimal compromise given by K(f, t) is therefore
also a measure of smoothness when the semi-norm | - |y measures smoothness
(as in the above examples).

Definition 2.3.2. For0 < q < o00,0< 0 < 1, let

g 1/q
B <h K(f, t; X, Y)) ) . 0<q< oo,
sup,., t K (f, t; X, Y), q=oc0

| (2.3.21)

and
X, Y]G,q ={feX: HfH[X{Y}e‘q < oo}.

A glimpse at Definition 2.3.1 reveals that the interpolation norm (2.3.21) has
exactly the same structure as the Besov-semi-norm. In addition there is an im-
portant result by H. Johnen and K. Scherer [39] saying that for 1 < p < oo and
domains Q) satisfying a uniform cone condition

K(f, t; L, (Q), W™ (L, (Q)) ~ wn(f,t,Q), (2.3.22)

with constants depending only on p, m, Q. This explains the following remark.
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Remark 2.3.8. Besov spaces are interpolation spaces between L,- and Sobolev spaces.
A typical example is

By (L, (Q)) = [L,(Q), W™ (L, (Q)leq, ©=s/m.

A further important result is that the approximation classes Ay, are interpolation spaces
under the following circumstances: suppose there exists R > 0 such that the elements
of Y satisfy the Jackson inequality

on(flx <CnKfly, neN, fey, (2.3.23)
as well as a companion Bernstein inequality

Igly < Cn¥|lgllx, g€ Zn,neN. (2.3.24)
Then one has

AL((Z0),X) = X, Y]oq, 6 =1/R. (2.3.25)

This sometimes referred to as Jackson-Bernstein-Theory.

The so called Re-iteration Theorem says that interpolating between two inter-
polation spaces is the same as interpolating between the extreme spaces. This
shows that interpolating between Besov spaces again yields Besov spaces. Like-
wise interpolating between approximation classes yields approximation classes.

Now the role of the parameter q becomes clearer as a means to distinguish
between different possible ways of interpolation yielding the same primary
smoothness s, say.

We refer to [32, 31] for more details.

Exercise 2.3.4. Let P, denote again the uniform partition of QO = (0, 1) into n subin-
tervals of equal length h = 1/nand let £,, = P,,(Py), m € N fixed. Determine the R
for which the Jackson and Bernstein estimates (2.3.23), (2.3.24) hold when X = L,(Q),
Y = WL, (Q)).

Topography of Function Spaces: Interpolation theory helps also in deriving
the following chart showing which spaces are embedded in which ones. We
assume that Q is bounded or a torus.

We summarize the embedding of Besov and Sobolev spaces on Figure 1. In
this figure, a smoothness space measuring s derivatives in L, - such as W*(L,)
or By (L,) for some q > 0 - is represented by the point (1/p, s) in the upper-right
quadrant. If X is a smoothness space on a domain Q that satisfies the uniform
cone condition, which is represented by the point (1/p, t), then

e Spaces Y represented by a point in region
[:={(1/r,s) : s>tand r > p}

embed in X when Q is bounded, and this embedding is compact.
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L: d/p—d/q=s—t

I1I

S: s=t X: (1/q,t)

N
7

0 1/p

Figure 1: Graphical summary of Besov and Sobolev embeddings

e Spaces Y represented by a point in region
I:={1/r,s) : s>t, r<pands—t>d/r—d/p}
embed in X, and this embedding is compact when Q is bounded.
e Spaces Y represented by a point on segment
S:={(1/r,s) : s=tand r > p}

may embed in X when Q is bounded, depending on the precise definition
of X'and Y - for example B (Lr(Q)) C B, (L,(Q)) if and only if 1 < q; -
and this embedding is not compact.

e Spaces Y represented by a point on line
L:={(1/rys) : s>tand s —t=d/r—d/p}

may embed in X depending on the precise definition of X and Y - for exam-
ple By, (L:(Q)) C BEZ(LP(Q)) if and only if q; < q; - and this embedding is
not compact.

e Spaces Y represented by a point in the remaining region III do not embed
in X.
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The spaces Bf (Lo (Q)), W¥(Loo (Q)), C¥(Q), k € N, 0 < q < 00, are all associ-
ated with the point (0, k) = (1/00, k) on the vertical coordinate axis. The spaces
By (Li(Q)), WH(L1(Q)),BV(Q) are associated with the point (1,1) = (1/1,1).
When r decreases, i.e., 1/r increases to the right, the spaces L. get larger, i.e.,
smoothness of the same order s gets weaker when r decreases. The space
B:(L.(Q)) is still embedded in L, (Q) as long as
<

+ = % + % being the critical embedding. (2.3.26)

1
p T

=S| —
ale

2.4 A First Application - Back to Adaptive Piecewise Polynomial
Approximation

Let Q := (0,1)¢, P, the space of polynomials of total order m (degree m — 1) on
RY. Let
.= U{?m(P) : #(P) < m, P adyadic partition}.

Here we call P a dyadic partition if all its cells result from a successive dyadic
refinement of some “father cell” starting with the root {Q)}. A dyadic partition
of a cube means its subdivision into 2¢ congruent cubes (the children).

Remark 2.4.1. The number of degrees of freedom carried by ., is not n but ndim P,, =

n(m_(r“d). Since m, d are fixed the number of degrees of freedom is still uniformly pro-

portional to . Since all estimates involve some fixed constant we retain the simpler
notation just using n.

We shall later use that such partitions can be identified with the set of leaves

of a tree with single root {Q)}, see Figure 2.
4/& A ®
¢ \Fa

Figure 2: Dyadic refinements, tree representation

We consider the following setting:

® (Pj)jen, hierarchy of uniform nested partitions; 7 :=
with roots in P,

ien, P partition tree

e P, := set of all dyadic leaf-partitions with at most n cells;
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e m fixed, X, := [ J{Pwn(P) : P € Py}
o e(f, T), :=infyep, [If —gll,m, C(T)=setofchildrenof T €T

The following algorithm is in principle identical to Algorithm 2.1.1, only the
ingredients: norm, higher polynomial order, local error indicator, differ.

Algorithm 2.4.1. 1. Initialize: Set thresholdn > 0, B :={T € Py : e(f, T), > 1} set
of “bad” cells, G :={T € Py : e(f, T), <m}setof “good” cells
2: Output: partition Py with e(f, T), <n, T € P,

3: while B # ()
. for TeB
B — (B\{THU{T' €C(T):e(f,T'), >n}
G — Gu{l’el(T):e(f,T'), <n}
end for do

6:- end while do
7: output P, =G

Let g1 € Pin(T) denote a best approximation to f on T. Then

=D grxt € Pu(Py)

TePy

is the piecewise polynomial approximant corresponding to the output partition
Pn.

Theorem 2.4.1. Let 0 < p < oo, f € BE(L(Q)),0 < s <m, d:=5s— % +% >0,
gn = argmin||f — g, (q), then

9€Pm(Pn)
If — gnllL,) < CHPY) ™ flps (o (C = Clp,T,m,)) (2.4.1)
In addition
On(fiy0) = Inf [If =gl < Cn = fles (1. () (24.2)
Hence ] :
BYL(Q)) € AV ((£.), L (Q)), when — < % +3 (2.4.3)

Comments 2.4.1. 1. Note that we do not have ||f — gy|L,q) < M when p < oo.
One only has
If— QnHEP(Q) < PHPy.
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2. In contrast to Theorem 2.1.3 we have now a result for variable smoothness order.
For s = 1 however Theorem 2.1.3 gives a slightly stronger result because for any
T > 1 the condition f' € L(Q) implies f € M;(Q) (here: s =1,p =o00,d =1).

3. For approximation in one spatial variable (d = 1) we obtained error bounds of
the form < n™° when s is the degree of smoothness and n the number of degrees
of freedom. In Theorem 2.1.1 the number of degrees of freedomm is related to a
mesh-size h = 1/n, i.e., n = h™'. For a uniform Cartesian grid of mesh-size h
for the unit square (d = 2) we have n. = h™% and in general for the unit cube in
RY, the mesh-size h corresponds to n = h™4 degrees of freedom. More generally,
consider for bounded domains in R a quasi-uniform partition Py, i.e., all cells
have approximately the same diameter h and all cells are “ball-like”, i.e., the ratio
of the radii of the smallest circumscribed ball and the largest inscribed ball remains
uniformly bounded over all cells. Such partitions are called shape-regular. One
then has

#P, ~h4 h~ (#P,)4 (2.4.4)
Hence, when measuring accuracy not by mesh-size but by the number of degrees

of freedom, because a mesh-size does not make sense for locally refined partitions,
we expect that errors decay at best like

—s/d

(2.4.5)
For smoothness s the rate n=*/¢ is best possible. Thus smoothness becomes less
and less effective when the spatial dimension d increases. The error estimates
(2.4.1), (2.4.2) reflect exactly this behavior.

error for smoothness s and n degrees of freedom scales at best like n

—s/d

4. The theorem says that the simple adaptive algorithm realizes the optimal order for
approximands in the Besov space B%(L.(Q))). But one can actually give examples
of elements in the approximation class A%((%y,), L, (Q)) which do not belong to
B3 (L(Q)). So there exist functions which can be approximated by elements from
Y., with order n=%/¢ but the corresponding partition is not found by the simple
greedy strategy in Algorithm 2.4.1.

5. We can relate Theorem 2.4.1 to the embedding diagram in Figure 1. This is illus-
trated below in Figure 2.4. The smaller T, subject to the constraint 1; < % + %, the

larger the space BL(L.(Q)), but the theorem is no longer valid when % =3+ %,
i.e., when B(L.(Q)) is on the critical embedding line. In brief, the simple adap-
tive scheme provides optimal orders (although not exhausting A%/4 ((Zn), L,(Q)))
up to the embedding line which is as far as one can go so that smoothness s still
ensures embedding in L,(Q).

Proof. (Sketch) (i) Since cells in P, are good ~~
If— gnlli, ) < (#Py)/Pn. (2.4.6)

29



Figure 3:

(ii) count #P,: in Theorem 2.1.3 the counting is based on estimating the local
errors by the maximal function. Here, the same strategy works, estimating local
errors this time by local Besov-norms. Whitney’s Theorem says infyep,, ||f —
9llL, @) < Cwp(f,diamQ, Q),, (see (2.3.15)) ~

. . s_d.d
gler]}l’f Hf— gHLp(T) S C(dlamT) T+p’f|B§r(LT(T))) (247)

recall that s — 4 + % = §,diamT ~ 277 when T has refinement generation j.

Let P; denote all dyadic cells of generaltion/level j (mesh-size 27). T € P,NP;
= e(f,P(T)), >n, P(T) parent of T, T € P; ~» diamT ~ 277, then (2.4.7) ~

N < 27 fleg Lepiry)- (2.4.8)

Next note that the Besov-seminorm is set-subadditive. This means that for any

partition P of Q
Z ’ﬂTi(LT(T)) 5 |f|Tg(LT(Q))>
TepP

compare integer order Sobolev semi-norms. This cannot directly be seen from
Definition 2.3.1 because the modulus of continuity is not obviously subadditive
with respect to sets. However, there is a variant, the so called averaged modulus
where the “sup” is replaced by an average

1 1/p

O (fy 1, Q) = (m L(O . IATH7, 0, A1) (2.4.9)
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It can be shown that both variants are equivalent, i.e., each one can be bounded
by a uniform constant multiple of the other one, where the constants depend
only on m,p. Thus, replacing the standard modulus by the averaged one in
the definition of the Besov semi-norm, yields an equivalent Besov semi-norm
and one can use that the Besov-seminorm is indeed set-subadditive. Thus,
summing over all levelj cells T € P, N'P;, (2.4.8) yields

#Py NPT S 27 MRy~ #PNP) S 270 Ml 1) (24.10)

On the other hand,
Q44)
#HPaNP) <#P) < 24 (2.4.11)
Hence ' .
#(Py NPy) < min {24,270 IR (o) }- (2.4.12)

Now jo tip over point where both bounds are essentially of equal order, i.e.,
20d ~ 2790 TIfIL, 1))+ Then one obtains

#(Py) =) #Py0P) S 244 Y 270 )
j>0 i<io i>jo

S zjod + z—joTén—T|f|T§t(LT(Q)) S 2_jOT6n_T|f|T§(LT(Q))' (2413)

Now 2j0d ~ Z_joTén_TlflTi(LT(Q)) means that

o

20 ~ (M My ay)

and therefore .

zijOTéniT‘ﬂTg(LT(Q)) 5 <n7T|ﬂT§(LT(Q))) a+ts ' (2.4.14)
Thus, (2.4.13) yields

d

#(P) S (”_T”'T%(LT(Q))> -

and hence

_ d+7d

_s_1
N S fles @ #(Pr) ™ <0 = [flps (L) #(Py) 4 7. (2.4.15)
Insert this into (2.4.6) ~ (2.4.1). O

Remark 2.4.2. The same arguments apply to other isotropic refinement methods (to
be learnt later) such as shape preserving bisections like “newwest-vertex-bisection” for
simplices. Then the diameter of refined cells shrinks at a slower rate p~' for some p > 1.
The result would remain the same because of the same geometric series effect.
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3 Tree-Based Algorithms

3.1 Some Basic Notions

A tree is a specific instance of a graph, namely, it is a set of nodes T, certain pairs
of which correspond to the edges of the graph. We assume that when a path of
edges connects two nodes, this path is unique, which means that the graph has
no cycle. In addition, one fixes an orientation for any edge between two nodes
T and T/, by saying that T’ is a child of T and that T is its parent. The orientation
must be chosen so that every node has at most one parent. A node without a
parent is called a root. We denote by C(T) the set of all children of T and refer to
any two elements of C(T) as siblings. We confine the subsequent discussions to
trees for which each parent has at most a fixed number M € N of children, i.e.

2<#C(M) <M, TeT. (3.1.1)

In addition, we require that every node in a tree has a finite number of ancestors,
and therefore every node is linked to a single root by a unique path.

So far this permits the existence of several roots. In this case one sometimes
speaks of a forest. For simplicity we consider in what follows (mainly) the case
of trees 7 with a single root denoted by R(7"). Most findings however carry over
to forests.

Given a domain Q) and a refinement rule, for instance, bisecting a triangle into
two triangles by splitting the longest edge, or by subdividing a cube in R? into
24 congruent cubes (dyadic subdivision) gives rise to a (geometric) tree. In fact,
view Q as the root node/cell; a consecutive refinement of a cell — viz. anode T
— creates the set of children C(T) as new nodes. Repeating this process creates a
tree T, see Figure 2. Refining all cells ad infimum creates an infinite tree, called
the master tree T*.

A cell T in a finite tree 7 < T* is called a leaf if none of its children (in 7*)
belongs to 7. A tree is called complete if one of the elements of C(7) belongs to
T thenC(T)C T.

The set of leaves of a complete tree 7

LT)={TeT:CMNT =0}

forms a partition of the root cell Q. We say a partition P is induced by a tree T
if P = L(T). Conversely, every partition generated by a successive refinement
of the root corresponds to a tree which encodes the refinement history. This is
expressed by writing

P=L(T), T=T(P)if L(T)=P.
Exercise 3.1.1. Obviously #(L(T)) < #(T). Show that #(T) < 2#(L(T)).
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Why considering trees? Algorithm 2.4.1 is the simplest example of a tree-based
algorithm that generates a partition P = £(7) where 7 (P) encodes its refine-
ment history. One way to interprete Algorithm 2.4.1 is that it attempts to grow
a tree which realizes a given target accuracy at the expense of a possibly small
partition. More generally, one tries to find among all trees with at most n leaf
nodes the one that optimizes a certain criterion. In this section we discuss this
issue in a somewhat more abstract setting which covers the situation of Algo-
rithm 2.4.1 as a special case. The quality criterion will be given in terms of error
functionals.

Suppose we can associate with each node/cell T € T* an error functional
e(T) = e(f;T) (which is to represent a local approximation to f on T) satisfy-
ing the weak subadditivity property

Z e(T’) < Ce(T), foranytree 7' withR(T') =T, (3.1.2)
T/eL(T")

where C is a fixed constant. When C = 1 we call the error functional subadditive.
Goal (ideal): Given ¢ > 0 find 7; C T* such that

Te = argmin{#7 : e(T) < ¢}, where e(7):= Z e(T). (3.1.3)
T<T* TeL(T)

Example 3.1.1. 1. Local polynomial approximation in L,, 0 < p < oo:

e(T) = e(f;T)g = Pigrjl)f || — P||EP(T)°

This error functional is even subadditive (C = 1 in (3.1.2)) and it is used in
Algorithm 2.4.1.

2. Empirical errors in machine learning (regression, classification). Suppose that
p is an unknown measure on a space Z := X x Y, dp(x,y) = dp(ylx)dpx(x),
(dpx is the so called marginal measure). The goal is to estimate the regression
function

fo(x) :==E(ylx) = Lydp(yIXJ (3.1.4)

see Figure 3.1, from independent identically (with respect to p) distributed (i.i.d.)
samples Z,, = {(xi,yi) : 1 =1,...,n}. Think of every x; as a list of answers to a
catalog of questions which are kept by a bank together with a success measure y;
obtained when giving a loan to the ith client who came up with the answers x;.
The regression function then tells the bank what the success rate of the decision
would be in expectation.
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Estimating f, means to construct an estimator f = f, that minimizes the Risk
Functional

(f) = |y~ fix)dp,
z
which can be shown to decompose as
E(F) = E(Fo) + I — Foll7, x o) - (3.1.5)

Thus, minimizing the risk means to best approximate the (unknown) regression
function in an Ly,-norm, in this case the L,-norm with respect to the (unknown)
measure Q.

A common strateqy is to construct the estimator f as a piecewise polynomial on
a partition that should be chosen adaptively based on the given data (samples).
Given a partition P of the domain on which f, lives we determine for each T € P
a polynomial Pt determined by
Pr=argmin ) (yi—P(x))’xr(x), =) xiPr. (3.1.6)
PEPm i TeP

Notice that T should contain sufficiently many samples to determine Pr.

A natural error functional would in this case be
] n
e(T) =e(fy; T) := a ;(yi — Pr(x))?xr(xi), (3.1.7)
1=
which is again subadditive. Note that these indicators are computable. Since the
output, depending on which way these indicators are used, is based on random
samples, it itself is a random variable. Therefore, the resulting estimator f is a
random variable. In the end, one has to prove how accurate the estimator is, for
instance in terms of

? 2
Epn (I = follt, x,p00)-
This is done in mathematical/statistical learning theory.

. Local error estimators arise also from estimating residuals when solving certain
types of PDEs. This will be discussed in detail later.

Complexity: Consider

T ={T C T :R(T)=R(T"), #(L(T)) <n} (3.1.8)

the collection of all finite trees whose set of leaves has at most n elements. A
brute force method for accomplishing (3.1.3) would be to compute e(7) for each
T € %,. This would be an NP-hard problem.

Remark 3.1.1. A complete search through %, has exponential cost in n, i.e., #(%,) ~
a™ for some a > 1.
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Figure 4: regression function

3.2 The Binev-DeVore Algorithm

The render the goal more tractable one can relax is slightly. This leads to the
notion of weak optimality.

Definition 3.2.1. We call a tree T weakly optimal for an error function e associated
with T* if there exists a positive constant 1 < C* < oo such that for any tree T C T*
one has

Ce(T) <e(T) = #T)<CHT). (3.2.1)

The following modification of Algorithm 2.4.1 realizes weak optimality. Specif-
ically, consider the following modified error functionals:

e(T), T=R(T);
5(T) . 322
eln) (#T)-kﬁ) ], T e C(T), Tparent of T. (322)

Thus, the larger the level of T (i.e., the number of edges needed to connect T to
the root R(7)) the smaller becomes the modified error functional &(T) compared
with e(T).

Algorithm 3.2.1. 1: Initialize: {R(T*)} = T
2: while e(T) > e do
3 for T € argmaxé(T')set T — T UC(T)
T/eL(T)
4: end while
5: Output: T; with e(T;) < ¢
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The algorithm is another instance of a greedy method. It successively refines
the cell with the currently largest modified error functional.

To describe the performance of Algorithm 3.2.1 it is convenient to use a slightly
different complexity measure. For a given finite tree 7 C 7~ let

n(T) =#(T)—#(L(T)). (3.2.3)
By Exercise 3.1.1, we have

n(T) ~#(L(T)) ~#(T). (3.2.4)
Define

on(e) = TC%}E?T]SH e(7T). (3.2.5)

A proof of the following result can be found in [6].

Theorem 3.2.1. Assume that (3.1.2) holds with C = 1 and let the modified error
functionals be defined by (3.2.2). Then any output T of Algorithm 3.2.1 satisfies

n(7)
7 < (s

Thus, choosing, in particular, k = |n(7)/2| one sees that (3.2.1) holds with
C* = 2. Therefore, one obtains the following immediate consequence of Theo-
rem 3.2.1.

)Gk(e) whenever k < n(T). (3.2.6)

Corollary 3.2.1. Let L, denote the set of all subtrees of the master tree T satisfying
n(7) < n where n(T) is defined by (3.2.3). Denoting by A_((X,)) the set of those
error functions e associated with T* for which oy (e) < Mn™* holds for some constant
M < oo. Then, for each n € N Algorithm 3.2.1 outputs a tree Ty, such that

e(Tn) <2"/*Mn~*, neN. (3.2.7)

Hence the algoritm is rate-optimal for any polynomial convergence rate.

Algorithm 3.2.1 is superior to Algorithm 2.4.1 since it applies to a wider spec-
trum of applications and realizes the order O(n™") for all functions in a corre-
sponding approximation class A".

3.3 Optimal pruning: CART

The modified greedy algorithm discussed in the previous section grows trees
with weakly optimal approximation properties in the sense of (3.2.1). In this
section we discuss a strategy for coarsening a given tree in a way that one ob-
tains a sequence of subtrees that provide even optimal approximations within
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the initial tree without a complete search. It is based on the concept of optimal
pruning which goes back to Leo Breiman and Jerome H. Friedman in 1973 [8]
who used it for the the generation of Classification and Regression Trees (CART)
in the context of machine learning. In this context local error indicators are ob-
tained by sample measurements in terms of the local least squares errors (3.1.7).

For simplicity, we continue to assume that the underlying master tree 7 has
a single root Ty = R(7*) and that the error functionals e associated with a fixed
master tree 7" are subadditive, i.e., satisfy (3.1.2) with C = 1.

Ideally, given a target accuracy ¢ > 0 and an error function e, we would like
to find a tree 7 (¢) C 7™ that satisfies (3.2.1) with C* =1, i.e.,
e(T(e)) <&, e(T)<e = #(T)=#(T(e)). (3.3.1)

We discuss in this section in which sense pruning gets close to such ideal ap-
proximations without going through a complete tree search. The underlying
method has two major stages:

e The first one is to grow a finite tree 7 of 7* which, roughly speaking, is
large enough for a given range of target accuracies.

e Given such a 7, the second step consists in reducing 7 to certain subtrees
with the aid of a particular pruning strategy which turn out to be optimal
in the sense of (3.3.1) at least in 7.

A natural way of generating 7 is to apply Algorithm 3.2.1. We describe now
the second stage, namely the process of pruning. A tree 7" is called a pruned
subtree of T if R(T') = R(T) and if T' C T. We express this by writing

T'XT, orT'<T when T'#T. (3.3.2)

Moreover, we denote for T ¢ L(7) by B(T;T) the branch of T rooted in T, i.e.,
the tree which is comprised of T and all its descendents in 7

B(T;T)={T"€ T :T is an ancestor of T'}. (3.3.3)

Throughout the remainder of this section we work under the following

Assumption: Forany T € T\ L(T) one has
e(T) > e(B(T; 7). (3.3.4)
Property (3.3.4) means that 7" does not contain any unnecessary nodes in the
following sense. Each refinement of a non-leaf node decreases the error as-

sociated with that node. One can always ensure (3.3.4), if necessary, as fol-
lows. For any T € 7 which is a parent of some leaf node, check whether
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e(T) = ZT,GC(T] e(T’). If in this case we remove the collection C(T) one still

has e(7\ C(T)) = e(7), i.e., this pruning step does not sacrifice accuarcy. It is
easy to see that after at most finitely many such removals one arrives at a tree
satisfying (3.3.4) but has the same accuracy as the original one.

Complexity Penalization: The key to describing the second stage of pruning is
complexity penalization: consider for a penalty parameter p > 0 and a given finite
subtree 7 of 7* with a single root R(7") = R, the functional

E(T) = e(T) + 1 (L(T)). (33.5)

For the trivial tree {T} with root T we briefly write E,(T) = E,({T}) = e(T) + p.
Clearly, for every finite tree 7 C 7* and any p > 0 there exists a tree 7"’
satisfying
E.(T') =minE,(T). (3.3.6)
T<T
Definition 3.3.1. A tree T satisfying (3.3.6) is called a p-optimally pruned subtree of
T.

Remark 3.3.1. Clearly, when growing T the first summand e(T) decreases but the
second summand increases with the number of the leaf nodes (complexity of the corre-
sponding partition). Therefore

e minimizing for a given penalty parameter \ the functional €, (T) over all finite
subtrees seeks a compromize between accuracy and complexity;

e Increasing | decreases the size of minimizers of E,. Specifically, when

_ e(R(T)) —e(T)
=T -1

then the root {R(T')} is the unique minimal y-optimally pruned subtree of T .

(3.3.7)

A frequently used tool is to decompose a tree into the branches of the root
children. Notice that e(7) = }_7/ccr €(B(T';T)) and

#L(T)) = ) #(LBT,T)), (3.3.8)
T’€C(R)
so that
EfT)= ) EuB(T57). (3.3.9)
T'eC(R(T))

The following simple fact that p-optimality is inherited by branches is useful in
what follows.

Exercise 3.3.1. If for some T, # {R} one has E,(7,) = mins_ E.(T), then for each
T" € C(R) the branch B(T';7,,) is a u-optimally pruned subtree of B(T';T).
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Uniqueness of Minimal p-Optimally Pruned Subtrees: It is less obvious that
there exists for each u > 0 a unique p-optimally pruned subtree of minimal car-
dinality. To see this the main vehicle is the following recursion.

Lemma 3.3.1. For any finite T C T* with root R = R(T) one has

min E,(7") =min {E,(R), > _min E,(7)}. (3.3.10)

T'<T ;
T'ec(R) ' =
Proof: It follows from (3.3.9) that for any subtree T of T with root R

min {EH(R), Yy _min__ EH(T/)} < Eu (7). (3.3.11)
T/€C(R)

To show the converse inequality note first that there is nothing to show when

miny <7 E,(7") > E.(R). Therefore suppose now that miny <7 E,(7”) < E,(R).

Since E, trivially possesses at least one minimizer in 7 rooted in R, we can

choose for each T’ € C(R) a p-optimally pruned subtree 7 (T') of B(T'; 7). Defin-

ing then

T= |J 7(M, (3.3.12)
T'eC(R)
one readily concludes that
EfT)= ) _min_ E(T7), (3.3.13)
T'€C(R)
which completes the proof. O

The next observation asserts the uniqueness of minimizers of minimal size.

Theorem 3.3.1. Assume that w > 0 and let T be any finite subtree of T (with single
root R). Then there exists a unique minimal yu-optimally pruned subtree T, (T) of T,
ie.,

EulTu(T)) = min E,(T7),  Eu(T') = E(Tu(T)), T' 2T = T(T)<T"
- (3.3.14)

Proof: We only need to show the second relation in (3.3.14). There is nothing
to show when the tree is trivial, i.e., 7 = R(7). Forany T ¢ L(7) and any
descendant T' of Tin 7 (T" € B(T;T)) let {(T,T’) denote the number of edges
required to connect T with T’. Then define

d(LT) = max, (T, T
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denote the “maximal distance” of T from £(7) (in other words the largest re-
finement level in 7). Assume that we have proved for some k > 0 the assertion
for any 7 with d(R(7),T) < k and consider now a tree 7 with d(R(7), £(T)) =
k + 1. Suppose that there exist two different p-optimally pruned substrees
Tui = 7,1 = 1,2, of equal minimal cardinality #(7,;) = #(7..). In particu-
lar, this implies that E,(7,:) < E,(R(7)), i = 1,2. On the one hand, we then
know from Lemma 3.3.1 that

BT = 3 min_ E(T), i=1.2, (33.15)
T/eC(R)
while, on the other hand, (3.3.9) says that
ETwd) = D EuB(T;Tw), i=1,2. (3.3.16)
T/eC(R)

Now, since 7,7 # 7,2 there must exist a T" € C(R) such that B(T';7.1) #
B(T’;7..). Both must be p-optimally prunded subtrees of B(T’;7) with min-
imal size because d(T’, B(T’; 7.1)) = k. This is a contradiction. O

Construction of Minimal Optimally Pruned Subtrees: We proceed collecting a
tew further properties of u-optimally pruned minimal subtrees. In fact, we often
make use of the following immediate stability result.

Exercise 3.3.2. Suppose that T' < T. Then

TT) T = TuUAT) =TT, (3.3.17)
i.e., a p-optimally pruned minimal subtree of a given T stays optimal in any subtree T’
of T containing it.

We now turn to an efficient way of generating p-optimal subtrees with the
aid of pruning. As indicated in Remark 3.3.1, the minimal optimally pruned
trees become smaller when p increases. In particular, for p sufficiently large
one eventually has 7,(7) = {R(7)}.

This observation generalizes as follows. Consider anode T € 7\ £(7). Given
1, we can cut the branch B(T; 7') without increasing error functional if and only

if
1 e(T) — e(B(T; T))
HLBTT)) -1

Thus, the tip-over value of u for which pruning pays off is given by the function

C(5T): T\ L(T) = R, defined by
e(T) — e(B(T; 7))
#LB(T;T)) -1

In fact, one easily verifies the following facts.

e(T) +u<eB(T;T))+w#L(B(T;T)) & pn>

(TT) = TeT\LT. (3.3.18)
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Exercise 3.3.3. Foreach T € T \ L(T) one has

w<T;7) #mmijE EL(B(T; 7)),

w<¢(T;T) ifand only if E,( H(B(T; ). (3.3.19)

That is, the size of {(T;7T) relative to the current value of y, tells whether the
descendants of T in 7 should be pruned or not. More precisely, let

= mi T:7). 3.3.20
W Ter71:1\1£1}7’)C( T) ( )

Thus, when p < p; gradually increases, as soon as i = thereisa T € T\ L(T)
whose branch can be cut without increasing E,,,. From (3.3.19) one can derive
the following observation.

Lemma 3.3.2. As long as u < , defined in (3.3.20), T is the minimal p-optimally
pruned subtree of itself. For w = y the tree T is still yy-optimally pruned but no
longer minimal. In fact

T, (T) ={T e T :4T;T) > w forall ancestors T of T} U {R(T)). (3.3.21)
Proof. Exercise [

Suppose now that we have fixed the initial tree T =: T with root Ty = R(7o),
satisfying (3.3.4), i.e., 7y is the minimal O-optimally pruned subtree of itself (1 =
0), and define 77 := 7., (7o) for u; defined by (3.3.20). Then, given 7 = 7, such
that 7y # {To}, let

i1 i= TG%IE}M ¢(T5 7o), (3.3.22)

and define
T =T\ HBTTINTY : T € T\ LT, AT T) = e} (3.3.23)

Thus, Ti; is obtained from 7y by cutting away those branches in 7, whose roots
minimize ((-; 7x). Since Ty < 7, repeating this process must terminate at some
m := k+ 1 when 71 = {To}. The properties of the sequence of pruned subtrees

RI=Ta <Tma < <1 <To=T (3.3.24)

can be summarized as follows (for a complete proof see [8] or the last paragraph
below).

Theorem 3.3.2. One has py =0 <y < -+ < Wy, and the trees Ty defined by (3.3.23)
satisfy

Te ={T € T: C(‘r; Tv—1) > W for all ancestors T of TYU{To}, (3.3.25)
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ie.,

Te = T (Tem1) = T (To),  k=1,...,m. (3.3.26)
Moreover, one has
76) 28 < M1,
TuTo) =< Ty M < p<pyynl<k<m, (3.3.27)
{TO}> 2% 2 Wm.

As stated in (3.3.27), Tx = T, (Tx—1) is a p1-optimally pruned subtree of 7y
but no longer its minimal one which is 7y,;. Hence E,, ,(7x) = Ey, ., (Ti1)

which means (o) )
el /x+1) —el/x

= , 0<k ; 3.3.28

Mt = BT #L(TL) R (3.5.25)

Thus the transition threshold . is the average local error of the nodes in
L(T)\ L(Ticrr).

Using induction, the above findings can be reformulated as follows.

Remark 3.3.2. Letfor1 <k <m

(LT, TeT\L(T,

Ck(T) = { G1(T), otherwise. (3.3.29)
Then one has for 0 < p < oo
Tu(To) ={T € To : G (T) > w for all ancestors T of TYU{To}. (3.3.30)

Computational Cost: The computational cost for finding the hierarchy of trees
7. depends on the cost of assessing the quantities e(T), T € 7. Assigning a
cost unit to each node, a trivial lower bound for the complexity is therefore the
cardinality #(T) of the initial tree. Given the values e(T), T € T = 7, one
next has to evaluate (o(T), defined by (3.3.29). This requires determining the
quantities e(B(T; 7)) for T € To \ L(7o). Working towards the root and using
that for T’ € C(T) one has e(B(T;75)) = 2 1eert) €(B(T;To), the total cost is
again proportional to #(7;). Repeating this argument tor 7y, 0 < k < m, for the
total cost of computing the quantities ((T), T € 7y, a crude estimate shows that
the whole process takes at most the order of

> #(T) S m#(T) (3.3.31)
k=0

operations which is, of course, by far less than a complete search through all
subtrees of 7
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Optimality Properties: It is now straightforward to translate the properties of
the trees Ty, k = 1,..., T, into optimality relations for the underlying approxi-
mations.

Theorem 3.3.3. Assume that Ty = T satisfies (3.3.4). Then the hierarchy of nested
subtrees T, k =0, ..., m, given by (3.3.25) has the following propery. The values

e :=e(T), k=0,...,m, (3.3.32)
satisfy
o< e << Emy (3.3.33)
and
TCT,eM<e = #T)=#T), k=0,...,m, (3.3.34)

i.e., the trees Ty, are subtrees of T of minimal cardinality realizing accuracy ey.

Proof. Since Ty < Tck =0,...,m, itis clear that & < &,1. On the other hand,
€k = &1 would imply

By (Ten) = e(Ten) + i (L(Tirn))
(T) + (L (T

(The) + wH(L(T))
w (Tx), (3.3.35)

contradicting the optimality of 7x. Concerning (3.3.34), suppose that e(7) <
e = e(Te) and #(7) < #(7x). Then

B (T) = e(T) + wH#(L(T)) < e(T) + mH(L(T)) = By (Te) (3.3.36)

1
)

A

e
e
e
E

contradicting the optimality of 7. O

Construction of an Initial Tree 75: A natural approach is then to use the tree al-
gorithm discussed in the previous section for the construction of a 7~ satisfying
e(T) < €. To this end, let forn > 0, 7(n) denote the smallest tree in 7* satisfy-
ing e(7(n)) <n. From Theorem 3.2.1 we know that #(7 (e0/2)) > #(T))/2.

We know that the 7y constructed by pruning are optimal within the initial tree
To =T = Tq(e0), where T4(n) is the smallest tree generated by the modified
greedy algorithm that satisfies e(74(1)) < n. We show next that the 7y remain
in essence optimal in the whole master tree 7.

To that end, fix any 1 > €,. Then T () =7 NT(n) satisfies

n<e(Tm)= 3 eM+ ) eM<nte< (3337
TeL(Tm)NT TeL(T)NT ()
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Let 74(2n) be the smallest tree generated by the modified greedy algorithm that
satisfies e(74(2n)) < 2n. Since 2 > ¢y we have Ty(2n) < 7 and, by Theorem
3.2.1, we also know that

#(T4(2n)) < 2#(T (M) < 2#(T () < 2H#(T (). (3.3.38)
Now pick k = k(n) such that
> 20> 6. (3.3.39)
Then Theorem 3.3.3 and (3.3.38) yield
#(Te) < #(T4(2n)) < 2#(T (). (3.3.40)

Combining (3.3.39) and (3.3.40) shows that optimal pruning provides class-
optimal tree based approximations.

Proposition 3.3.1. Assume that the initial tree T used in the pruning process is gen-
erated by the modified greedy algorithm Mod-Greedy with target accuracy eo. Then
the optimally pruned trees T, < T are weakly optimal in T*. Moreover, whenever the
error functional e belongs to the approximation class A*((LZ,)), defined in Corollary
3.2.1, one has

e(Te) < CH#(TW))°, k=0,...,m, (3.3.41)

where C depends only on e.

Proof of Theorem 3.3.2: We need some preliminaries.
Lemma 3.3.3. The minimal p-optimal subtrees are monotone in the following sense
Wep = TulT) 2 TuT). (33.42)
Moreover, abbreviating T, (T ) = T,., one has
e(Ty) el _ .,
#L(TW)) = #(L(Tw))

Proof. When 7,,(T) = {R(T)} (3.3.42) is trivial 7., (7 ) must be trivial as well. The
general case (3.3.42) follows now from (3.3.10) by induction on #(7,.(7)).

Moreover, by definition of p-optimality, one has E,/(7,/) < E./(7,), Eu(T.) <
E.(7.), and therefore

e(Tw) + WH#H(L(Tv)) < e(T) + nwH#(L(Ty)
e(Tu) + u#(L(T)) < e(Tw) + u#(L(T)).

When ' > pand #(7,/) < #(7,.), one has by the second inequality in (3.3.44)
that e(7,) + uw#(L(7.)) < e(T.) + pu#(L(7,)) which means e(7,,) < e(7,/) so that

wW>u #(Te) <#T) = u<

(3.3.43)

(3.3.44)
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the quotient in (3.3.43) is indeed nonzero and (3.3.44) readily yields (3.3.43) with
< replaced by <. Moreover, there must exist a {i € (p, ') such that 7, is still
fi-optimal and hence e(7,) + i#(L£(7,)) < e(Tw) + w#(L(7,)). Since {i > u the
lower inequality in (3.3.43) must be strict. O

The next observation offers a useful description of the trees 7,,(7).

Lemma3.3.4. IfE,(T) > E,(B(T;T)) forall T € T\L(T), then E,(T) = min{E,(T) :
T <T}ie, Tis already a y-optimally pruned subtree of itself, while the minimal -
optimally pruned subtree is given by

TT)={TeT: Eu(?) > Eu(B(T; T)) for all ancestors T of TFU{R(T)}. (3.3.45)

Proof. The fact that, under the above assumptions, E,(7) is already minimal
follows from the fact that there is no branch whose removal would strictly lower
the cost-complexity E,.. Of course, 7 may not be minimal yet.

To prove (3.3.45) denote the right hand side of (3.3.45) by 7 which indeed
is a pruned subtree of 7. We show first that 7,(7) C 7. In fact, whenever
T € T.(T) \{R(T)} any ancestor T of T must satisfy EH(B(?; T)) < Eu(?) since
otherwise it could be cut away without increasing E,, while reducing size. But
since T € B(T;7) this contradicts the minimality of 7,(7). This shows that
indeed 7,(7) < T. Conversely, suppose that T € 7 \ 7,(7). Then there must
exist an ancestor T of T for which Eu(‘r) < E.(B (T; 7)) which contradicts the
definition of 7. O

Note that it immediately follows from Lemma 3.3.4 that for any T € 7, \
L(Ty, (T)) the subtree B(T;7,, (7)) is the minimal p;-optimally pruned subtree
of B(T;T),ie.,

T (B(T; 7)) = B(T; 7, (T)), (3.3.46)

which is used next to establish the following monotonicity property of ((-;-)
with respect to the second argument.

Lemma 3.3.5. For ( defined by (3.3.18) and any T € T,,,(T) \ L(T,,(T)) one has

(T, (T)) > (T T), if B(T;7,,(T)) < B(T;T),
AT 7.,(T)) =a(T;T), else.

Proof. LetT € Ty, (T)\ L(7,,(T)). The second relation in (3.3.5) holds by defini-
tion so that we may assume that B(T; 7, (7)) is strictly contained in the branch
B(T;T). As stated in (3.3.46), B(T;7,,(7)) is the minimal p-optimally pruned
subtree of B(T; 7). Now choose i > ; large enough to ensure that {T} is the
smallest fi-optimally pruned subtree of B(T; 7). Since for p < py, B(T;T) is the

(3.3.47)
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minimal p-optimally pruned subtree of itself we infer from (3.3.43) in Lemma
3.3.3 that

e(T) —e(B(1; 7., (7)) > e(B(T, 7y, (7)) — e(B(T;T))
#HLBT T, (T)) =1~ 7 = #LBT;T))) — #LB(T, T, (T))))

(3.3.48)

In fact, the left inequality corresponds to taking .’ = fi, u = p; in Lemma 3.3.3,
while the right inequality follows from the choice p' = p;, p = p. Now (3.3.48)
implies

e(T) —e(B(T; 7)) = e(T) — e(B(T; 7, (T))) + e(B(T; 7, (T))) — e(B(T; 7))
< (e(T) —e(B(T; 7 (7))
" (1 +#(£(B(T;T)))—#(E(B(T)Tm (T)))))
_ : #(L(B(T;T)) -1
~ (elT) = BT (T (55 =T )
(3.3.49)
which provides (3.3.47). Il

Proof of Theorem 3.3.2: The validity of (3.3.25) for k = 1 has been already stated
in Remark 3.3.2 for 7 = 7,. Suppose (3.3.25) holds for some k > 1. It follows
from Lemma 3.3.5 that ;1 > . Furthermore, the right hand side of (3.3.23)
in addition to T, consists of precisely those T € T; whose ancestors T satisfy
¢(T;T0) > e which is (3.3.25). Applying Remark 3.3.2 for 7 = Ty, yields
Tet1 = T, which is the first relation in (3.3.26). The second relation follows

from (3.3.42). The remaining claim is again a consequence of Lemma 3.3.4 and
(3.3.19) which finishes the proof. 4
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4 Bases and Dictionaries

4.1 Preview and Motivation

We consider next another framework for nonlinear or adaptive approximation.
The previous examples used approximations based on partitions and localization.
In this section we consider approximations based on representations.

Idea: Representation of real numbers: Fix b € N, then for each x € R there exist
integers d; € {0, ...,b — 1} — digits — such that

x:iidjb_j.

j=—L

So a real number x can be identified with a generally infinite sequence of inte-
gers d = (d;){2_;. If x is needed within some accuracy tolerance, the sequence
is truncated and replaced by a finite one.

Question: Can we do this with functions as well? what are suitable bases for
functions?

Candidates are the trigononemtric system, or series of orthogonal polynomi-
als (Legendre, Tchebychev, Laguerre, etc.). However, these systems are very
restrictive in the following sense. In several dimensions they work via tensor-
products only on product domains (which for certain cases is important). More-
over, the expansion in these systems do not provide any local spatial informa-
tion on the represented function.

An alternative general approach to function representations which is very
flexibel looks as follows. Suppose X is a Banach space and suppose that (P;)jcn,
is a sequence of (for the moment linear) mappings of X onto some dense hierar-
chy of nested linear spaces

lI-llx

Vocvic-cVac X, Vo =X, (4.1.1)

j€Np

such that the P;f converge to f in some sense. Then, formally we have

f=Pof+ Y (Pj—Piy)f. (4.1.2)

J=1
The terms (P; — P;_;)f represent “detail information” added when going from
a coarser resolution Vj_; to the next higher resolution V. These details are con-

tained in the spaces
W,_; :=range(P; — Pj_1).
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If we had a basis W' for each W,_; and a basis @, for the coarsest space V;, then
the collection

(e}
Y=, W (4.1.3)
j=0
is a candidate for a basis for all of X.

Since we are working in an infinite dimensional space the problem is to give
the above ingredients a precise meaning regarding the convergence of the above
expansions. This requires some discussion of bases in Banach spaces in general.

The results obtained in this section are needed for understanding applications
to image compression/encoding and adaptive methods for operator equations,
especially in high dimensions.

4.2 Bases in Banach Spaces

Recall that a Banach space X is a normed linear space which is complete, i.e.,
Cauchy sequences have a limit in X.

Example 4.2.1. 1. Aa countable index set, {,(/\): p-summable sequences:

o=

1dll,, = (Zpealdal)7y T<p<oo ypered — (da)aen
P Sup)\e/\ ’d?\’ ) P = o0,

2. p-integrable functions:

1

L,(Q) = {f measurable : ||f||Lp(Q) = (J If(x)|? dx) " < oo}, 1 <p < o0
o}

or

L,(Q, n) = {f measurable : HfHLp(Q’m = (J If(x)|? du) "< oo}, 1 <p < oo
Q
(for p < 1 these are only quasi-Banach spaces);

3. Continous functions C(Q), ||| _q) -

Xis called separable if there exists a dense countable subset, that is every f € X
can be approximated arbitrarily well by linear combinations from this subset.

Bases: The notion basis is well understood in finite dimensional spaces.
A collection ¥ = {1, : A € A}, A countable, is a basis if every f € X has a unique
expansion

f=> d(flps (4.2.1)

AEA
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The sequence of “digits” (dj)xea = d(f) completely determines f. The specifica-
tion of the sense in which the expansion converges gives rise to different notions
of bases.

Definition 4.2.1. V¥ is called a Schauder basis of X if for some ordering
A ={A, k €N}
every f € X has a unique coordinate sequence
d(f) = (dr (F)ien
such that

—
n OOO

Z da (F)y, — f
=1

X
For practical purposes a somewhat stronger notion of basis is important.

Definition 4.2.2. A Schauder basis V¥ is called an unconditional basis, if there exists
a constant C < oo, such that if for any T' C A, #I" < oo and any dy, cy, A € T one has
‘C)\| < ‘d)\’ ,7\ e T, then

<C
X

Z b

Ael

D by

Ael

(4.2.2)

X
This has important implications of practical relevance:

1. X-norm is stable under damping coefficients (see thresholding in image
processing).

2. The convergence of partial sums becomes independent of the ordering A,
that is for any (I )en, I € Ay #1 < 00, Uyen Tk = A,

for
Prf =) d\(f)n
Aer
one has ||Pr, f — f|l;, “=5° 0 and
sup  |[Prllpxx) < o0 (4.2.3)

TCA#T<o0

Remark 4.2.1. L;(R?) has no unconditional basis, but L,(Q),1 < p < oo all do.
Wavelet bases are unconditional in that range.

Remark 4.2.2. One often finds an equivalent definition of unconditional basis: 3 a
constant C, such that for every I' C A, #I' < oo, any dy, A € T, every €, € {£1}

Z €)\d)\1|))\ Z dﬂb?\

AeT Ael

<cC (4.2.4)

X X
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Hilber Spaces: A complete normed linear space H is called Hilbert space if

1
|f[[,, = (f, f); where (-, -) is the scalar product on H.

Examples for Hilbert spaces H:
L H=RY |x||j, =x"x=Y

=17
2 d 2
H = C¢, HXH(ZZ = XX = Zj:] ;]

—_

2. H=0L(A), [d]l,n = (ZAEA|d?\|Z>§
(d,g) = Z?\e/\ drgx

1

3. 1(Q), fllq) = (Jo P dx)*
(f,9) = [ f(x)g(x) dx
4. H*(Q) Sobolev spaces

When X = # is a Hilbert space an important class of unconditional bases are
Riesz bases.

Definition 4.2.3. A collection ¥ C H is a Riesz basis if it is dense (finite linear
combinations are dense in ‘H) and if 30 < cy, Cy < oo such that for any I' C A #I' <
oo, any dj, A € T one has

Z daa

AeT

Cy H(d}\)HEZ(F] S S C‘{’ H(d}\)ng(r) . (4:25)

H

Note that (4.2.5) implies (4.2.2), (4.2.4), for |c)| < |d)\| we have

(4.2.5) (4.2.5) C

ZCAIIJA < Cyllle)lle,rm < Cull(d)]lg,m < - Z daa

Aer ” v |Iher )
Remark 4.2.3. If V¥ is a Riesz basis the mapping

Frdeb(A) - ) dapy
AEA
is an isomorphism from €,(/A\) onto H and
_ 1
HFH[,[EZ,’H) S C‘y) ||F 1 Hﬁ(’H,fz) S a . (4.2.6)
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Proof. We proceed in several steps:

Steop 1: F is well defined and bounded. Obviously, the restriction of F to finitely

supported sequences is linear. Now pick any d € {,(A), increasing sequence of
finite index sets (Ay)ken, Ak C A1, #Ax < 00, A = ey Ak Define fy =
2 e A, s € H. Our claim is that (fx)ken is a Cauchy sequence. In fact

Z daa

AGAker \Ak

25
[ ficem — filly = < Cy H(d)\))\e/\k+m\/\kHez

H

k—o0

< Cy H(dA)Ae/\\/\kHz — 0.

Hence there exists a limit f = } ,_, dxx € H and the first relation in (4.2.6)
holds:

dell)x Z daba +f—fk Z dA1|)7\ + [|f — fill
AEA AEAL AEAK m
=f :fk

< Cul[(dn)gyn) + 1T = ficllg -
Letting k tend to infinity shows independence of the particular Cauchy se-
quence so that F is well defined and bounded.

Step 2: F is bijective: By denseness of ¥, every f € H must have such an expan-
sion so that F is surjective. To verify injectivity, abbreviate dr := (d))er

Idll,, = IIdAk +(d—=dall, < lldaclly, +ld —dall,

Z dapy

AEAL

S

L ld —dall, -
~—_—
—0,k—o0

Letting k go to oo, yields

Cy Hd”e

> dabn |

AEA

= [[F(d)]ly, -

This shows injectivity and implies
76l < I
=gy M

thus verifying (4.2.6). [
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Remark 4.2.4. For V¥ Riesz basis, every f € H has a unique expansion

f= Z da(f)a
AEA
such that
cy [[(da(f)lle, < [Ifll, < Cull(an()l,, - (4.2.7)

Remark 4.2.5. The relevance of Riesz basis is that small changes in f correspond to
small changes in the “coordinates” of f, the coeffcicient sequence (f) = ((f, J))\)H))\e A
How tightly these perturbations depend on each other depends on the ratio Cy/cy of the
Riesz-constants. That quotient is also called condition of the Riesz basis.

Dual Riesz bases:

Proposition 4.2.1. If ¥ is a Riesz basis for the Hilbert space H there exist Py € H,A €
A such that dy(f) = (f, b))y and

Wy By = Bavy A,V EA. (4.2.8)
Moreover, ¥ = {{p,, A € A} is also a Riesz basis for H.

Proof. The adjoint F* of the mapping F: {,(A) — H, givenby F(d) = }_, ., daa,
is

Foot =H = LA =6(A), F) = (), (4.2.9)
because
(F), £ = ( Y dwnf) =3~ clthn, B3 = (d, ((br, ) 1)y, = (& F (B
AEA AEA

It is well-known that the adjoint of a linear mapping is boundedly invertible if

and only if the mapping is and the norms are equal. Since (F*)™' = (F)* this
means
Pl ez = IFleaeman,  1F) emenn = IF e (42.10)

Now define for e, := (0x+)ven
Pa:= (F) (er), AeEA. (4.2.11)
Then, noting that 1\, = F(e,), one has
(Wy, Bayn = (Fley), (F) 7 (e))n = (e, F'(F) Terdy, = dvpy V,A €A,

which is (4.2.8). The fact that ¥ := {{), : A € A} is also a Riesz basis (with the
same condition as ¥) follows from (4.2.10) (Exercise). ]
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We have used above that, by the Riesz-Representation Theorem, every bounded
linear functional on a Hilbert space has a representer as an element in the Hilbert
space itself. One and the same functional can have different representations. In
practical situations when the Hilbert space is different from L,(Q), for instance,
when H = H}(Q) (see § 2.3.1), linear functionals are usually not represented by
elements in H}(Q). Therefore, it is reasonable to introduce the space of bounded
linear functionals of a Hilbert space H as a new object. Recall that in general, for
any Banach space X, the space of bounded linear functionals £(X, R) is usually
denoted by X’ which becomes also a Banach space under the norm

z(v)

||z||x/ :== sup (4.2.12)

vex\{0} HVHX)

(compare with the definition of an operator norm). The action of z € X’ on
X is often denoted by z(v) but also by (v,z) = (v,z)xx/. Here, (-,-) does not
denote an inner product but a dual pairing in the above sense. The latter notation
especially in the context of Hilbert spaces stems from the fact that in many cases
the linear functional has a “natural” representation in terms of another “pivot”
space “between” H and H'. The well-known classical example is H = H}(Q)
whose dual is denoted by H™'(Q) := (H}(Q))’. The pivot space is now L,(Q)
with

Hy(Q) C L,(Q) c HT(Q), (4.2.13)
in the sense of compact embeddings. In fact, as shown in Numerical Analysis
IV, any function f € L,(Q) induces a functional { € H™'(Q) := (H}(Q))’ defined
by

le(v) ::J v(x)f(x)dx, ve HyQ).
0

Exercise 4.2.1. Determine the representation of {; as an element of H}(Q) when H}(Q)

. . 1/2 .
is endowed with the norm ||v||y1(q) := <||v||%2(m + ||Vv||%2(m> . Can one replace this
norm just by ||V'v||,q)? If so which effect does that have on the representation of £;?.

Exercise 4.2.2. Let ¥ = {{ : A € A} be a Riesz basis for the Hilbert space H. Then
there exists a Riesz basis ¥ for its dual H' satisfying

lbv(q)?\) - <1b?\>d~)?\> - 5\/,?\) }\)V € /\a

and

(Co) 7 [[n Whhaeall, < Wl < ()™ [[(brs Whhaenll,,, weH. (4214)
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Orthonormal Bases: There is an important special case of Riesz bases, namely:

Cly:C\y:1
>

AEA

, (4.2.15)

H
that is V¥ is an orthonormal basis, ), = . In fact for #' < co, " C A:

Z dﬂl’x

AeT
for all d with suppd C T where Mr = (($», Wv)# ), - This yields
d*d = d*"M;d where M s.p.d.

I (M), =

||de = <Z dﬂl’mz dﬂl)x> Z dady (Yr, Wy )y = d*Mrd

Ael Averlr

Hence all eigenvalues of M must be equal to one wich implies M = Id, that is
Wy W) =0y AVEA, (4.2.16)

i.e., ¥ is an orthonormal basis for #.

Thus orthonormal bases are perfectly conditioned with condition number
equal to one: the coefficient norm equals the function norm. Moreover, an or-
thonormal bases is dual to itself (when representing functionals in H).

Remark 4.2.6. The following examples of orthonormal bases indicate that it is gener-
ally difficult to construct practicable orthonormal systems, e.g. for more general domain
geometries. Orthonormal functions are typically global (e.g. because of Gram-Schmidt).
Riesz bases can be viewed as a relaxed version which will later be seen to lead to localiz-
able basis elements. The prize for this “enhanced” practicality is to accept a somewhat
larger condition of the basis, which nevertheless relates perturbations of the function to
perturbations of its coefficients in a uniform way.

Example 4.2.2. 1. 1 = Ly([0,1)), ||f]l,, 0 = ( [NEOE dt)j = (f,1)3,: The

so called Haar basis is the simplest example of a wavelet basis. It has multi-
level structure:

Y= 10 bix:k=0,..,2 —1,j =0,1,2,...}
where
Po10(t) = (t) :==xp,1(t) scaling function,
and
Yoo (1) = (t) = G(2t) — (2t — 1), y(t) = 22p(2t — k).

with .
A ={(-1,0),(G,k), k=0..2 —1,j =0,1,2,...}
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2. Trigonometric basis: H = Ly on = {f(- + 2nk) = f a.e., f € Ly([—m, 7))}, (f,g) =
Jo f(x)g(x) dx
|
Y ={ey:k € Z} e (t) = ——e"* 2 =—1).
{ k }) k( ) \/Z{ ( )
The coefficients (f,e.) = \/1—271 [ _f(t)e * dt = f(k) are the classical Fourier
coefficients and the projection
Praf(t) = Y flk)e™
[kl<n

provides the Fourier partial sums.

The Haar basis:

Exercise 4.2.3. (a) Show that ¥ defined above is indeed an orthonormal system and a
basis for all of L,((0,1)).
(b) Show also that the collection

Gi(t) =22¢p(Pt—k), k=0,...,20 1. (4.2.17)

is an orthonormal basis for Py(Py) where Py is the uniform partition of [0, 1] into
intervals of length 2.
(c) Show that

Y ={d,Yjx:k=0,...,2 —1,0<j<]—T1}
is also an orthonormal basis for P1(Py ).

Figure 5 illustrates the decomposition of a piecewise constant into an average
on a coarser mesh and a fluctuation on the fine mesh.

H
11

Feinstruktur = Mittelung + Detail
Figure 5: Decomposition of a piecewise constant

The generators of the Haar basis ¢(t) and {(t) are illustrated in Figure 6.
Integration against ¢ is an average. Integration against the “oscillatory” profile
P anihilates the constant part.
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14 14

Figure 6: scaling function ¢(t) “mother” wavelet 1 (t)

Exercise 4.2.4. Estimate the quantity |(f, ;) o.n| when f € W(L,((k27, (k+1)27)),
to see that the wavelet coefficient |(f,\p; )01l is “small” when f is smooth on the sup-
port of \b; . This is heavily used in image compression.

Consider the function

211

Vy = pj,k(bj,k e P (sz).
0

k=
By Exercise 4.2.3, vj can also be expanded in terms of the basis ¥j_;.

Exercise 4.2.5. Derive a transformation that generates the wavelet coefficients d;y =
d;«(vy) of v;. Hint: one can proceed in a cascadic way starting from the finest level ],
see Figure 7. and (4.2.18)

.
e

Figure 7: wavelet-transform

—
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2J-1 211

meb]k Z Proik() + > dpigbyk(x) (4.2.18)
k=0

In elther case, the 1mp0rtant consequence of a Riesz basis is that approxi-
mation in H is equivalent to approximation in {,(A). We'll say more later on
wavelet-Riesz bases need for image compression as well as the adaptive solution of
operator equations.

A first example of “multiresolution-analysis”: As shown above

21
Pif == Z(ﬁ d)j,k>[0,1]d)j,k = Z <fa1|)1,k>[o,ﬂ‘l)l,k (4.2.19)
k=0 (LK)EA;_1

where
A ={(-1,0), (Lk),k=0.2"'—=1,1=0,1,2,...,j — 1},

projects L,(Q) (QQ = (0, 1)) to the space
Vi =Py (Py) (4.2.20)

of piecewise constants on the uniform partition of (0, 1) into intervals of length

277, Note that |

Pif = (Pj—Piy)f, where P_if:=0. (4.2.21)
j=0
Since by denseness of the (., V; in L,(Q),

the telescoping expansion
f=Y (Pj—Pi)f (4.2.23)

j=0
converges in [,(Q).

Exercise 4.2.6. Show that the “fluctuation” operators Qj; := P;—P;_; are also projectors
and

VV]',1 = (P] PJ ]) = {(P — P] ])f fe V}, (4224)
is the orthogonal complement of Vi_; in the reﬁned space V;, i.e.,
Vi = Vi @ Wi
Moreover,
IFI1E, (0 Z (P = P fllE, 0 € La(Q). (4.2.25)
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This gives the multiscale-decomposition
L(Q)=V.Pw (4.2.26)
j=0

of L,(Q).
Comments 4.2.1. The following should help interpreting the above findings.

o (4.2.25) indicates the importance of such telescoping expansions which, in partic-
ular, motivates their pivotal role in the next section.

e Note that ,
\yj \Wj_] :{lbj—hk k= O, .o .,2] - 1}
is an orthonormal basis of Wj and therefore

-1

(P — P flIE, o) = (£, W) 0,1
Y=o

% (4.2.27)

so that
2

Iflt0) = D (b (4.2.28)
(Gken

Note that discarding small wavelet coefficients on the right hand side will cause

only small quantifiable changes in the L,-norm of f. We have seen that wavelet

coefficients are small when f is smooth on the respective support. This is the basis

of image compression.

A sketch of an application to image compression/encoding: Here is a rough
sketch of the compression scheme in [19] (representing essentially the JPEG2000
standard).

e view the digital image as a piecewise constant function over the pixel raster
(vector valued if colored image);

e for bivariate wavelets by taking tensor products of univariate wavelets
(usually higher order analogs to the Haar wavelet with more vanishing
moments for better compression, see Exercise 4.2.4;

e transform the piecewise constant function into its wavelet representation
using the above fast transform;

o quantize the wavelet coefficients in a certain systematic fashion to retain a
bitstream of possibly shortest length for guaranteeing an overall ¢, target
accuracy.
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Figure 11 shows a visual comparison between an original and compressed
image.

Figure 8: left: original 768 x 512 pixel 8 bit graylevel depth ~~ 384 KB naive storage
allocation; right: compressed version 3.5 % of original storage

Thus, the image — a function —is decomposed into its multiscale contributions
using the fact, that discarding small wavelet coefficients has only a small quan-
tifiable effect on the image. If the image contains large smooth regions with
little variation, many wavelet coefficients will be small. This is illustrated by
the following sequence of compressed versions.

The decomposition of the image into portions with dyadic frequency scales is
shown in Figure 9.
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Figure 9: Multiscale decomposition of the image

Of course this compression scheme is a highly nonlinear process. The follow-
ing discussions provide a basis for analyzing such schemes.

The main distinction from Fourier transforms (which provide frequency de-
compositions) the wavelet transform reflects decompositions into frequency ranges
combined with spatial localization.

4.3 Linear versus Nonlinear Approximation

Given a basis with good stability properties the approximation of functions can
be reduced to the approximation of sequences. Again, there are linear and non-
linear strategies.

Given a basis ¥ C X in a Banach space X, consider an ordering A = {A, k €
N}. Then

en(f)x = gier%gf If —9gllx,Xn =span{,, :k=1,.,n}

is the error of the best linear approximation to f from X,,.

Similarly let

.= {Z Ay # <n,d, € K} (for unconditional ¥)

AeTl
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be the nonlinear set of k-term expansions and
on(f)x :== inf ||f —
n( )X geTn H 9||X

the error of best n-term approximation.
Note: L, + X,, C Xy,

Exercise 4.3.1. If V¥ is unconditional then

(Yn(f)x < #%rif Hf— PerX < CO'n(f)X (431)
where
C=1+sup|/Prllx_x> Prf=> dA(f)a.
#rsn Aer

Good news: A coordinate projection realizes, up to a uniform constant, the error
of the best n-term approximation. Such an approximation is called near-best n-
term approximation.

Bad news: Under the above general assumptions, the search for the best I' C
A, #I' =n, is usually infeasible.

This latter obstruction disappears for more specific bases, for instance, for
Riesz bases in a Hilbert space.

4.4 Basis Approximation in Hilbert Spaces

Let H be a seperable Hilbert space and ¥ C H an orthonormal basis. Then
Pr:f— Z<f» W) ha
Aer
is the orthogonal projection of H onto Hr := span{ip, A € I'} because by (4.2.16)
(f — Prf,dy) = (f,dy) — (Prf, )
= <f> 1I)\/> - <f>11)v>
=0.

Prf realizes the unique best approximation in Hr because for any gr € Hr we
have

Pythagoras
If— gr |2 = I1f = Pef— gr+Prf|2, "2 ||f — Pef||3, + ||Prf — gr|f5, (44.1)
EHr cEHr
and thus
f— Prfll,, = min||f — . 4.4.2
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Linear approximation: For a given ordering A = {A; : k € N} and associated
spaces H, := span{i,, : 1 <k < n}, one has

1

)y = ( >, mmz) : (44.3)

k=n+1

Nonlinear approximation: Since

1

[T — Prflly, = (Z |<f>1|)A>H|2>

AgT

the error is obviously minimized over all [} #I" < n, if ' is comprised of the first
n coefficients with largest absolute value. So the best set I'* can be read off the
coefficients. I' is not necessarily unique if several coefficients have the same ab-
solute value. Obviously this selection depends on f and is therefore nonlinear.

This suggests to take a greedy strategy: Consider the decreasing rearrange-
ment of coefficients.
Let A be ordered as A = {Ay : k € N} with

(£, WA 2> [{F, 00,0 > oo > [, ha )] (4.44)
— — ~—
=dj =d; =d;
Let N
Ae=AF,  Gaf=) (f,Un) by (4.4.5)
R
Then :
oo 2
on(f)u = |If — Guf|,, = ( Z (£, Py, |2> = o,(d)y, (4.4.6)
with

d= d(f) = (<f) Ib7\>)?\€/\ .
Exercise 4.4.1. Assume that V¥ is a Riesz basis for H and let

Z flb?\ 11)}\], ‘<f>¢7\1>|2|<f»¢’7\2>‘2”"
Then, one has c
w < ||f = Gufll,, < C—;‘”an(f)ﬂ. (4.4.7)
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where c
—2 — condition of the Riesz basis.

Cy

The operators G,, are sometimes called greedy projectors.

The main upshot of the above observations is that best n-term approximation
in a Hilbert space is characterized by best n-term approximation in {,. To make
this precise, let

(W) = {v =2 qera i # <n} CH,

(4.4.8)
To(A) = {v € a(A) : #(supp V) < n} C {(A).

Recall that F : £;(A) — H is an isomorphism if and only if ¥ is a Riesz basis.

Exercise 4.4.2. Let ¥ be a Riesz basis for the Hilbert space H. Then
ve A((Za(A), (A) < E(v) € A((Za(Y)), H), (4.4.9)

and
Cy' 0n(Fa < 0n(((F, D))y, 0, < ' Onl(Pr (44.10)

In this sense one can identify A™((Z.(A)), l2(A)) with A™((2.(Y)), H), or more pre-
cisely A"((Zn (W), H) = F(A"((Zn(A)), L2(A))).

The last fact motivates studying approximation in sequence spaces.

4.5 Basics About Approximation in Sequence Space

Whenever one works in a Hilbert space, linear and nonlinear approximation
happens in sequence spaces. In this section we discuss basic concepts in se-
quence spaces like best n-term approximation or thresholding. These are pre-
requisites for adaptive solvers to be discussed later. As we have learnt be-
fore, when dealing with adaptive approximation errors are better estimated by
smoothness in different metrics which requires dealing with more general se-
quence spaces {,, rather than only {,.

Recall that for a countable index set A

!
(Zw) ,0<p<oo

AEA
sup |dy| y p=00

AEA

< 0

6,(A) = d: HdHZP(A) =
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4.5.1 Linear Approximation

In the case of linear approximation we have

A ={A:k €N} X, =span{d : suppd C A}
An :{)\k)k: ],..,Tl}
en(d)e, = glg}(fn Id—glle,

and the approximation spaces

AL (Xn), L(A)) = {d € L,(A) :supniey(d)e, = d] - < oo} ,

n>1

or more generally

Exercise 4.5.1. Show that

3 =3 (Uou(Bx) 1~ Y (Zou(f)’ @51)

n>0 j=0

n>0 j=0

Goal: We wish to characterize such approximation spaces in terms of intrinsic
sequence properties. We begin with the following general facts (see also Exer-
cise 4.2.6 and Comments 4.2.1).

Theorem 4.5.1. Let X be a quasi-Banach space (like {,(A),0 < p < o0), let the sets
2. be admissible, that is

(1) 0e X,

)
( 1) Z C Zn—i—]
(iil) cXZ, = (452)
)

(iv) I+ Z C Zan for some fixed a € N

(all satisfied for nested linear spaces).
Assume: Gy, : X — ¥, gives a near-best approximation with some constant C, that
is

|If — Gnfllx < Coonl(f)x, fexX,n>1. (4.5.3)
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Then, setting g; = g;(f) = Gyf € X, we have

[flaz (a0 ~ H(Z” I = 95llx)jen ||, ~ H(Z”' 19541 = illx) en (4.5.4)
q

lq

and

1Ly ~ lgolle + || 271 = G3ll) e ||, ~ gl + || (27 Ng31 = G3llx)y e,

lq lq

(4.5.5)
with constants C(r, q, X, Co).

Note that the main non-trivial step lies in the transition from the terms ||f — gj||
to the terms ||gj;1 — gj||«. These latter terms provide the key for later characteri-
zations of function spaces by wavelet coefficients and is therefore quite essential
(although looking innocent).

The main tools for handling this transition are

e telescoping expansions;

e discrete Hardy inequalities.

Discrete Hardy inequalities:

Theorem 4.5.2. First Hardy’s inequality:
For any fixed number m, let b; := Z*ij 2™q,. Then, forall 0 < q < coands <m,

1<
we have . ‘
12705)sezle, < ClI(27aj)jezlle, (4.5.6)

) 1/
where C depends on s, q, and m. The same result holds with b; == 27™ < Zlgj Zmpla‘f> b

forany p > 0, where C depends on s, p, q, and m.
Second Hardy’s inequality:

1
Let (aj)jen be any sequence of positive numbers. Let b; := <lej a{’) " for any fixed
0 <p < oo. Then for any q > 0, s > 0, one has

1270);]],, < Cl[(27a)s],, (4.5.7)

where C = C(s, q,p).

Proof. For both inequalities, we only treat the case p = 1, since the general-
ization to p # 1 follows by applying the result established for p = 1 with q;
replaced by af and (q, s, m) replaced by (q/p,sp, mp). We also only have to
consider the case where the norm M on the right side of these inequalities is
finite.
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First Hardy’s inequality:
When q = oo, we have a; < M2, and therefore
M

by <M2™ ) 2t < —

5]

279, (4.5.8)

which proves the result with C = (1 —2™)"". When 1 < ¢ < oo, we define
t := 75, Using the conjugate exponent q’ such that % + $ =1, we can write

Z(Zsibj)q _ Zzs mm(szl >

JEZ JEZ 15

< Z 2 (s—m)qj ( Z th’1> @/ (Z z(mft)qla?)
JEZ 1<j 1<)
_ ; —t)al
< Zz(s m+t)q)(Zz(m t)q a{])
JEZ 1<j
_ Z a{qz(m—t)ql ( Z 2(s—m+t)qj>
leZ i>1
SEEEATE
leZ

where the multiplicative constants depend on s, ¢ and m. When q < 1, we

simply write
Z(zsjbj)q — Z 2 s—m q]<szlal)

JEZ JEZL 1<j
(s—m)qj 1.9
< ¥ 2y g
JEZ 1<j
leZ ji>l
1
S 2 2al,
leZ

where the multiplicative constants depend on s, q and m.
Second Hardy’s inequality: Consider first

q = oo: Let k := sup; 29a; = ||(29q;);|,_ < co. Then

(lj S Zisjk
= b= a<k) 2 =k(1-27)"2
1=j 1=j

= @ :

il < 755 =027 (2a);

ile.

66



1 <q<oo:Pickany 0 <t <s, let +——1 Then

H(ZSibJ’)j . Z ZSJb q_ Zzs)q (Z Clt)
j>0 j>0 1>j
-. 5
=y v (Z z—“(zﬂal)) ESD (Z 2‘“‘*') (Z 2 a?)
j>0 1>j j>0 1>j 1>j
<C(t,q)-277ta
o%s) 1 0o
g Z qu(s—t) (Z zltqa{]> _ Z thq a{] Z qu(s —t) Z leal
>0 1> 1=0 i=0 1=0
—_——
<2ta(s—t)
= (@ a];,
0<qg< i
o0 q o0 o0
H (Zs)b ) He _ Z ZSJb q _ ZZSJq (Z a}) q§1 Zzsjq Z afl
j=0 j=0 1=j
0o 1 0o
=Y af ) 2995y (2%a) = [|2%a); O
1=0 =0 1=0 ‘

Proof. Back to Theorem ??: The first equivalence in (4.5.4) is trivial because
0y (f)x < |If — Gyiflly < Cooy(f)x -
As for the second equivalence: Note that since X is a quasi-Banach space
19i+1 — Gillx = llgj1 = F+ T = gjllx S Co (o201 (F)x + 02 (f)x) < 02 (F)x -

Using (4.5.1) this yields

(Z (27 g1 — gj||x>°'> SIS, -

j=0
To prove the converse inequality note first (by telescoping expansion):

f=go+ Z(gj+1 - gj), the sum converges in X.
j=0
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Now suppose that |[u+v|§ < |[u|lk + [[v||% for some p > 0 (for X = £, L,, p =
min{1, p}). Then

n
Z(9k+1 —gd|| < Z g1 — gkll -

oy (i < [If — gjllx =

k>j x k>
Hence
i, 2 1@ s 0], = 1 2o 03
.
<5 o (z .. gku;;)
j=>0 k>j

Applying Theorem 4.5.2, (4.5.7) with a; = ||gj+1 — gjl|x, bj = (Zij a{:) B yields

| @0t

which proves (4.5.4).
As for (4.5.5) we have

Igollx < llgo — fllx + lIfllx < Coon(Fx + Il < (1+ CO) IFl%

S @ g - gl
q

q

and conversely

If11% < llgoll + Chor(f)x S (14 Ch) |lgollk - O

As a first application we take X = {,(A) which gives a characterization of

AL (X, () (g = p).
To this end, consider the weighted sequence spaces

GA) ={d € (A): [d] = (K i, < oo} 45.9)
Theorem 4.5.3. Forr > 0, p > 0 one has

Ay (X)), 6 (A)) = £ (A)

with equivalent norms.

Proof. (X ={,(A), G, = P, in Theorem 4.5.1). By (4.5.5) we have

o=

2i+1

=ldy+ (|27 D ldJ

b k=241

Al ~ 1Pl + | (21 1P20d = o),

j
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and because 27 < k' < 270+1) = 2127

1 1
2i+1 P

o0 B
~ld, |+ Z K™ [dy, [ <Z kfldxk)> =
k=2i+1 k=1

b

Exercise 4.5.2. Two cases of interest:
e derive an analogous characterization for q # p;

e 27-periodic functions and Fourier transforms: Let HY = {f € Ly, : fV €
Loom L < mj

show (f(k)), ., € AP ((X0),0(Z)), X, = spanfe: [k| < n}

kEZ

4.5.2 Nonlinear Approximation

Now take L, :={d € {,(A) : supp d < n} the set of all n-sparse sequences:

sup,, nchn(d),gp < 00
Ag ((Zn)y Gp(A)) = qd € G(A) 1 ldly, = )%<OO

(anl (nro—"(d)zp)q %

0<p,q<o0
Il = Il + ldl
(4.5.10)
In the following we assume that
#A:|dy] > 1} < . (4.5.11)

For p < oo this is automatically true but for p = oo this is an additional as-
sumption. Due to this assumption the decreasing rearrangement (d;)xen of d
is well-defined, i.e., there is an ordering of A = (Ay)ken such that |d,,| = d} >
ldy,| =d; >

Rearrangements are used to define so called Lorentz spaces. As a first in-
stance the space weak {, is defined by

wi,(A) ={d: supkvdk— [l < o0} (4.5.12)
k>1
More generally
1
00 v a1 q
Go(A)i=44d: (Z (kvdk) E) = |d,  <oop, (4.5.13)
k=1
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that is £ oo (A) = Wl (A), £y p (A) = £,(A).
It can be seen from the definition of | - [[¢, ,(A) that the spaces are interpolation
spaces (see Definition 2.3.2), i.e.,

1 1—0 0
ep,q(/\) = [em (/\)»epz(/\)]e,q = epyq» o= +

—. (4.5.14)
p P1 P2

wi, and {, 4 are important for the understanding of nonlinear and adaptive
approximation. This is explained by the following main result of this section.

Theorem 4.5.4. Foranyr > 0,0 < p < oo one has

) B T_..1
AL ((Z0), (A)) = Wi (A), i (4.5.15)

and [ 4~ [ llwe,

with constants depending on p, T, which blow up as T — p.
Moreover, for any r > 0,0 < q < 00,0 < p < oo one has

1 1
Ay ((Zn), € (A)) = L g(A), —=T+ = (4.5.16)
and in particular
Az (Z0), 6 (A)) = Le(A) = E(A). (4.5.17)

Comments on Theorem 4.5.4, and discussion of the spaces wi(A): A few com-
ments before turning to the proof of Theorem 4.5.4: The rate of nonlinear ap-
proximation is determinated by the summability index of the smoothness norm.
The larger r, the smaller T and the more concentrated is d. The case q = oo is of
particular interest.

Remark 4.5.1. Theorem 4.5.4, (4.5.15) ensures the validity of the Jackson estimate

Gn(d)fp < C(T>p)nir HdeeT (4518)

withl =r+ 1 ¢c(p,1) ~ <%> Note that the relation 1 =+ 1 corresponds to the
P Pt T P
critical embedding in Figure 2.4, i.e., 6 = 0.

Remark 4.5.2. In (4.5.18) c(t,p) can be replaced by 1 if wi. is replaced by L, i.e.,
on(d), <" |d]],. (4.5.19)

for & =1+ 3 (with constant one). This is often called Stechkin’s inequality.
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Proof. We have

on(d)f = > ()P < (d)P" Y (dp)
k=n+1 k=n+1
pP—T
1 = *\T : - *\T
<(xzr) (2 ar)
k=1 k=n-+1
<n'7% [[d|P I,
=n""%[d|F, .
This implies
11
on(d)e, <= [|dff,. . O

Relation between weak and strong {.-spaces:
Remark 4.5.3. a) One has {,(A) G W, (A) C &,,c(A) for any e > 0.
b) Forany v <p onehas |||, < c(T,p) ||/,

Proof. a) Exercise.
b) We have

Al = 3" laP = 3 Iala = 3 (krdg) ke
A A keN

x

. _ wapP=T Holder - P i
< ||d||wlTZk @y < d][ 1. (Zk T)

keN keN

< clp—1) ldlf, 45
~—

p—T

(z)
keN

wly

explodes for T—p

and hence
T T 1
[dll, <clp—Tldl, < [dl, <clp,T)xld]],,, -
O]

Itis often convenient to employ a different way of describing the norm ||d[|,, .
To this end, consider the redistribution function

N = ua(m) =#A:[d\ >n}. (4.5.20)
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Remark 4.5.4. Let 0 < p < oo. d € W{,(A) if and only if there exists a constant M
such that

Ham) =#HA:|dy| >} < Mn'P (4.5.21)
and for the smallest constant M in (4.5.21) we have
M = supnPua(n) = |||}, - (4.5.22)
n>0

Proof. Pick any 1 > 0, choose the largest m € N such that dj, > n, that is

def.
from pg(n) = m follows nPpg(n) < m(d;)? < ||d||fv€p. Then, since n > 0 was

arbitrary,
M < [ld]f, -

Conversely: For € > 0 choose m such that
m(ds)? > [d|f, —e
but since m = pq(d},) we have

m(d,)" = (dy) ualdy,) < supnPra(n) =M,

n>0

and since € was arbitrary
M > [|d], - .

Finally we record one further equivalent quantity

Remark 4.5.5. Consider

supnP#A :2n > |dy| >} = M. (4.5.23)
n>0
Then } 3
M<|dPP, <(1—-27)"M. (4.5.24)

Proof. Clearly M < M = [|d|f},,,. Conversely,

. (4523 , 3
B >h= Y #A 2Tz >2n) < Y 2T

j=0 j=0

i . o
"y 2P —n PN
n pZO nPM—
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Proof of Theorem 4.5.4: Assume first p < oco: For d € wi; show ||bd||we, <

Jdllc:
0o . 00 Y 1P
on(@f = Y (@)=Y K+ (kidi)
k=n+1 k=n+1
— ) < T _r
<Jall, 3 wF < fal, [ sF as=lagg, (S5 )
k=n+1
1 1
11 T \°? . T \°?
= oy < (S5 = (S 5)
p—7 p—7
N (4.5.25)
=l < (55 )
= deAl.

Also, since T < p, we can use Remark 4.5.3 b) which says HHep < c(py T) [I[fe. -
Since wi, C A we conclude

T \*
], < (1 + (p_T) ) Id]],.e. - (4.5.26)

For the converse direction suppose d € A’_. Then for any m € N we have

m > def. of deAT,
m(d;,)P < Y (P < Y (G =on(df < mPdl,
k=m+1

k=m+1
=m'x [d[},

= mrdj, <|d, .

So considering different cases we get
21 (2m)<ds, <d|,, ,meN
2m+1)%

d; < Il

1
T Gmey Sl ,mEN

which gives us

1
1], < 3% fld] oy, -

wlt

Consider now p = oo: Let r = 1 and assume that d € wi;

=n"[d]

mn

on(d), = diy, < |ld]

wlt wlt *
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By the definition of |d|,, it follows that

[l < [ld]]

wit )
and consequently

1]l < 2]dll

wil *

Conversely: For d € A, we have

1
nedy,; =n'dy,; =n'o,(d),, < |d|Ago'

Taking the supremum yields

1 1
supnrdy, <2« |d|, ,
n>1 oo

and by dy = ||d[|,_ follows

]y, <27 [ld

wit AL

The proof of the remaining assertion (4.5.16) follows from interpolation, using
(4.5.14) and (2.3.25) in Remark 2.3.8. O

Different objectives: N-term approximation relates the total error to the num-
ber of terms needed to achieve it. It is based on sorting coefficients by size.
Instead of cutting according to a desired number of terms we may also truncate
the coefficient sequence according to their size. This is called “thresholding”.

e So far, we prescribe the budget n and asked for the n-term error o, (d)q, .
e Now we want to control the size of the coefficients and ask for the error

incurred by cutting off coefficients below a given threshold (Image Com-
pression).

To this end consider for any n > 0

dy if [dal >,
T.d)y =
(Tad {O otherwise.

How does this relate to o,(d),. ?

P’
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Theorem 4.5.5. Let 0 < T < p < oo, then d belongs to wl(A) wzth - — % =:rif and
only if

supn%*1 IL! —Tnd||1,,p < 00 (4.5.27)
n>0 )
—C*(a)
and }
C*(d) < Cld]|%,. - (4.5.28)

Let us see what this means: From (4.5.27) and (4.5.28) we obtain

T

ld —Tod]l,, < Clldlhen" 7 = Cld|, 0" [d]

w(’,T wlZT wlt
1-z T
n P 522) g 1—Z
() b T ()l
[l e
- Clid 57; ||d||w€-r .

Hence we obtain

|d — TdHe < C(#supp T,d) " ||d]|

wil
which means that thresholding has best (n = p4(n))-term performance.

Proof. of Theorem 4.5.5 (p < 00): Assume d € wi,, show (4.5.27), (4.5.28):

ld-Td? = > 1dFP=) > &P

[dal<n j=0 2-G+1) n<|d)\|<2—jn
<) 27PnPH: ol > 270 0 Zz PP [, n 20
20 “1tg(2 0+ =0
= [ld|f}, P27 ) 27770 < c(p, ot ld],
j>0

This proves (4.5.27) and (4.5.28).
Suppose now thatn' v ||d — Thdll,, < C*. We wish to show that d € wi.. To
this end, consider for any n > 0

PHA: 2> (dl>nl= ) < Y Al < Y &l = d—Tud|] .

An<|dal<2n An<|dal<2n Afdal<2n
Hence

NH#A 20 > [l >0} <P [ d = Topd [}, = 277P(20)P [|d — Tond |7,
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which is by assumption
< 2PTT(C)P.
By (4.5.24) we obtain
], < (1—277)71277(C)P O
So far we have prescribed:

e the budget n and

e the minimal coefficient size.
There is yet another way of monitoring the best n-term approximation, namely

e prescribing the target accuracy

and choosing the smallest number of terms to achieve that error. We see next
how to bound this number.

Exercise 4.5.3. Assume that d € wl.(A). Define the coarsening operator
Celd) = (S

where

n(e) = argmin <Z(d;§)p) <e,p,

n k>n

i.e., Ce coarsens d back to shortest subsequence — which is a best n(e)-term approxima-
tion — that realizes the target accuracy €. Then one has

1 1 1
—=r+—. (4.5.29)
T P

Proof. Exercise. O

n(e) S e v |d|

T
wlt )

4.6 Wavelets and Function Spaces: a Quick Tour

So called wavelet bases form an important class of Riesz bases for L, and corresponding
Sobolev bases. They also provide simple characterizations of Besov spaces. The most
convenient framework for constructing wavelet bases is the concept of Multiresolution
Spaces that has been already briefly indicated earlier, see (4.1.1). The envisaged charac-
terization of function spaces through wavelet bases can be based on the characterization
of function spaces through such multiresolution spaces.

The main difference from what one mostly finds in the literature is to avoid making
essential use of Fourier-transforms because the concepts should eventually work on
general domains rather than on the whole Euclidean space or the torus.
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4.6.1 Multiresolution Spaces

In their classical form such multiresolution spaces Vj are generated by a single so called
scaling function ¢(x) defined on R, see e.g. [30, 36]. Then defining (as in the example of
the Haar wavelet) ¢; x(x) := 2/2¢(2/x — k) and defining V; := span{;y : j, k € Z} the
spaces V; are indeed nested, V; C V1, if the scaling function is refinable, i.e., there exist
coefficients ay such that

b(x) =) adp(2x—k), x€R, (4.6.1)

keZ

which says Vy C V7 and implies the general case by dilation. One also needs to quantify
the stability of the translates ¢(- — k). The wavelets are then obtained (as in the case of
the Haar basis) by identifying a basis {{)(- — k) : k € Z} for

Wy =V 6V, (4.6.2)

to obtain then a multi-scale basis \; x again by dilation and translation. For the resulting
collection ¥ to form a Riesz-basis for L,(R), say it is important how the complement in
(4.6.2) is formed. An orthogonal complement as in the Haar-case would be perfect.

The advantage of the above framework lies in the simplicity and convenience of the
pivotal role of dilation and translation and how this allows one to use Fourier techniques.

The disadvantage is that this works well on all of R (and RY by tensor-products)
and also on the torus by periodization but not on more general domains arising in
applications.

It is therefore important to note that the framework based on dilation and translation
is by no means essential. Instead the following general notion of Multiresolution Spaces
which indeed applies to a much wider scope of practically relevant scenarios extracts
the essential features driving multi-scale analysis, see also [23].

Definition 4.6.1. Let Q C RY be a domain. A multiresolution approximation is a sequence
(Vj)j>0 of spaces of functions defined on Q which satisfies the following properties.

(i) Nestedness: One has V; C Vi1 forall j > 0.

(ii) Denseness: For all 0 < p < oo, and all f € L,(Q) or f uniformly continuous when
p = oo, there exists a sequence (f;)j>o with f; € Vj such that limj_,o, ||f — ||, = 0.

(iii) Generating functions: For each j > 0, there exists a finite or countable family {@v}yer;
of compactly supported functions from Lo (Q) with finitely overlapping supports (any
x € Q is contained in at most finitely many supports) and such that Vj is the set of
functions of the form

g:= Z Cy Py, (4.6.3)

Yerj

where the c., are real numbers.
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(iv) Support properties: For each j > O, there exists a family of domains {Sy}yer; which is a
covering of Q) in the sense that

O\ Uyer; Syl = 0, (4.6.4)

and such that
lsupp(@+) \ Syl =0. (4.6.5)

The family Fs := {Sy}yer with T := ;5T is shape preserving and satisfies

0 < inf inf Zjdiam(Sy) < sup sup Zjdiam(Sy) < 00, (4.6.6)
j=0v€El; >0 ey
and
sup #E, < oo, (4.6.7)
yer

where B :={neTlj: S, NSy, # 0} fory eT;.

(v) Local Ly-stability: For all 0 < p < oo, there exist constants 0 < ¢, < C,, such that for
all j > 0,all g € Vj, and all y € T, one has

d_
2

ird_d : d
2570 Jlelle, k) < Nglliys,) < G220 Jlelle, ey )y (4.6.8)

for all vectors ¢ = (c) ek, -

Remark 4.6.1. Note that the scaling functions @+ are normalized in L,. If we replace for a
p # 2 the function @ by @y /[|@y||L, ) the factors 255 do not occur in (4.6.8).

Exercise 4.6.1. 1. When Q) is bounded the V; are finite dimensional.

2. The local Ly-stability property (4.6.8) implies that the functions (@y)yer, are linearly
independent

YGFJ-

and therefore constitute a basis of V;.

3. Show that (4.6.8) implies

d
2

d d d
2270 <y I, < C2"ET)) yenm (4.6.10)

as well as the global stability property

d_d
p2 20 lelle, <UD ey @ylli, i) < Cp2'
'Yerj

d_d
2 p

Nlelle, 4.6.11)

forall ¢ = (Cy)yerj-
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For us the case p = 0 plays a pivotal role. Therefore, we assume in what follows that
the ¢, are normalized in L, i.e.,

loyll, =1, veT (4.6.12)

Notational convention:
Yyeh & Wl=j
Example: v = (j, k), [y| = j denotes the dyadic level.

The definition of Vj,; © V; relies crucially on the existence of a dual or biorthogonal
multiresolution which accompanies the given primal multiresolution (Vj);en, in the fol-
lowing sense.

Definition 4.6.2. Let (V;)j>o be a multiresolution approximation on a domain Q C R® and let
1 < p < oo. Wesay that a family {@y}, g of functions from Ly (Q), or from the space M(Q)
of Radon measure in the case p = 1, is a system of L,-stable dual scaling functions if and only
if it satisfies the following properties.

(i) Finite overlapping and localization: forally € T,
[supp(®y) \ Sy[ =0, (4.6.13)
where the S, are the sets introduced in Definition 4.6.1.
(ii) Ly bounds: there exists a constant Cp, > 0 such that one has
1yl i) < Cp2"E5), (4.6.14)

In the case p = 1 the Ly norm is replaced by the dual norm

Ifllv = sup{(f, g)mc = g € C(Q), lIgllL., =1}, (4.6.15)
where (-,-) mc denotes the duality product between Radon measures and continuous
functions.

(iii) Biorthogonality:
(@0 @) = | @r(Bx)ax =8y VimET, 120, (4.6.16)

where (-,-) is (-,-) m,c in the case p = 1, assuming that the scaling functions -, are
continuous.

Exercise 4.6.2. The value of p is fixed in the above definition. However, it is easy to check that
an Ly,-stable dual system is also L,-stable for any 1 <1 < p.

Remark 4.6.2. Whether such multiresolution spaces are suitable for characterizing function
spaces relies on the validity of two types of inequalities: Berntein and Jackson inequalities,
similar to the characterization of approximation spaces as interpolation spaces.
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Canonical projectors The systems of dual scaling functions induce associated pro-
jectors in a natural way that will turn out to have near-best approximation properties.

Exercise 4.6.3. For the primal and dual scaling functions from Definitions 4.6.1, 4.6.2 and
1 <p < oo show that

Pif = > (f, @y oy 4.6.17)
yEl"j

are projectors from L, (Q) onto Vj.

Remark 4.6.3. Lagrange interpolation and orthogonal projections are special cases of projectors.
The projectors (4.6.17) are special in that the the functions ¢~ inducing the dual functionals are
also refinable. If for p = 2 (4.6.16) holds for @y = @, the P; is the orthogonal projector onto
V.

Introducing the influence domains
Ry =U{S, : ne L} (4.6.18)

we observe that the value of P;f in S, depends only on the value of f in R,. The projec-
tors P; are locally stable, as shown by the following result.

Assumption 4.6.1. The collection of sets {Sy}yer,{Ry}rer, I':==J
regular.

ien, 15, are uniformly shape

The first observation is that these projectors are (globally and locally) stable.

Theorem 4.6.1. Let (V;)j>o be a multiresolution approximation on a domain Q C RY and let
1 < p < oo. Assume that the dual system { @ }yer is Ly,/-stable with p’ the conjugate exponent
of p. Then one has for all f € L,(Q), ifp < oo, 0or f € C(Q), ifp = oo,

IPifllL, ) < CllfllL, @), =0, (4.6.19)

where C depends on the stability constants Cy, and C,,/, and on the maximal number of supports
the dual scaling functions overlapping any given x € Q. One also has

IPifllL,sy) < Cllfllery)y  hYI=3, j=0. (4.6.20)

Proof. We know from (4.6.11) that
(d_d
1P flle ) < Cp2' 277 clle, (4.6.21)

with ¢ = ((f, @y))yer;- Using Holder’s inequality, we obtain.

|e

i(4-

~|

), (4.6.22)

P

1, @)1 < [Fll, 5, @yl < 1Fl s, Cor2

Combining these two estimates and using the finite overlapping properties of the dual
scaling functions we obtain (4.6.19). Applying (4.6.19) to fxr, gives (4.6.20) since P;(fxr, )
Pifon S, . O
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An immediate consequence of this stability is the so called Lebesgue-type inequality.

Exercise 4.6.4. Under the assumptions of Theorem 4.6.1 there exists for each p, 1 < p < oo
(with C(Q) in place of Loo(Q)) a constant Cy, such that

If —PifllL, ) < Cp glg\ﬁ If—9gllL, @), J€No. (4.6.23)
)
Give a bound for Cy,. That is, the P; provide near-best (linear) approximations from the spaces
V.
We can now apply Theorem 4.5.1 with the following specifications:
e X=L,(Q)QcC R4 a bounded domain;
e g; = P;f,j € No.

Corollary 4.6.1. With the above specifications we have for 1 <p < 00,0 < q < 00,5 >0

= 1/q
ez ~ IPoFlpcn + ( - 2590yt = POAIE, ) (4.6.24)
j=1
and .
1l gs/2 (21 0y ~ IPoFllLy () +sup 22 (P — Pyl () (4.6.25)

jeN
Proof. Since Q) is bounded the cardinality of the supports S, v € Tj scales (because of
finite overlap (4.6.7)) like #Ij ~ 29. By (4.5.3) and (4.6.23) we have

[If — PifllL, @) < Cooqpai (f)p.

Taking L, := V; for a2 = dimV; < n < a240+V = a2929 = dim Vj;1, v = s/4, the
claims (4.6.24), (4.6.25) forllow from Theorem 4.5.1. O

Thus, the approximation spaces associated with the multiresolution (Vj)jcn, is char-
acterized as expected by the decay of the fluctuations ||(Pj+1 — Pj)f[|L,(q) between suc-
cessive resolution levels.

The next question is whether the approximation spaces are related to classical func-
tion spaces. This turns out to be true provided that the multiresolution satisfies certain
Bernstein- and Jackson-type inequalities.

Jackson-lnequality: The projectors P; discussed above provide near-best approxima-
tions but how rapidly the approximation errors tend to zero requires more properties of
the multiresolution (Vj)jen,. Specifically, this dependes solely on the order of exactness
of multiresolution (V;j)j>o.

Definition 4.6.3. The multiresolution (Vj);>o is said to have polynomial exactness of order
m, if and only if
P CVj, (4.6.26)

forallj > 0.
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We can then establish a Jackson-type-inequality.

Theorem 4.6.2. Let (V;)j>o be a multiresolution approximation on a domain Q C R? such
that the spaces V; have polynomial exactness of order m. Then forall 1 < p < oo,

lé’l\i/: Hf - gHLP(Q) < Cwm(f) z_j)rn fe LP(Q)a (4627)
gevj

forall j > 0, where the constant C depends on m, p, the constants in (4.6.8) and (4.6.11), the
supremum in (4.6.7), and on the uniform shape parameter for the sets Sy,Ry,y € T.

Proof. Asuume that p < oo (the case p = oo is even simpler). Then for any y € Ij one
has for any polynomial g over S,

£[[P P iflI7
”f_ P]fHLp(Sv) S ”f_ gHLp(SY) + ||9 B P]fHLP(SV)

(4.6.26)
= If=glf s, +IPilg—=OIF (s,

(4.6.20)

< (1+0OIf—g|” «

= g Lp(s’y),

where
Sy={JSu:neT,Is,nSu >0

By (4.6.7) and (4.6.6) one has diam /S\y < 277. By Whitney’s Theorem (see (2.3.12) and
(2.3.13)), we have

A

If— P]'fHED(gy) S wnfy /S\y)p S wn(f, 2_j> Sy)p) (4.6.28)

uniformly in j. Now use that only a uniformly bounded finite number of the S, overlap
at a given location and the fact that the modulus of smoothness is equivalent to its
averaged version (2.4.9), which is subadditive, summing over the local esitmates y € T;
yields (4.6.27). O

Corollary 4.6.2. If (4.6.26) holds one has for 0 < s < m, m from (4.6.26)
BS (L (Q)) € AV ((Z0); Lp(Q)) (4.6.29)
in the sense of a continuous embedding.
Proof. Noting that
1Py = Pl ) < 1P f = Flli, ) + I = Pifll, o) S wm(f,27,Q)p,
P P P

and substituting these bounds into the right hand side of (4.6.24), (4.6.25) and using
Remark 2.3.6, 5., shows that

HfHAsq/d S IfllBs (1, () (4.6.30)
which confirms the claim. O

Thus polynomial exactness of order m implies that Besov spaces of smoothness s <
m are contained in the approximation spaces.

We will see next that one even has equality in (4.6.29) provided that the multiresolu-
tion (Vj);en, satisfies in addition to the Jackson-type estimates also certain Bernstein-type
estimates.
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Bernstein type inequality:

Definition 4.6.4. The multiresolution (V;);>o (respectively the generating scaling functions)
is said to have smoothness of order s, in L,(Q) if and only if there exists an integer m > 1
and a constant C such that

AR L, () < Cmin{T, 2YRw 2V E5) 0 herd, yer (4.6.31)

Exercise 4.6.5. Let p = 2, @j(x) := Zj/zx[o,” (Dx — k). What is the largest s in this case?

We begin with a Bernstein type inequality which controls “difference” quotions in L,
by the L, norm for functions in V; (similar to the inverse estimates encountered earlier).

Theorem 4.6.3. Let (V;)j>o be a multiresolution approximation on a domain Q C R and let
0 < p < oo. If the primal scaling functions satisfy the smoothness condition (4.6.31) for some
Sp > 0and m > s, then

. N
nlg,thp < C(min1,26) " glli, (0 9 € Vi, (4632)

forallt > 0andj > 0, where C depends on W, d, p, on the supremum in (4.6.7), and on the
constants in (4.6.31) and (4.6.11).

Proof. We combine (4.6.31) with (4.6.10) applied to u, = Al'¢,. This yields, for any
sequence ¢ = (cy)yer; and g = Zyerj cyQy €V,
_ a_d
1A gL, @) = | Z AR @y, ) < C min{1, 2V/[hpe 22 v)HcHzp, (4.6.33)
VGFJ-

where C depends on m, d, p, the supremum in (4.6.7), and the constant in (4.6.31). It
follows that s
. ; P j(é,g)
wn(g, )y < C(min{1,26) "D e, (4.6.34)

which, combined with the lower bound in (4.6.11) yields (4.6.32). O

Remark 4.6.4. One easily derives from the definition of the Besov-seminorms (see Definition
2.3.1) the Bernstein type inequality

|9|BZE(LP(Q)] < CZSpj\|9”Lp(Q)» gev;. (4.6.35)

Theorem 4.6.4. Let (V;)j>o be a multiresolution approximation on a domain Q) C R4 and let
0 < q< o0, 1< p < oo. Assume that the spaces Vi have polynomial exactness of order m, and
that the primal scaling functions satisfy the smoothness condition (4.6.31) for some s, > 0 and
m > sp,. If in addition 0 < s < min{sy, m}, one has

BS (Lp(Q)) = AY (V) Lp(Q)), (4.6.36)

83



with equivalent quasi-norms. The embedding and equivalence constants depend onp, q, s, sp,
m, and on the constants in (4.6.32) and (4.6.27). In particular, one has for the above range of
parameters

— isq q 1/
I£ll8s (1, () ~ IPofllL, @) + (ZZ [(Pj1 — Pj)fIILp(Q)) ; (4.6.37)
j=T1
with the usuaql interpretation when q = oo.

Proof. In view of Corollaries 4.6.1, 4.6.2 and (4.6.30), we need only to show
11185 (1)) S IF1] goa- (4.6.38)
To see this,
wn(f,27)p < walf = Pif,27), + wn(Pof,27)p + Xy wal((PL—Pi1)f,27),

Sl ) + 27 310 2P 0 gpai ()1, ()

where the second inequality uses the Bernstein type inequality (4.6.32). By application
of the first Hardy’s inequality (4.5.6), we conclude that for any 0 < s < s,

129 wm(f,27)p)i50lleg S NIfllL, (@) + ] 4e/a) (4.6.39)
which gives the continuous embedding (4.6.30). O
Remark 4.6.5. Analogous statements can be proved also for 0 < p < 1 but with considerably
more work.

4.6.2 Wavelet-Based Characterization

The spaces
Wj = (Pj+1 - Pj)Vj+] (4640)

clearly satisfy
\/j+] - \/] + W)

suppose that we have found for each level j a basis
W=y : A € Ay}

which is L,-stable in the sense of (4.6.11), i.e.,

, weWw, (4.6.41)

(d _d
P8 [y ren ~H d
P/l (da)aens lley (A AZ/\- AA L)

with uniform constants. As before this means that we use the normalization

WAl =1, A€A. (4.6.42)
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Then, given f each fluctuation (P;; — P;)f € Wj has a unique representation
(P —P)f= > da(fluhn. (4.6.43)
)\G/\j

Inserting this in (4.6.37) yields the norm equivalence

2 a(erd_d 1/q
11183 (Lp ) ~ IPofllL, @) + (ZZM(HZ 5) H(d?\(f))?\e/\,-H?p(/\j)) , (4.6.44)

=1

characterizing elements in B (Ly (Q)) by the fact that the coefficient sequences (da(f))rea
of its elements belong to a certain weighted sequence space.

Remark 4.6.6. We highlight two important cases:
1. Let p = q = 2: then (4.6.44) simplifies to

1/2
1fllHs (@) ~ IFllB2(1, ) ~ 1do(F + (ZZZSV“IdA(f)F) , (4.6.45)
AEA

where we have used that BS(L,) = H®, s > 0 with equivalent norms, see Remark 2.3.6, 4.

2. Analogous statements hold when (Vj)jen, is a multiresolution for some closed subspace
H® of H(Q) such as H3(Q) defined as the closure of C5°(Q) with respect to || - |lis(q)-

3. Let

+ (4.6.46)

oo
N —

1
T
Then (4.6.44) simplifies to

IfllBs (o)) ~ 1) [ec (), (4.6.47)

i.e., the Besov spaces on the Sobolev-embedding line for L, are equivalent to { -sequence
spaces.

4. When normalizing the \py in L, instead of L, the analogous relation to (4.6.47) holds with
2 replaced by p.
4.6.3 Riesz Bases for [, and H*

We emphasize that all these characterizations are valid for s > 0. A natural (and as will
be seen important) question is: what happens when s = 0. Specifically, under which
circumstances does (4.6.43) lead to a Riesz-basis for [;(Q)?

Remark 4.6.7. A first simple affirmative answer of the last question is the case @y = @,
i.e., the dual scaling functions equals the primal one which means that the P; are orthogonal
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projectors. Then, one easily checks that Pj,1 — Pj are also orthogonal projectors, so that in this
case

o
1) = D Py = Pi-DflIE, (-
=0

The Haar basis is the simplest example for this situation.

As indicated before orthonormality is hard to realize practically basis functions which
simultaneously are orthonormal, compactly supported and have a higher non-trivial
smoothness.

For the construction of non-orthonormal bases which are Riesz-bases a so called dual
multiresolution plays a crucial role. The reason lies in the following facts:

Exercise 4.6.6. Let V; C H be a nested sequence of closed subspaces with associated projectors
Qj : H — Vj. Show that the following properties are equivalent:

1. The projectors commute
Q;Qx = QxQj, j,k € No. (4.6.48)

2. The operators Qj1 — Qj are also projectors.
3. The ranges V; := range Q7 are also nested
V; € Vipr, j €N, (4.6.49)
where Q3 are the adjoints of Q;.
Exercise 4.6.7. As an immediate consequence, if one of the above properties hold one has
(Qj+1 — Qi) ((Qr1 — Qi) = ((Qj+1 — Q) )ik,  jyk € Ny, (4.6.50)

and therefore

((Qj1 — Qf, (Qi — QD) = ((Qjr1 — Qi (Qy — Q)F)wdj,  §,1€No
= ((Qj+1 — Qj)f, ))285 1. (4.6.51)
Hence (with Q_; = 0)

113 = ( 3 (Q— Qf, Y (Qf —Qiy)f)

jeNp 1leNy
=Y 3 UQ - Qi (QF — Qi)
j€Np jENo
< Y Q5 — Qi fllnll(QF — Q) flln
jENo
1/2 1/2
< (2 10Q=Qnfl) (X Q) — Qfi)
jENp jeNy
= [[(10Q5 = Qi=1)ll2e) ey e, 11 (11(Q5 = Q1) Fll20) g, I, - (4.6.52)
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Thus if we knew that either

1(10Q5 = Q=)fll20) e, e, < Il or I (1(QF = Q) Fllae) e e, < IIFll2e,  (4.6.53)

we would conclude that

1l ~ 1 (10Q5 = Qi=1)fll2e) e, ley € He (4.6.54)

Unfortunately, just based on the properties 1. to 3. above, one cannot conclude (4.6.53).
However, under additional information on the ranges V; and \7J of Qj, ]?*, respectively,
one can prove (4.6.54), see [22].

To relate these observations to the previous section, note that (4.6.51) can be viewed
as a biorthogonality relation.

Remark 4.6.8. Let p = 2. By (4.6.16), the adjoint of Pjf = Zyerj (f, @y) @y is given by

Prf =) (f, 0y)®y. (4.6.55)
yGF]-
Let
V; :=range P;" = span{@y : v € Tj}. (4.6.56)
If the spaces V; are also nested
Vj C Vi (4.6.57)

then (Vj)jen, satisfies all conditions of a multiresolution and is called dual multiresolution.
Clearly, (4.6.57) is equivalent to the refinability of the ¢, i.e., one can write for y € Tj

Py = )  ayvPy (4.6.58)

VEFjJr]

for some (ayy)ver, € €2(T41).

Remark 4.6.9. When (4.6.57) (or equivalentyl (4.6.58)) hold all the statements in Exercise
4.6.6 apply to the projectors Q; = P;. Thus, defining

W == (Pi1 — P))Virr, W= (Pfy — PV, (4.6.59)

(4.6.50) implies the biorthogonality conditions
W, LWy, j#k WLV, k<ij. (4.6.60)

It should be noted though that, given ¢, vy € Tj, it is relatively easy to construct a
stable dual system in the sense of (4.6.16). It is not easy at all to ensure that the dual
system is also refinable, i.e., satisfies (4.6.58), see [30].

Theorem 4.6.5. Assume that (Vj)jen,, (Vj)jen, is a pair of dual multiresolutions for 1,(Q)
which have exactness orders m, ™, respectively. Moreover assume that both multiresolutions
have smoothness (4.6.31) of orders O < s;, 8, respectively. Then, the following norm-equivalences
hold:
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1. For each 0 < s < min{sy, m, M} there exist constants ¢, < Cg such that (for (f,g) =
IQ fgdx, P_1:=0)

cs Y 259[[(Py = Pi)fIIE, ) < IfllFisa) < Cs Y 229[1(Py = Pia)flIE, )y (46.61)
j=0 j=0

uniformly for f € H¥(Q).

2. For each 0 < s < min {§,, T, ™} there exist constants ¢; < Cs such that
[e0] (0.0
~ 25j 2 2 ~ 28§ | (p* 2
&0 Y 2P = PE)flE 0y < () < G Y 229(PF = PE)fI, 0y (46:62)
=0 =0

uniformly for f € H*(Q), where Cs/cs, Cs/&s tend to infinity when s — s, 3, respec-
tively.

In particular, one has (for s = 0)

> " " 1/2 0 1/2
(D1 =Pt )~ (NP =Pl ) ~IflL@-  (4663)
j=0

j=0

Proof. (Sketch) For s > 0 (4.6.61), (4.6.62) immediately follow from Theorem 4.6.4. To
prove (4.6.63) we need the following lemma.

Lemma 4.6.1. For s < min{sy, §,} one has

N, 1/2 g 1/2
lglosan ~ (D 272 0P = Pralid, o) ~ (D 2720 = Prdalit, )
j=0 j=0
(4.6.64)
where the constants depend on the constants in (4.6.61), (4.6.62).
Proof of Lemma 4.6.1: Let us abbreviate
Djf := (P — Pi_1)f, Djf:= (P} —P)f, jeNo.
Then
d = .\ | (4650) | — .
(F,9) = [( > Dit, > Dig)| “E” | 3 Dy, D} g)
j=0 k=0 j=0
- ‘ Y 29Dy, Z_SjD;‘g)‘
j=0
<> 29D5fll,002 YIDigllL, 0
j=0
) ) 12, & A 1/2
< (X 29905l 0) (D 2IDjelt ) . @6.65)
j=0 j=0
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This shows that, in view of (4.6.61),

s 1/2
lollosan S (X 2721059l 0) (4.6.66)
j=0

Interchaning the roles of D; and D, and using (4.6.62), shows that for s < s;, §; also

> 12
ol S (32 D0l ) (4.6.67)
j=0

To prove a converse etsimate, note first that since ¢, ¢, € H*(Q), vy € T'. Thus, given
g € (H*(Q))’, since Djg, Dig are well defined, we consider

o0
fg = Z 2_25’Dj g,
j=0

and claim that f; € H®*(Q). In fact, again by (4.6.50) we have Dyfy; = 272kDy g and
therefore

o0
) (4.6.61) 2k 7
HfQHHS(Q) ~ ZZ ) ”Dkfg”LZ(Q)
k=0

o0
= 22 27"MDyglf, o
k=

0
o0
=D 277Dyl ) (4.6.68)
k=0
Therefore
(f,9) (fg,9) <Z{'202 S’Dj9,9>
9ll(Hs @)y = sup . > - -
tens() Iflls@) — [fgllnsq) [fqlls ()
YR 2Dl g
IfgllHs(a)
oo
(4.6.68) s 12
(2Dl ) (4.6.69)
=0
which finishes the proof. 0

We return to the proof of Theorem 4.6.5. It is known from interpolation theory ([5])
that
[(H*(Q)), H (Q)]1, = La(Q). (4.6.70)

2
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Likewise for the weighted sequence spaces {} (see also (4.5.9))

s . 1/2
ldllg = (3 2%Ia5)
j=0

one has
[65°, 8511, = £y. (4.6.71)

2

By the norm equivalences (4.6.61), (4.6.62) and (4.6.64), the claim (4.6.63) follows. O

The construction of wavelet-type Riesz basis consists now in constructing for each
level j,j > 0, bases . . ) )
W= Ae A}, W=y A e A,

for the complement spaces W;, W; where
Ni=AeA: A=}, j>0,

with the following properties:

Clldpilleniy < H > dan L) < Clldpjley (i) (4.6.72)
AEA 2
(and analogously for W) as well as
<'Ll)7\71T)V> = 67\,\/- (4.6.73)
Moreover, setting
Yy =@y, Yy =9y, vET=A, (4.6.74)

(4.6.73) holds by definition. Moreover, the following facts follow immediately from
(4.6.60).

Proposition 4.6.1. The collections

V.= U‘{’j, Y= U‘I’j,

j==1 j=—1
are biorthogonal Riesz bases for L,(Q).

Exercise 4.6.8. Show that under the assumptions of Theorem 4.6.5

Wy == {bn/l[Wallnsq) : A € To UA} (4.6.75)
is a Riesz basis for H*(Q)) (respectively some closed subspace of it) for
— min{3,, M, M} < s < min{sy, m, m, }.

The statement remains true when \py/|[\x||ns(q) is replaced by 2SI,
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Comments 4.6.1. 1. Compare the pair ¥,V with Exercise 4.2.2.

2. Constructing a Riesz for L,(Q) is more “difficult” than for H*(Q), s > 0. The latter
requires controling only the primal multiresolution.

3. There are several concrete constructions of wavelet Riesz bases on realistic domains, see
[29] for multiresolutions generated by standard hierarchies of finite element spaces;
[24, 271 for wavelets on bounded intervals incorporating boundary conditions;
[10, 11, 25] for wavelets on bounded domains using isoparametric mappings to hyper
rectangles (see the figures below);
[26] for general compact manifolds.
(See [14, 12] for further reading).

': 2% l,
00 c""l/’l 4
0":

I ‘Iﬁllllmii \\\

l
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5 Adaptive Methods: General Background

5.1 Preliminary Remarks

Given a matrix A € R™" and a vector b € R", solvability of a linear system
Ax=Db (5.1.1)

means in precise terms that for any b € R™ there exists a unique x € R" satisfying
(5.1.1). Another way to say this is that A : R* — R" is a bijection, where the
domain and the range of the “operator” A are the same.
Formally, a PDE such as the Poisson equation with homogeneous Dirichlet
boundary conditions
—Au=Tf inQ, upn=0, (5.1.2)

may also be regarded as such a linear operator equation. However, the meaning
of solvability is now much less clear. It doesn’t make any sense to say “for any
right hand side” f which is now an element of some infinitely dimensional space
IF, say. So a first question is what is a “suitable” choice for [F — giving rise to the
next question: what is the meaning of “suitable”?

Of course, one can avoid these uncomfortable questions by jumping directly
to a discretization of (5.1.2) and worrying only about the invertibility of the re-
sulting matrix. However, as we know, this is only seemingly a solution because
what happens when the underlying mesh size tends to zero? For that reason
one formulates the concept of well-posedness.

5.2 Well-Posed Problems

We concentrate first on linear operator equations: given a linear operator F and a
right hand side f find u such that

Fu = f, (5.2.1)

where we had F = —A in (5.1.2). Obviously, there is important information
missing, namely for f in which normed linear space F? Moreover, even if we
provide such an F for which a unique solution u exists, any computational ap-
proach will only approximate u based on perturbed information of f (e.g. due
to round-off). Therefore, the problem is only meaningful if we can quantify the
effect of perturbing the data on the variation of the solution. The latter can only
be quantified if we also choose a norm for measuring exactness of the solution,
which means we also prescribe a normed linear space X where we seek the so-
lution.

Definition 5.2.1. The problem (5.2.1) is called well-posed, if for each f € [ there esists
a unique w € X satisfying (5.2.1) depending continuously on f.
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Recall that for linerar operators continuity is equivalent to boundedness, so
continuous dependence of u € X on the data f € IF just means that

[uflx < ClIf{|e (5.2.2)

holds for some constant C independent of f € F. An equivalent way to say this
is that

Fe £(X,F), F'existsin £(F,X). (5.2.3)

Remark 5.2.1. A first part of the problem is to actually identify a pair of spaces X,[F
for which infinite dimensional problem is well-posed.

Remark 5.2.2. One cannot expect to develop numerical methods without accounting
for the choice of X, F. This is particularly crucial when developing adaptive methods.

Note that in general the spaces X and F are different. More precisely, this is the
case when the operator F has nonzero order such as the Laplace operator lower-
ing smoothness by the order two. (There are for instance integral operators of
the second kind which map cartain spaces X onto themselves but for differen-
tial operators one has X # F to guarantee well-posedness. This is in contrast
to the finite dimensional case (5.1.1). Nevertheless this shows by the fact that
for decreasing meshsizes the stiffness matrices for (5.1.2) are known to grow in-
creasingly ill-conditioned which is the prize for ignoring the different metrics on
Xand FF in a well-posed infinite dimensional formulation.

Remark 5.2.3. The particular relevance of well-posedness for adaptivity can be seen
as follows: suppose uy € Xy C X is an approximation to the solution u of Fu = f.
An adaptive method would try to determine next a refined trial space X, D Xy that
reduces the error at the expense of possibly few additional degrees of freedom. Unfortu-
nately, since u is unknown, one cannot extract corresponding information directly from
the error uw — uy. However, uy being now given, the residual

f—Fuy =Flu—uy)
is, in principle, known.

To exploit residuals for error estimation note the following: boundedness and
bounded invertibility (5.2.2) give

IFCun) = fllp = [Flun = Wl < [Fllzpm lun —ullx
which implies

HFHZgU,m [f —Fwr)|lp < lu—unllx = HF_](F(U—LLH))
< HF_] HL(IF,[U) [Flun) — fllg
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and hence
(IFll o) ™ IF — Funlle < flu—unllx < IF 2 If — Funlle. (5.2.4)
Thus, the smaller the condition number

kx,r(F) = [[Fllcem IF 7 ) (5.2.5)

of F € L(X|,F) is, the tighter is the error |[u — uy||x estimated by the residual
|f — Fun||r in F. Again, an improper choice of X, F may entail large or infinite
condition numbers.

Remark 5.2.4. Essentially all rigorously founded adaptive methods are based on a pos-
teriori bounds for the residuals ||f — Fuy||p. Deriving such bounds may be nontrivial
and the subsequent discussions address scenarios where this can be done. More pre-
cisely, we will discuss two formally different frameworks which, however, use in essence
this same paradigm.

5.3 Stable Variational Formulations

Remark 5.3.1. For the residual to estimate the error well it is important that kxr(F)
be small — quantified well-posedness. In this case we talk about stability, although
it is usually hard to prescribe a concrete bound for kx r(F) to mathematically define
stability. The notion of stability is therefore more of a guideline.

We address now the issue of identifying “good pairs” of spaces X, F in the
above sense. A very powerful strategy for this task is to contrive a variational
formulation of a (linear or nonlinear) operator vequation

Flu) = f (5.3.1)

To explain this, assume first, as before, that F is a linear operator. Look for a
Hilbert space U (which is to host the solution — “trial space”) and a possibly
different Hilbert space V (“test space”) so that for all w € U, F(v) is a bounded
linear functional on V, i.e., F(v) € V’, the normed dual of V. Hence the dual
pairing

(Fw),v) = (Fw))(v)

is well defined forany w € U, v € V.
Remark 5.3.2. (z,v) = z(v) does not stand for a scalar product but for the action of a
functional z € V' onv € V. This notation is motivated by the fact that in many cases

(not always!) this action can be expressed by an {,-inner product. The scalar products
on U,V are denoted by (-, -)u, (-, -)v-
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Recall that V' is endowed with the norm |z||,,, := sup, |<|i|\|) L 50 that
v

(F(w),v)

[FOV)[ly, = sup ~——— < o0
vev ||v||V
In particular,
A(vyw) := (F(w),v), (w,v) e U x V, (5.3.2)

is then a well-defined bilinear form on U x V. In this case F € £L(U, V'), i.e., the
weak formulation of the problem suggests taking F = V'.

One can also look at it the other way around, taking the bilinear form as the
starting point. Then F : FU — V' is induced by (5.3.2) by the Riesz-Representation
Theorem.

Definition 5.3.1. The problem: Given f € V', find u € U so that
Alu,v) = (f,v) Vvev, (5.3.3)

is called a (U, V)-stable variational formulation of (5.3.1) if F, defined by (5.3.2), is
an isomorphism from U onto V'. In this case (5.2.5) takes the form

ko (F) = [Fll gy IF 2w < 00 (5.3.4)
Clearly, (5.2.2) becomes now
Il = 1F o < IF lle w1l (535)

ie., C= ||F7] ||£(V’,U) in (522)

5.4 Babuska-Necas-Theory

There is a well known criterion for stability, due to Babuska-Necas. (see Numa
IV).

Theorem 5.4.1. (5.3.4) holds if the following is true:
(i) continuity of A(-,:): U xV — R: 3 C, < oo such that

IAw,v)| < Co Wy IIVIly (w,v) e Ux V. (5.4.1)
(ii) inf-sup-condition: 3 ¢, > 0 such that

: Alw,v)
inf sup —————

> C. (5.4.2)
veV e [[Wly [VIly
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(iii) For allw € U there exists v € V such that A(w,v) # 0.

Corollary 5.4.1. If the bilinear form A(-,-) is continuous on U x U, i.e., (5.4.1) holds
forV ="U, and if A(-,-) is in addition coercive on U, i.e.,

A(w,w) > co|wllf, weTU, (5.4.3)

then the operator F induced by A(-,-) through (Fw,v) = A(w,v), w,v € U, satisfies
(5.4.7), (5.4.8) and hence (5.4.9). Such problems are briefly called U-elliptic.

To illustrate these facts let us consider again the simplest possible example.

Example 5.4.1. Return to the Poisson problem (5.1.2)

Flu)=—-Au=f inQ,

u=0 ondQ. (5-4.4)

Then

alv,w) = J

(—Av)wdx = J Vv - Vwdx Vv,zwe C(Q)
Q

Q

is (by closure) well defined on H}(Q) x H}(Q). So here U =V = H}(Q), where

1

—————H
Hy(Q) = Cr(Q)
H"lev(g) = HVH%Z(Q) + HVVH%Z(Q) .
By Cauchy-Schwarz the bilinear form al(-,-) is continuous,
la(v, W) < |V|lyyr (W]l - (v Coa=1) (5.4.5)
Moreover, by the Poincaré inequality there exists « > 0 such that
a(v,v) > co |VI[F - (5.4.6)
The estimates (5.4.5) and (5.4.6) imply conditions (i), (ii) and (iii) in Theorem 5.4.1.

To see that Theorem 5.4.1 implies (5.3.4) note the boundedness of F as a map-
ping into V' follows from the boundedness of the bilinear form (5.4.1):

Flw),v Alw,v) 641 Callwllir IV
[Fo)ly, = sup LY gup ADVYLOZY o CalWlo IVl ¢y
vev Vv ey Vv vev  Vlly
which yields
IFl 2wy < Ca- (5.4.7)
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On the other hand, by (5.4.2), we have

Fwll = sup T > ¢,
vev  [Vlly
This implies
IF 2 < Cloc’ (5.4.8)
which gives indeed
o (F) < 2. (5.49)
Note that (5.2.4) becomes )

-1 o
IFll 2wy 1 = Flun) ly, < flu—unlly < HF 1||£(V’,UJ If = Flur)lly . (5.4.10)

Remark 5.4.1. The spaces F = V' hosting the data are in such a variational framework
typically dual spaces. Dual norms are usually not easy to evaluate. Thus, an adaptive
scheme based on using a posteriori information in terms of residuals in such a dual
norm, has to address this issue and we shall learn how to deal with this in at least two
different ways.

5.5 Nonlinear Problems

Idea: A problem is called stable if its linearizations are stable:
Find again X, Y such that F: U — V' is well defined by

(F(uw),v) = {f,v), vev. (5.5.1)

Motivation: R : R — R, search for x with R(x) = 0. Newton’s method converges
well if the tangent has a nonvanishing slope, i.e., the Jacobian is nonsingular.

The same here: Consider
R(u) :=F(u) —f.

What does it mean to say: The “derivative” does not vanish near the solution?

Consider the Fréchet derivative of R at v defined by

(DR(V)w, z) := lim %(R(v +tw) —R(v), z)

t—0

= lim 1(F(v +tw) —F(v), z)

t—0 t

= (DF(v)w, z) VzeV.
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The Fréchet derivative is (for each v) a linear mapping from U to V’. We call
(5.5.1) stable in the neighborhood N of a solution u if DF(w) : U — V' is an
isomorphism for each w € N, i.e., for each w € N there exist c,,, C,, such that

cw l|zlly < IIDFW)z|lyr < Co llzlly VzeU. (5.5.2)

5.6 Examples of Stable Variational Formulations

We collect the relevant facts without proof.

5.6.1 Saddle Point Problems

Poisson’s equation gives rise to a coercive bilinear form. Its weak formulation
can be understood as first order conditions for the minimization of the “energy”
functional

) = Jalvw) — (f,v).

If such a minimization problem is subjected to constraints one obtains a saddle
point problem, losing coercivity! In the context of constrained optimization
saddle point problems arise under the name of Karush-Kuhn-Tucker conditions.

The weak formulation of saddle point problems: given Hilbert spaces X, M
and bilinear forms

al ) : XxX—=R, b(): XxM—=R,
with data [f, g] € X/ x M/, find [u,p] € X x M =: U such that

a(w,v) +b(v,p) = (f,v) VveX,
b(u)q) = <g>q> vqu)

which is equivalent to

A([u» P]) v, q]) = <f>\)> + <9> q> Vv, q] cU=XxM=YV, (5.6.1a)

(5.6.1)

where

Al ) (X x M) x (X x M) > R,

A, pl, v, g]) = a(u,v) + b(v,p) + b(u, q) .
Defining the linear operators A : X — X/, B: X — M’, B* : M — X' by

(Av,w) := a(v,w), (Bv,q) :==b(v,q) = (v, B"q)
(5.6.1) can be written as
A B* u f F / / /
F([u,p]):(B 0 ){p}:{g}::fex xM'=U". (5.6.1b)

Note that (5.6.1a) is a non-coercive, indefinite problem.
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Theorem 5.6.1 ([9, 7]). (5.6.1) has a unique solution [u,p] if there exist constants
Cq, Cp < 00, &ty B > 0, such that

la(v, W)l < Ca VIl IWllx, bV, @)l < Co Vi« [lallne Y, we X,q e M,
(5.6.2)

la(v,v)| > cqo|V|% WeY={veX:b(v,q)=0VYq e M}=Ker(B),
(5.6.3)

inf sup b q) >cp- (5.6.4)

ol yex [Viix llally —
Moreover (5.6.1) is stable, i.e.,
¢l dllly < [IF(v, aDlly: < Cliv,allly, Vv, gl e U=XxM  (56.5)
where || v, qlllf; = V]I + llalliz & = &(Ca, Coycarcp), C = C(Ca, Coy Cay cp) and
ko (F) < €.

In fact, one can show that (5.6.2)—(5.6.4) implies the validity of the assump-
tions of Theorem 5.4.1 (see for example [7]).

Example 5.6.1. Stokes system:

—Au+Vp =~ in Q
divu =0 inQ
u=20 on 0Q)

~ a(u,v) = J

Vu:Vvdx, b(v,q)= —Jdivv qdx
ol

X =Hy(Q)Y, M=1L(Q)={vel(Q): J vdx = 0}
o)
Y = {v e Hy(Q)?¢: divv = 0 weakly}

One can show that the onditions of Theorem 5.6.1 are satisfied.

Example 5.6.2. Fictitious domain method Let QO C O where Q is complicated or
moves and [ is simple.
Question: How to deal with “moving” boundary conditions?
Idea: Find [u,p] € U:=H"(O) x H™2(T" := 0Q) such that
(Vi, W) + {yv,p)r = (f,v)  WeH(O),
—_——— ——
a(u,v) b(v,q) (566)

(vu, q)r = (g,q)r VqeHz(I),
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wherey : H'(O) - H 3 (') is the trace map. It is essentially a consequence to the Trace
Theorem, that a classical solution of (5.6.6) solves

—Au=f in Q
u=g on 0Q)
and that (5.6.6) satisfies the assumptions of Theorem 5.6.1.

Example 5.6.3. Mixed formulation

—div(aVu) =f in Q
u=20 on 0Q)

Write this as a first order system:

a'q=-Vu
q:=—aVu

This gives rise to the variational formulation: Find [q,u] € U := [,(Q)¢ x H}(Q)

such that
(a'q,r) + (r,Vu) = 0 Vre L, (Q)4,

(5.6.7)
—(q, Vv) = (f,v) VveH)(Q).
Here
a(q,r):J a“q-rdx, b(u,r):J r-Vudx
Q Q
X =1,(Q)¢, M = H}(Q)

We claim that (5.6.7) also satisfies the conditions in Theorem 5.6.1, see for example [7].

5.6.2 Quasilinear Equations

Consider the nonlinear equation

—Au4ud="f in Q,

u=20 on 0Q). (5.6.8)

Claim: For d < 3, U = V = H}(Q) is still appropriate. Show first that F(v) €
(HJ)(Q))/ =H(Q) forv € H}(Q) (so that (F(v),w) is defined for allw € H}(Q)

”1;0 this end, note
<F(V)3W> = <V\), VW) + <v3>w> .

We want to show that
[(F(v),w)| < C(v) [[w]];yr -
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Clearly [(Vu, VW)| < |[v||,;1 [IW|l,;1. Furthermore

(v, w)| < J P w dx =J WP ow| dx
Q Q

< (L i dx)z (L 2 dx)z (5.6.9)

2 3
< H"Hu(m H"Hu(m HWHL4(Q) = ”\)HL4(Q) ”WHL4(Q) .
Here we invoke a Sobolev embedding theorem (see Figure 1). For d < 3 one has

H)(Q) € Li(Q), (5.6.10)
thatis [|[v]|, o) < C [Vl Vv € Hy(Q).

Combining (5.6.9) with (5.6.10) yields
’<V3»W>‘ <C HV||1341(Q) ”W||H1(Q) .
This gives
(F), W < (Vo oy + € VR ) 1o o (5.611)
which implies
F(v) e HT'(Q).

To show stability, determine DF(v): For z € H}(Q)

(Fv+tw) —F(v),z) = (V(v +tw), Vz) — (Vv, Vz) + (v + tw)*, z) — (V*, z)
= t(Vw, Vz) + 3t(v*w, z) + 3t (vwh z) + P (w?, z) .

Hence :
{<F(v +tw) — F(v), z) = (Vw, Vz) + 3(v*w, z)
and thus
(DF(v)w, z) = (Vw, Vz) + 3(v*w, z) . (5.6.12)
Question: Is DF(v)w € H7'(Q)?
By the same argument as before we conclude that
(DF(v)w, z)| < HWHHl(Q) HZ’HH‘(Q) +3C H"Hiﬂ(ﬂ) ”WHH1(Q) HZHH‘(Q) )

and therefore

DF(v)w, z
IDFWllrig = sup DFIW2)

< (143C MR ) Wi > (65:613)
zeH} (Q) HZHH‘(Q]
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that is, DF(v) : H}(Q) — H'(Q) is bounded.

Moreover,
5 5 5 2 Poincaré 2
(DF(v)w, w) = Wl gy +3 o dx = Whooy 2 Calwlive
and thus
DF(v)w, z DF(v)w,w
||DF(V)WHH71(Q) = Sup < ||Z|| . > 2 < ||W|| : > Z C.Q HWHH](Q) .
zeH)(Q) HI (Q) HI(Q)

Hence (5.5.2) holds with ¢, = Cq, C, = <1 +3C HVH,%(Q)).

5.6.3 Boundary Integral Equations

For details on this topic see [40]. Motivation: Exterior domain problems.
Solve

—AU =0 in Q¢ =R3\Q
U=f ondQ) =T (5.6.14)
U(x) — 0, x| — oo

Obstruction: The domain is unbounded.

Idea: Transform the problem into an equivalent one living on I' (dimension re-
duction).
Let

1
5(X>U)~—m

where |x — y| is the Euclidean norm and define
(V) (x) := J E(x,y)vly) dly, xer.
r

(singular integral operator / single layer potential operator)
Find u such that
Vu="f onl, (5.6.15)

(integral equation of the first kind) — note that f lives on I'. Then one can show
that

U(x) := J E(x,y)u(y) dly, x € Q°
r
solves (5.6.14). Here
a(u,v) = (Vu,v)r,

U=V=HIT), U= (H*%(F)>/ — HI(T),
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so this is an operator of order —1.
Alternative: Rewrite (5.6.14) as integral equation of the second kind (double
layer potential). Define

0
00 = | S-gtxyiviy)dn
1 nj(x—y)
= ary, xerl
Consider 1
Eu:(§+IC>u:f onTl
Then
U = | Kexyut)dn,  xeos
r

solves (5.6.14).

Here one has
Alw,v) = (L), LIMN=U=U=V'=V.

One can show that
L: Lz(r) — Lz(r)

is an isomorphism. £ has order zero, hence linear systems are uniformly well
conditioned independent of the discretization.

5.6.4 High-Dimensional Elliptic Problems

Parametric PDEs: are PDEs involving coefficients which depend on additional
parameters. Such parameters could describe shapes and typically arise in de-
sign or optimization problems where one seeks “optimal parameters”. Another
important problem source concerns problems where coefficients exhibit such
a fine scale structure that a direct numerical resolution is too costly. For in-
stance, in porous media flow exact permeability (diffusion) coefficients in Darcy
flow to represent the porosity are out of reach. One possibility is to view such
coefficients as random fields. Expanding such random fields in suitable bases
(Karhunen-Loewe expansion) yields coefficients that depend in principle even
on infinitely many parameters. This is a central issue in “Uncertainty Quantifi-
cation”. A typical model problem reads as follows (see [2]):

LetZ = {1,...,d} or T = N in the finite or infinite dimensional case, a given
index set and consider the affinely parametrized diffusion problem of the form

Fly)u:= —div(a(y)Vu) =f, aly):=a+ Zyjej, (5.6.16)

j>1
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with homogeneous Dirichlet boundary conditions, posed in the weak sense on a
spatial domain Q). Such models arise, for instance, when parametrizing random
diffusion coefficient fields modeling the permeability in porous media flow. We
require that the expansion of the diffusion coefficient a(y) satisfies the uniform
ellipticity assumption

Y lgl<ax)—a xeQ, (5.6.17)

j>1

for some « > 0. This implies that for X = H}(Q), there exist 0 < r < R < o0
such that

(Fly)v,w) < R[vlzllwlx and  (Fly)v,v) =7yl vweX, ye,
(5.6.18)
which implies in particular that F(y) is boundedly invertible uniformly iny €
Y, with
IFW ey <7715 yed. (5.6.19)
Moreover, writing briefly L*()) = L?(); du) for a given probability measure p
on Y, we can define the operator F : U := XxL*(Y) = L*(); V) — U’ = V'xL*())
by

a(vyw) := (Fv,w)y :J ,[ (Fly)v,w)dxdu(y), v,weTU, (5.6.20)
vJa
The problem
a(u,v) =f(v), vel, (5.6.21)

is again well-posed over U.

The particular challenge of this type of problems lies in the fact that the solu-
tions u are now functions of the spatial variables x € Q) and also of the (possibly
infinitely many) parametric variables y € ), see [2].

5.6.5 Space-Time Variational Formulation of Parabolic Problems

Model problem: u = u(x, t)

ou=Au inDr:=Q x [0, T]
u=20 on 0Q) x [0, T] (5.6.22)
u(-,0) =ug on Q)

which gives rise to the variational formulation

J oquv —Auvdxdt =0 Vv € test space V.
Dt
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Question: What is the right test space V? Integration by parts yields

L u(x, T)v(x, T) dx—J

uo(x)v(x,0) dx—J'
Q

Dt

uovdx dt—l—J Viau(x, t)-Vv(x,t) dx dt =0.

Dt

Suppose v(-, T) = 0, then it follows that

T
J J (Viu(x, t) - Vov(x, t) — u(x,t) 0yv(x, t)) dx dt —J Uo(x)v(x,0)dx =0.
0 Jo Q

So appropriate spaces are

V:=H (Dr) where It =9Q x [0, T)UQ x {T}
U :=L,(10, T), Hy(Q))

with the norms

i
2 2
Il = J Il 02 dt, My = Voo -

Then (5.6.1) takes the form
Alu,v) =1(v),  veHy(Dr) =V, (5.6.23)

l(v) = Luo(x) v(x,0) dx, Alu,v) = J Viu-Vv—udvdxdt. (5.6.24)

Dt
One can show continuity of A(-, -) by using Cauchy-Schwarz:
AWV, Wl < Clvlly[wlly

inf-sup stability will be shown later.

Comments 5.6.1.

a) One has to verify that L € V'. This requires that the trace of v on Q) x {0} is well-
defined as a function in L,(Q). Then

J Uugv dx
Q

< HuOHLZ(Q) HV(KO)”H% <C ||u0”LZ(Q) ||V”H1(DT) .
d0(Q)

W)l =

< HuOHI_Z(Q] Hv('>0)||]_2((2)

b) Dirichlet condition: u(x,0) = uy(x) is a natural boundary condition.
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Remember:

An alternative to define spaces with zero trace is
Hgo(Q) :== {v € H(Q) : xaov € HS(Rd)}

where xqoVv extends v to 0 outside of Q.

1
H(S)O(Q) 7£ H(S)(Q) fors € z + Np.

5.6.6 What About Transport?

Now regard the convection-diffusion equation

—eAu+b-Vut+cu="f in Q,

6.2
u=90 on 0Q). (5:6.25)

Assume
1
c(x) = 5 divb(x) 2 0, x€Q,
lel <Co, bl <Cr.

Choose again U = V = H}(Q). Then (5.6.25) has a unique weak solution in
Hy(Q),

A(U>V):J eVu-Vv+ (b:-Vu)v+ cuvdx, U=H)Q)=V.
Q
One can show
1
Av,v) = J e|Vv* + (c -5 div b) v dx > eCq Hv||,211(Q)
Q

as well as continuity
A, )l < CIbll Il [Vl
—
Ca
But for |[bl|,_ > € (convection — dominated case) one has

_ Clbll.

KHg(Q),Hg(Q)( ) <

1.
CQ€ >

So in theory this is stable but it is not well conditioned; the constants matter!
Here other spaces are needed. In such cases one will end up with U # V.
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5.7 A Road Map for Adaptive Wavelet Schemes

In this section we discuss a first adaptive paradigm that can be applied to all
examples discussed before. In all cases one proceeds along the following steps.
However, we concentrate on symmetric formulations, i.e.,, U =V.

(D

(Im

(ITD

(Iv)

Verify that
Fu) = f (5.7.1)

gives rise to a stable variational formulation in the following sense: find
a Hilbert space U such that for each f € U’ the problem

(Fw),v) = (f,v) vel

has a unique solution u € U, depending continuously on the data f € U’.
In other words, F should have the mapping properties

kyu/(F) < k or kyu (DF(w)) < k, w € N (u), when F is nonlinear.

Find a Riesz basis W = {1, : A € A} C U for U and write (I) as an equivalent
infinite system (transformation step)

F(u) = f (5.7.2)

where the unknown u € U is expressed as

u= Z Py, u = (U)ren

and F(-) is the corresponding (nonlinear) operator in wavelet representa-
tion.

Show that the stability of the variational formulation combined with the
Riesz-basis property imply that (5.7.2) is well-conditioned in £, (), that is

DF(w) : &(A) — G(A)

is an isomorphism for each w € {,(A).

(Note: The transformation gains us something because: Before we had U —
U’, for example H' — H™', so this changed smoothness which results in a bad
condition; you have to precondition)

Contrive an “idealized” iteration

u"! =u"+ C,(f—F(u")) (5.7.3)
on {;(A) that converges with a guaranteed error reduction per step
HunH — quz <plu" —ull, (5.7.4)

for some p € (0,1). C, is a preconditioner.
(Note: So far everything is infinite-dimensional and hence not computable)
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(V) Develop “computable” versions of (5.7.3) by applying F only approximately
within suitable error tolerances.

(VI) Prove that the perturbed scheme converges with “optimal complexity”.
Recall that for a given Riesz basis ¥ the error of best n-term approxima-
tion is given by

‘u Z dﬂb)\‘

and behaves like o,,(u), () when u is the array of expansion coefficients
of u, see Exercise 4.4.2).

on(Wpy:= min

#r<n.d, eR ’

Dream-Theorem. If the solution u of (5.7.1) belongs to

AL ((Zn), U) ={v € U:supn’on(v)y = vl < oo},
neN

then for any target accuracy € > O the scheme outputs a finite sequence u(€)
such that u(e) = ), ., ux\by satisfies

lu—ule)lly <e, #supplu(e)} = #(uy)ren. S € IuIAS (5.7.5)

and
. _1 4
#operations < € s |u] As -

Note that supn®o, = ¢ < co means o, S n°. In order to obtain an error

N

of order e as in (5.7.5), in general n ~ e = coefficients are required. In this
sense, the above is the best one can expect.

5.8 Transformation to Equivalent Problem in {;(A) (l1), (1lI)

We consider first linear problems. Suppose we have found a Hilbert space U
such that the problem: find u € U such that

Alu,v) = (f,v) Vv eU, (5.8.1)
for the linear operator equation
Au =f
(thatis A(u,v) = (Au,v)) is stable, i.e.,

K[U’[U/(A) < 00.
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This means that there are constants c,, C, such that the mapping property (MP)
holds:
ca|Vlly < [AV][y < Ca[V]ly vel, (MP)

and that ¥ = {, : A € A} C U is a Riesz basis for U, i.e., there exist constants
cy, Cy such that the norm equivalence (NE) holds:

Z VAII)A

AEA

cy [[vll, < < Cyllvlly,, (NE)

where v = (V) )aen € L(A).

Theorem 5.8.1. Let A := (A(Pv, Ya))aven, £ = ((f, Ur))ren. Then (5.8.1) is equiva-
lent to
Au=f, (5.8.2)

u= Zuxll)x

solves (5.8.1). Moreover, when the mapping property (MP) and the norm equivalence
(NE) hold then (5.8.2) is {;(/\)—stable, that is A : {;(A\) — () is an isomorphism.
More precisely

and

cach [Vll,, < AV], < CaCl V], Ve LA, (5.83)

Remark 5.8.1. While A : U — U’ typically changes regularity, the representation A
does not, i.e., (5.8.2) is well-conditioned as a mapping from a space onto itself, i.e., for
the same metric in domain and range.

Proof. We know u € U has a unique representation u = ) ,_, ua\p with the
sequence u = (uy)arca. To prove the first part of the assertion, since ¥ is a basis,
we have

A(u,v) = (f,v) Wwel

& Alu, ) = (f,dy) YAe A
& A (Z uf\/‘b\/»"b)\) - <f) 11’)\> VAeA
veA
& D Albv,h)wm= ()  YAEA
& (V;/l\l))\ = (f, ) YAeEA
&S Au=f
which proves (5.8.2).
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To establish stability (5.8.3), we apply the result from Exercise 4.2.2 in Section

4.2, namely:
Z WAll))\

AEA

o, Wle, =

] 4
. [wlle, (NE)

where wy = (w, ) (since (P, ) = 8»,) and hence

1 1

o Iws b henlly, < Iwlly: < = 110wy ba)aenlls, -
y Cy

Now

MP)
S Cy Cq ”AVHU’
U

NE)
”VHeZ < Cy

Z vab,

AEA

=V
NED )
< cq oy [[((AV, O ) haenlly, = ¢4 'y |Av|,,

yields the left inequality of (5.8.3). 3
For the upper bound recall: Av =} ,_,(Av,{y)a. Since by (MP),

[AV]ly < CalVlly

one concludes

(NE")
[Aull, = [[((Av,ba)henll, < Cul|AVIly
(MP) (NE) 5
< GyCalpvlly < GCa ||V||1z2 ) 0
which completes the proof.
Remark 5.8.2. Under the hypotheses of Theorem 5.8.1 one has
cacylu=vll, < [[f = Av];, < CCillu—vl,, v E b(A), (5.84)

i.e., errors are equivalent to residuals, both in the same {,-metric. The bounds are the
CaC2
better the smaller —2=¢

aby

Exercise 5.8.1.

a) Suppose (5.8.1) is the variational formulation of the Poisson problem with U =
H)(Q) (—Au = fin Q,u = 00on dQ). Let Ay, denote the standard FE stiffness
matrix for a Galerkin discretization with respect to a finite element space on a quasi-
uniform mesh with mesh size h. How does k,(Ay) grow with decreasing mesh size
h?
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b) Suppose you have a Riesz basis ¥ for H)(Q). For any A, C A#A, = N, let
Wa, ={Pa: A € Ay} C HI(Q). Let Up, = span{ : A € Ay} C U and use this as
a trial space for the Galerkin scheme. Let A} = (a(by, $a))aven, € RNN be the
corresponding stiffness matrix. Show that

Ka(A}) <

(5.8.5)

Exercise 5.8.2. Suppose one employs Galerkin schemes for a U-elliptic problem based
on a multiresolution hierarchy (U, )nen of trial spaces. Suppose further that W is a
Riesz basis for U and that the trial spaces in the multiresolution hierarchy are spanned
by subsets of Y. Describe a preconditioner for the Galerkin stiffness matrices A, with
respect to the standard scaling bases for the spaces U,,, so that the Euclidean condition
numbers remain uniformly bounded.

The same principles work also when F(u) = f, with nonlinear F. Then
(F(u),v) = (f,v), velU (5.8.6)

is equivalent to
F(u) = f (5.8.7)
where F(u) = ((F(u), a))yen-

Exercise 5.8.3.

1. If (5.8.6) is stable, that is (5.3.4) holds, then one obtains
cwcy [Vll, < IDEw)v], < CuCilivll, — Ywek(A)  (588)

for all w in the stability region.

2. Identify DF(w)v and specify this for F(v) = V3.

5.9 Idealized Iteration (IV)

The idea is to solve the infinite system (5.8.2) iteratively. Since A is well-conditioned
one expects that such iterations reduce the error in each step by a fixed factor.
Such an iteration serv es only as a conceptual starting point. At this point it is
idealized since the involved infinite arrays cannot be computed (exactly).

Goal: Contrive an iterative scheme realizing a guaranteed fixed error reduction

per step:

k+1

[u*"" — i, < pllu* —ully,, k=0,1,2,... (5.9.1)
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for some fixed p € (0,1). We'll see that this is possible because of (5.8.3). We
will discuss several example classes. The starting point is a fixed point ansatz

u=u+ C(f — F(u))
which holds trivially for any isomorphism C : {, — {,. This gives
u" =u" + C,(f—F(u")), n=0,1,2,... (5.9.2)

Here the matrices C,, (that could but do not have to depend on n,u") play the
role of a preconditioner. For a given problem we have to find C, such that (5.9.1)
holds.

We discuss a few examples:

U-elliptic problems: Let F(u) = Au where A(+,-) is symmetric and U-elliptic
(for example Poisson problem)

Claim: C, = C = «I for some suitable « > 0 (relaxation parameter) satisfies
(5.9.1) (Richardson scheme, simplified gradient descent).

To see this: A is by definition symmetric and, as a Gramian, positive definite.
More precisely, as shown earlier

|Av]|,, 683 ,
A == ||A||L(e2,zz) =sup ——— < C,Cy =: Ca, (5.9.3)
vet, VI,
and, again by (5.8.3),
A7 <cx'y  ca=cacy.
Then (5.9.2) reads:

u™ = u" + aff — Au") = (I— aA)u" + of = O(u")
and
Ov)—O(w) = H(I —oA)(v— W)le
< [[T—oA| [lv—wl,
=p

So we need to show p < 1. Thus we have to find « such that the spectral
radius fulfills o(I — xA) < 1. We know that Ain(A) > ca and Ao (A) < Ca.
Consequently o(I — xA) C [1 — xCa, T — acal. Hence we need

1—aCa>—p and 1—aca <p
S aCpa—1<p and 1T—waca<p

1—p§oc§1+p.

< Ca CA
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« is optimal if

T—p o 1+p
Ca N N CA
which is equivalent to
Ca
Ca—ca c__1 K2(A) —1
oy = A > 5.9.4
P Ca+ca S—:—I-]_Kz(A)‘F] ( )
and
1+p 2 2
= = .= = 5.9.5
x CA CA+CA CaC\Z{,—I-CaC‘zy ( )

Indefinite problems: Let F(u) = Au, suppose the operator A satisfies the map-
ping property (MP) but is not positive definite (example: Stokes). In this case
I — xA has eigenvalues > 1 and hence is no contraction, but A : {, — {, is still
an isomorphism satisfying

CaC\Zy ||V||e2 =Ca ||V”e2 < ||AV||e2 < Ca ||V||e2 = CaC\Zy ”VHez )

and
_ T _ AT
Au=f & A;Au—écf/. (5.9.6)
= =f

This is still well-conditioned because
w'Bv _ VvBv Vv'ATAv
1Bl = Sup i = ol = T
w 0 [5) {

2
2 ||V||e

= [|Av|lg, [vll,, > i = ca v, -
||V||€2

Conversely

By, = [|ATAV|, < |[[AT]ce0)  [lAVI, < CRlvl, -
—_— ——

<Ca MP of A
< Calivll,

So one still gets stability of B = ATA, however with the condition squared. Now
apply case (i) to

" =u"+  &AT(f— Au")
=Cn
N——— —
= &(ATf — ATAu")
= &(f — Bu")



with a suitable &,
2

Ci+ci
Although squaring works in principle the quantitative performance gets worse.

& =

Saddle point problems: Sometimes one can do better than “squaring” the prob-
lem. Consider the saddle point problem

a(u,v) +b(v,p) =(f,v) Vv eX,
b(u, q) =(g,q) Vq e M.

Assume that (5.6.2) and (5.6.4) hold (continuity and inf-sup-condition = MP).
Furthermore assume the somewhat stronger condition

a(v,v) > cq [VII%, v eX. (5.9.8)

(Remember: Originally we had this for v € Ker(b), this would be technically
more complicated but also sufficient. This can be found in [20]). Then

(5.9.7)

A:X — X' (Au,v) == a(u,v) is an isomorphism on X — X',
B:X — M, (Bu,q):=b(u,q).
Recall here U = X x M.

Now suppose ¥x = {{5 € Ax}, Y = (WM : v € Ay} are Riesz bases for X and
M, respectively. As before

u= Z uxll)if, u = (W)ren, € L(Ax),
AEAX

p= Z by, P = (PA)aeny € L2(Anm),
AEAM

and hence (5.9.7) is by Theorem 5.8.1 equivalent to

(Q'E><;):(;)' (5.99)

Instead of squaring we use block elimination:
The first line in (5.9.9) gives

Au+B'p=f & u=A"'f-A'Bp. (5.9.10)
Applying this to the scond line in (5.9.9) yields
g=Bu=BA'f-BA'B'p = BA'B'p=BA'f-g.

Hence (5.9.9) is equivalent to
Sp =1, (5.9.10a)

where S := BA~'B is the Schur complement and f := BA'f — g.
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Lemma 5.9.1. There exist constants cs, Cs (depending on cq, cv, Cq, Cy) such that
Cs ||q||zz(/\M) < ||SQ||tz2(AM) < Cs Hq”ez(/\M) - q € L(Awm). (5.9.11)

Proof. Obviously S is symmetric and bounded because A~' and B are bounded.
Moreover,

qTSq — qTBAi]BTq — (BTq)TAfl (BTq) 2 CX] (BTq)T(BTq)
IIBTq’||e2<AM)>2 (5.9.12)
19" lle2 (A

Since for q" = ) \cr, GV W = 2_scn, Walby one has

(@) Bw - blwq’)

IB'q"[le,(Ay) = sup
2O TG Wl 7w egrllwllx

> coCyxCym || q ||es (An)s (5.9.13)

> C,'(q q)mm(

> cocyx||q’|n

where we have used the inf-sup condition (5.6.4) in the second but last step.
Inserting this into (5.9.12), yields

qTSq > CX] CpCyx Cym (qTq)>

which yields
Ca
IS7) < ——— (5.9.14)
CpCyx C\yM
Hence, the system (5.9.10a) can be solved with the aid of the simple Richardson
iteration (C,, = ol in (5.9.2)) with a suitable damping factor « > 0 O

How to make use of (5.9.10a) ?

Uzawa iteration: In principle, the iteration
pt! = p* + a(f - Sp¥)
converges for suitable « with fixed p < 1.
Problem: There is an inverse in S. Hence an explicit (approximate) application
of S has to be avoided. To that end, go back to the fixed point iteration
p=p+C(BA'f—g—BA 'B'p)

=f =Sp

/

=BA™'(f-B'p) — g
(59loB _g
=p+C(Bu—g)

This leads to the so called Uzawa iteration:
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Algorithm 5.9.1.
1. Choose an initial guess p°.
2. Solveu® = A7'(f —B'p°), i.e.,, solve Au’ = f — B'p°.

3. Given p*, u*, set
p =p*+ C(Bu* —g). (5.9.15)

4. Solve Au*™" = f — BTprtl.
Comments 5.9.1.

e S is not needed explicitly.
e Each iteration step requires an elliptic solve
Au* = (f—B'p"),

but at each stage in a practical realization of an iterative solver you need only few
steps to update the approximation to u.

e Then just update p* to p**'!

Error reduction:

P —p=p“+CBu—g)— (p+C(Bu—g))
-0
=p*—p+CB(u*—u). (5.9.16)
Now, using (5.9.10) and step 4. in Algorithm 5.9.1, we obtain
Alu—u")=f-B'p—f+B'p*=B'(p*—p)
é (u_uk) :AleT(pk_p)
(5.9.16)

29 p _p=p*—p+CBA B (p—p") = (I-CS)(p*—p).

So we have a contraction for suitable C.

We summarize the above findings as follows.
Remark 5.9.1. In all the above cases of the linear problem
Flu)=f

(of elliptic, indefinite, or saddle point type) we have identified a preconditioner C such
that the iteration
u“ = u* 4+ C(f—F(u")), ke N,
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(where C may depend on u*) gives rise to a fixed error reduction in each step by a factor
p < 1. In fact, we have shown in all cases that

II-CF|| <p, keN,, (5.9.17)
where || - || is the spectral norm. In terms of the residual R(v) = £ — F(v), this can be
equivalently expressed as

|v—w + C(R(v) = R(w))l, < pllv—w], (5.9.18)

Semilinear elliptic problems: Recall:

Flu):=—-Au+ud=f inQ,
u=20 on 0Q).

General format:
<F(u),v) = a(u,v) + <G(u),v> )

where a(-, ) is U-elliptic (here U = H}(Q)) and G : U — U’ with the following
properties:

(P1)
[G(v) = GW)|ly, < Co(max{|[v|ly, Wy [[v—wly, vywelU

(For fixed x, t = v(x),s = w(x)) we have G(t) — G(s) = G'(&)(t — s) for
some & € [t,s], Cg(t) increases for increasing t). This latter property is
generalized as follows:

(P2) G is monotone, i.e.,
v—w,G(v)—G(w)) >0 vYvyw e U.

In the example this follows immediately from the structure of G(t) = t°,

j (v(x) —w(x))(G(v(x)) — G(w(x))) dx B (t —s)(£ —s%) > 0.
Q

One can show that (5.5.2) (stability) follows from (P1) and (P2) with C,, = (Co+
Ce(|w|ly)) and ¢,y = Cq (Poincaré constant).
As before, transform the problem into

F(u)=f
with
F(u) = Au+G(u), A= (alpy,ba))aven,
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and
G(v) = ((G(V), Va))ren -

So
(Flu),v) = (f,v), vel,
is equivalent to
R(u):=f—Au—G(u) =0. (5.9.19)
Remark 5.9.2. One has (monotonicity in Riesz coordinates)
(v—w)(G(v) -~ G(w)) >0, v, W€ [(A).

Proof. Expand the arguments in U (using the dual Riesz basis V)
ve—w =) (vi—w)iy,

AEA
and the images in the range U’ (using ¥)
G(v) —G(w) =D (G(v) — G(w), ha)ha.
AEA
Substituting these expansions, yields

0 2 (w—w G —Gw)
= > (m—w) by (G(v) — G(w)),
—

AVEA N

= Z(V)\ —wy) (G(v) — G(w)),

AEA
= (v—=w) (G(v) - G(w)),

which confirms the monotonicity of the nonlinear operator G on £,(A). O

Remark 5.9.3. Note that to compute the coefficient arrays G(v) = ({(G(v), bx))ren

one only needs the primal basis functions \py. The dual basis functions \p, are never
used in computations, only in the analysis.

Remark 5.9.4. The concept of monotonicity for nonlinear operators generalizes coer-
civity of linear operators. (convince yourself).

Now study the simplest iteration for (5.9.19) (Richardson)
™! = u" + aR(u"), n=0,12,.. (5.9.20)

with suitable «.

Because of the nonlinearity we need first a priori bounds on the solution and a
neighbourhood on which linearizations are well-conditioned. For this purpose
we need several preparations.
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Exercise 5.9.1. The monotonicity of G implies positive semi-definiteness of the lin-
earization DG(w) for each w, i.e.,

vIDG(W)v >0, veb(A).
Exercise 5.9.2. The operator —R is strictly monotone, i.e.,
(w—v,R(v) —R(W)) > co|lw —v||F, w,vel. (5.9.21)

Next we carry some properties on the the function space side over to the £,(A)
side.

(@) The analog of (P1) in Riesz coordinates is

IG(V) — G(W)[|,, = [[((G) — G(W), Wa)hrealls,
2 Cy GV — W),

)
< CyCo(max[[vllx, [lwl[x}) [[v = wlly

< C{Co(max{|[vlly, [Iwlly)) IV —wll, -

Y
—Clmax([[v], W, ))

Thus
IGV) = GwWll, < Clmax{|[v],, Wl ) Iv=wl, . (5922

(b) Bound uf|,,:

Cauchy-Schwarz
[l = v, RV, > (u—v)"(R(v) — R(u))
i
= (u—v)"(A(u—v) +G(u) — G(v))

Remark 5.9.2 T
> (u—v)' A(u—v)

Rayleigh_quotient 5
> ca [lu—vlf,,

where ¢y = c,c}. Hence
lu—vl, < cx' IRV, - (5.9.23)
In particular for v = 0 we have

[ull,, < cx' IR(0)]l,, = cx' Ifl,, - (5.9.24)
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Thus, defining
Bs(u) = {v: [[v—ul, <8}

we conclude that

IVl < llulle, + ca IRV
< ca ([, + IR
< ca' (I, + max [R(@)]e.). (5.9.25)

(¢) Bound for C(max{||v|| o, » Iwll,,}) over a neighborhood of u:

Remark 5.9.5. Given any & > 0, let

c(s) =< (I8, + max IR, ). (59.26)

Then we infer from (5.9.25) that

max _C(max{||v||,, , [w],}) < C(¢(8)) = C*(5) (5.9.27)

v,wEB;s(u)

(d) Main preparation for error reduction: Recall:

un+1 —u"+ ocR(u“)

"' —u=u"—u+ «(R(u")—R(u))

-~

for error reduction:
estimate this term

Hence, we need to consider quantities of the form w — v + «(R(w) — R(v),
compare with the linear case (5.9.18) in Remark 5.9.1.

Remark 5.9.6. One has
v—w+ C(R(v) —R(w)) = (I—CM(v,w))(v—w), (5.9.28)

with ]

M(v,w) = L A+DG(w+s(v—w))ds. (5.9.29)

(DG = linearization = derivative).
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Proof. Consider g(t) := G(w + t(v—w)). Then

which gives

1 1
G(v) —G(w) =g(1)—g(0) = J g'(s)ds = L DG(w + s(v—w))(v—w)ds

and therefore
1
R(v) — R(w) = — (A + J DG(w + s(v—w)) ds) (v—w),
0
confirming the claim. O

Next we analyze the mapping properties of M(v, w) and show first coerciv-
ity. In fact, by monotonicity of G,

(v—w) MV, W)(v—w) > Ann(A) v —w[, + (v—w)(G(V) — G(w))
2
> }\min(A) ||V - WH@z
> calv—wll, . (5.9.30)
As for an upper bound, we have
HM(V,W)(V—W)HE2 = |A(V —w) + G(v) —G(W)He2
(5.9.22) A
< (Ca + Clmax{]|vll,, , [[wll, ) [[v —wll,,
for viweBs (u)
< (Ca+C*(8)) [lv—wl,- (5.9.31)
Now fix the initial guess u° (for example u® = 0). Then (5.9.23) yields
lu—u’lle, < ey [R()]le, =: o, (5.9.32)
and hence
u’ € Bs, (u).

Now we can establish error reduction in the idealized iteration (5.9.20).
Proposition 5.9.1. For

2CA
(Ca + C*(80))? (5.9.33)

1

p=p(a) = (1 —20cs + &*(Ca + C*(8))*)% < 1

the iteration

O<a<

u"! =u" + aR(u")
satisfies (5.9.1), i.e., |[u*" —ull,, < pllu* — ully,, with p from (5.9.33).
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Proof. By (5.9.28)
' —u=u"—u+ «(R(u") —R(u)) = (I— aM(u™, u)) (u" —u).

——
=0

Thus by (5.9.30) and (5.9.31)
[u' —ulf, = |(T— aM(u’,u)) (u° — u)H?2
= —-u" (I-aM(u’, u))T (I—aM(u’,u)) (0’ —u)
= [u® —ul|j, — 2a(u® — u) ' M(u’, u) (v’ — u) + & || M(u’, u) (u® — u) sz
< |lu® —ullf, — 20callu’ — ullg, + o*(Ca + C*(8))*|u’ —u]|,
= (1 —2aca + o?(Ca + C(8))?) [u® —ul,
= p*[lu’ —ull5,.

Hence
u' € Bs,(u).

The assertion follows by repetition. O

Corollary 5.9.1. For any v,w € Bs, (u) one has
[v—w+ «(R(v) = R(W))[[, <pllv—w], (5.9.34)
for p from (5.9.33), see Remark 5.9.1 for the linear case.

Proof. Follows from Remark 5.9.6 and Proposition 5.9.1. O

Comments 5.9.2. C = ol was the simplest choice that works for a monotone nonlin-
earity G. Further choices are

C.:= «DF(u)’
or C, := aDF(u™)" (Gaup-Newton)
or C, := DF(u™)™" (Newton’s Method)

for any fixed u and suitable «.

Remark 5.9.7. In all those cases (for suitable Bs,(u)) one can find 0 < 3 < oo and
p = p(dy) < 1 such that

(5.9.23)
lu—vll, < BICRMV),,  vE€Bsu) (5.9.35)

and
|v—w+ CR(v) —R(W))|l, < pllv—w],, , (5.9.36)

see Remark 5.9.1 for the linear case.
For details see [17].
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5.10 A Convergent Perturbation (V)

Given a variational problem with (MP) and a Riesz basis for the energy space
(NE), we have seen that one can always find an iteration in {,(A) that converges
with a fixed error reduction p per step. But even in the simplest version with
C,. = ol such an iteration cannot be implemented numerically because even
when u" has finite support, R(u") = f — F(u") has in general infinite support:
The idealized iteration

u" =u" + Co(f —F(u")) =u™ + R(f> F,C,, u") (5.10.1)
is not computable because
e fisin general infinitely supported

e evenif #(suppu™) < oo, F(u") has in general infinite support, the (F(u™), V)
might all be different from 0.

Idea: Do not work with the full load vector f and with the exact F(u) but only
with finitely supported approximations so that each iteration has finite support.
This is a perturbation of the ideal iteration.

1. Question: How to dynamically perturb the ideal iteration so as to still con-
verge to u with “optimal” complexity (dream-theorem)?

2. Question: How to realize these perturbations?

To answer the first question we first completely ignore how to determine such
approximations and assume that appropriate routines are available. Instead we
tirst wish to see only which tolerances are sufficient in each iteration.

Assumption 5.10.1. We assume at this point that we have two routines available,
o COARSE[v,n] — v, such that

[v—wull, <m, #v,<oo. (5.10.2)

e RES[f,F,C,v,n] — 1, such that
IR(f,F,C,v) — rnHe2 <n, (5.10.3)
where R(f,F,C,v) = C(f — F(v)).
e We have an initial guess u® with a bound
[u—u®ll, < 8, (5.10.4)
see (5.9.23).
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Then we consider the following scheme:
Algorithm 5.10.1.
SOLVEJF, f,u’% €] — u(e) € 6(A)

M*
setu =u’ § = & (see (5.10.4))
{(Wi2, such that 2wy = 1.

(i) Choose M*, b such that 12 < 1, p € (0,1),

(i) If 6 < e stop and output u(e) =u;
else set v° :=u, k = 0.
(ii.1) Setny := wyp*d and
compute r* := RES[f, F, C, v, ny].
(ii.2) If
Ll
M*

B (M + [It¥]le,) < (5.10.5)

(B from (5.9.35))
set ¥ := v* and go to (iii),
else: Set v = vk + 1, set k + 1 — k, go to (ii.1).

(iii) COARSE[, 28] — @, — 5, go to (ii).

Proposition 5.10.1. For any € > 0 the scheme SOLVEIF, £, u®, €] terminates after
finitely many steps and outputs a finitely supprted sequence u(e) € €,(A) satisfying

[u—u(e)|, <e. (5.10.6)

Proof. When entering (ii) for the j* time, let us denote the input u by W. More-
over let u* := u*(u) be the exact iterates for u**' = u* + C(f — F(u")), that is

u*"! = u* + R(f,F,C,u")

with initial guess u® = @. Suppose we have shown that ||u —@||, < ¢ =278
(induction assumption, which is true for j = 0). We wish to show now that the
output @ = W' of step (iii) in Algorithm 5.10.1 satisfies |[u — @', < €j11 =
2731 dp.
We compare first the perturbed iterates v* in (ii.2) with the exact iterates u*
v — g = R —uf 4 (= R(f,F,C,u"))
=v* —u*+ (* = R(f,F,C,v)) +R(f,F,C,v*) — R(f,F,C,u").

—
lI-1<ni
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By (5.10.3)
[V — < M+ [VF — a4+ R(E F,C,v) —R(EF,C,u) . (510.7)

(5936) (

R(vF)—R(u*))

When F is linear we can use Remark 5.9.1. When F is the above nonlinear oper-
ator we would like to invoke Corollary 5.9.1, (5.9.34) or (5.9.36). An additional
slight complication is that we need to show that the iterates remain in a suffi-
ciently small neighborhood of the solution. To this end, let us assume that p is
the error reduction on the ideal scheme belonging to the neighborhood B;;, (u).
So in order to invoke (5.9.36) we need to show that v*' stays in By;,(u). To see
this we know by assumption

la =, < & =278

[u—u @), < p*flu—t|, < p €5 < 8 (5.10.8)

= u*(W) € Bg,(u).

Also we have v° = W € Bs,(u). Assuming that v*
(5.10.7) and (5.9.36) (or (5.9.34)) to obtain

€ Bys,(u), we can apply

K+

v u My, <t plIVE —uMfy, <t p (Mt + VT = lg,)

and repeating this argument gives

k k
Hka o uk+1 ”Zz < Z T]kflpl _ Z Wkilﬁkflépl .
1=0 1=0

Taking p := max{p, p} € (0, 1), we have (since § =275, = ¢;)
[V —a T, < ep" (5.10.9)
and also, by (5.10.8),
VT —al, < V9T — u g + T =, < P + €Mt < 2¢5p% < 25,

Hence v*'! € Bys, (u). The rest follows by induction (ej < €9 = o).
To see when (5.10.5) is satisfied (i.e., the residual has been reduced enough),
note v¥'! = v¥ 4+ r*. Hence

[, < VT —ulle, + V8 —ully, < 2650 4 2¢;p% " < 4e;p*" (5.10.10)
= B (Mt 1)) < Be(wip* +4957") = Beip™ (wip +4).

Hence, setting

K := argmin {B(Wkﬁ +4)p* T < I\Jl* } (5.10.11)
K
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we obtain that (5.10.5) holds after at most K steps.
Next let us see how accurate v* is after branching to (iii). We have
K o 893 K K K k
lu—v e =lu=¥le, < BICRV [, < B (CRVF) —1*l¢, + [|x]|¢,)
o €;
< “lle,) < =L,
= B (ﬂk"’ ||r Hfz) - M* M*
Therefore, by (5.10.2), we obtain for @ = @'

d bd

MW

lu =, < [lu—¥[e, +[[¥ |, <
T+b_ 0 g —j—
e 6§§:?J:€j+1=21 180,

which advances the induction.
Hence, we have shown that one has for all j

Ju—|l, < € =275. (5.10.12)

Thus the target accuracy € is reached after [|log, €| + log, 8] steps. O

5.11 Complexity (VI)

It remains to see what the computational complexity of computing the sequences
w, and eventually u(e), is. There are two issues:

(a) What is the role of COARSE?

(b) The computational complexity of SOLVE is determined by the cost of com-
puting the approximate residuals r* in step (ii.1). So what are the conditions
on the realization of RES?

We first discuss (a):
One has to distinguish the linear and nonlinear case. In the latter case the output
of COARSE has to satisfy certain constraints on the structure of the support.
This is not necessary when F = A is linear. Therefore we first consider the linear
case where we have no constraints on supp v, in (5.10.2). Hence COARSE can
be realized by the operator C, from Exercise 4.5.3 based on thresholding, that is
for #supp v < oo,

COARSE[v,n] — vy, == Cyv. (5.11.1)

More precisely, sort entries by decreasing size of absolute values; starting with

the smallest entries discard them as long as the sum of their squares is at most

le

V (VT) -",V*N)) |VT| > |Vj:+1| .
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Pick the largest L such that (v)? + ... + (vi_)* <n? Then

o\ N
Vn = (Vj )j:]
Obviously, v, satisfies

v — VnHaz <M

and |[[v—w|, <n = #suppw > #suppv,. (6.11.2)
Theorem 5.11.1 (Coarsening Lemma). Let u,v € {,(A) so that
[u—v[, <8. (5.11.3)
Fix some a > 0 and set n := (1 + a)d. Then
||u—(‘3nv||l,(p <24+a)d=m+86<2n. (5.11.4)

=r+ %, we have

1
T

Moreover, whenever u € wl. (= AL_),

11 1 2+4+a i 1 ~1
#(supp C,v) < 2a 15T [all, <2 ( ) [all [lu—Cyvl[,~  (5.11.5)
and
Henv AL, <C ”uHAgo y C= C(T)P> a), (5-11-6)
or equivalently
leavle, < Clluly,  C=Clrp,a). (5.117)

1

Recall: Optimal rate of best n-term approximation ~ 5+ Exercise 4.5.5

ul|

T .
wil )

One) (e, ~¢ = [uly, =supnion(u)y, >n(e) one(u)e, ~nle)’e
n>0
1 - 1
= nle) <erluly
Proof. (5.11.4) by triangle inequality.
To prove (5.11.5), let
n =n(ad) (5.11.8)

be the smallest n such that o,(u),
On(as)—1 (U)ep > ad. Hence

< ad. By definition oy (u), < ad and

P

!ulﬂgo =supn'o,(u) > (n(ad) —1)"ad

n>0

> (n(ad) — 1) on(as)—1(u)e

P P

= (ad)7" [ulf, > (n(ad) —1)
] 1
& n(ad) < (ad)™ |u|jqgo +1.

127



Note

1
u T
n(ad) >0 & ad<|ul, & 1<<”a|z|_fp>

Employing a* 4 b* < c(p)(a + b)* for p = %, yields

1

_1 1 1 _1 r
n(as) < (a8)* (Julzy, + Jully ) < (@8) 7 Cr) (fulyy +1ul, )"

> 1

(a* +b*) < (%2)" by concavity

Clr) < 1, r<1 &
2, vr>1—

[Ny

Then
n(ad) < 2(ad)”

(5.11.9)

Denoting by A(ad) = supp Cqsu one has Gag,u = Paas)u, ie., Cgs is just the
projection operator onto A(ad). Hence

HV_P/\(aé)VHe (T = Paas)) (v —u) + (I_P/\(aé))uHeP

< (T =Paras)) V_u)llep + H(I_P/\(aé))u”gp

Un(aé)(u)€p§a5
< [v—ull, +ad
——
< by assumption

<(T4+a)d=n

S0 Pa(as)V realizes ||v — P/\(aé)vHep < 1. By (5.11.2), one obtains

n(ad) = #supp Pa(es)V > #supp Cyv,

and by (5.11.9)
#supp Cv < 2(ad)” ||u||Ar , (5.11.10)
which is the first part of (5.11.5).
By (5.11.4)

24+a

Tl—|—5=(2—|—a)6:( >C152||u_env||ep

a
o u— €yl < as,
which is the second part of (5.11.5).
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It remains to prove the stability estimate (5.11.7). To this end, note that (5.11.5)
holds with a uniform constant for all a > a, as long as a, > 0 is fixed. Therefore
consider

a=a =2 :=(14+2Y5 V= val, 1=0,...,[log,(||v]¢/0)I.
Then we know from (5.11.5) that

#(suppv!) < {25—1“2—‘”“11”%;] — m. (5.11.11)
To prove (5.11.7) it suffices to show that

ICqv]ar, =supn'on(Chv)e, S |lulfar. (5.11.12)
neN

Since #(supp C,v[lem; we have 0,,(C,v),, = 0 for n > my so that we only need
to consider n = m, for l in the above range. Then

MmO, (Cv)e, < m[Cqv — Co vl
< m{||v— emVng < m{nl
<21+ ziluuHA‘Tinﬁy»
which completes the proof. O

Corollary 5.11.1. In summary, we have shown that if COARSE[v,n] — v, is realized
by C, and if we know that [[a—vl|, < §, then forn = (1 + a)§, a > 0 fixed,
v, := COARSE]|v,n] satisfies

Hu_VnHez <(2+a)d

L (5.11.13)
#(suppvy) S [lulli, Vnllwe, S 1l
where L =1+ 1.
Proof. Follows from Theorem 5.11.1 for p = 2. ]

The relevance of Theorem 5.11.1 can be explained as follows: Suppose one
has an approximation v of some unknown function u and suppose one knows
that [[u — v, < & (in Algorithm 5.10.1 this is v = vK). Then coarsening (the
given sequence) v with a somewhat coarser accuracy yields an approximation
to u which is optimal in the A} -class sense. The input to step (iii) of SOLVE
plays exactly this role.

The next observation is that when the computation of r*, or more generally,

of RES[f,F,C,v,n], has a comparable complexity, then one obtains the dream
theorem. So we proceed as follows:
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1. Formulate certain sparsity conditions on the routine RES;
2. show that under these conditions one indeed obtains the dream theorem,;

3. then, for a given variational problem realize the routine RES with the de-
sired properties.

As for (i), we require that RES so that is has the following properties analo-
gous to the routine COARSE.

Definition 5.11.1. The routine RES[f,F, C,v,n] is called s*-computable if for any
finitely supported input v the output

r, = RES[f, F, C,v,n]

satisfies for any 0 < s < s* and u € A3 ((Z,), L2(A)) (: wl (/\),% =s+ %)
nmms<cmﬂm-wmmJ
#(suppr,) < Cn+ (||V||AS n ||u||As > (5.11.14)
#flops(r,) < C (#(suppv) + #(suppr,))
for F linear and
\mﬁ&<cmwm+mmm+0
#(suppr,) < Cn s (HVHAS + ||uHAS + 1) (5.11.14a)

#flops(r,) < C (#(supp V) + #(suppry,))
for F nonlinear for some C independent of u, v and depending on s only as s — s*.
Theorem 5.11.2. Given the system
F(u) =f,

assume that (5.9.35), (5.9.36) hold and COARSE satisfies (5.11.13). If in addition RES
is s*-computable, then the following is true:
The output u(€) produced by SOLVEIf, F, C,u°, €] satisfies for each € > 0

lu—u(e)], <e
and
1
#GuPplde))SéCe’%(HuHEs—%1>» Ju(e)|u < Clluly — (511.15)

whenever u € A? for some 0 < s < s*

Moreover :
#flops (u(e)) < e s |lu Elfx, ~n(e)

where n(€e) is minimal such that o) (u),

<e.

2
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Proof. The first part follows directly from Proposition 5.10.1. Now consider the
rest of the assertion.

Bounding sparsity norms and supports: We have already shown that after at
most K inner iterations in step (ii) one branches to (iii) COARSE. Again denote
by j the number of times an approximation enters (ii). First we assume that
our initial guess has been already subjected to COARSE ending up with the
bound &,. Therefore we can assume by (5.11.13) that u = u° satisfies, for some
0<s<s*j=0,

: PR B

[@llas, < lullag, s #supp@ S e lulli - (5.11.16)
Idea: Show by induction that this remains true for a fixed uniform constant for
j+ 1.

So suppose (5.11.16) holds for j. Since RES is s*-computable we conclude that
r® = RES[f, F, C,W,n,] satisfies

¥z, < C (I8 4z, + allys, +1)
1 1
#(suppr®) < Cnjy° (||uJHigo + [lufl 3 + 1)
#flops(r™) < C(#supp W + #(suppr°))
1 1
< Cny (@G, + Ilulz, +1) -

Notice 1o ~ €;, by (5.11.16) ||@|

< llul[ 45 - Hence

As, ~
#llaz, < € (Jfullys, +1)

1

G 1)

#flops(r°) < Ce; * (Hqugo + 1) .

#(suppr°) < Ce;% (Hu

So v' := W + 1° has an analogous bound (that is satisfies (5.11.16)).
Repeating this argument, shows that ¥ = v* (k < K) satisfies (5.10.5) and

19ag, < Cic (I1wlug, +1)

1 1
#(supp V) < Cke; ° (HuH;LgO + 1) (5.11.17)

1

#flops(v) < Cye; * (Jlullz +1)

1 1
i.e., the total computational work in (ii) stays proportional to ¢; * <HuH as t 1).
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Remark 5.11.1. The constant Cx could grow in each step of the inner loop (ii) in Algo-
rithm 5.10.1. However, we already know that the inner cycle has at most a fixed uniform
number K of steps. Thus, when exiting to step (ii) the coarsening step COARSE resets
the constant according to the coarsening lemma. This ensures a uniform control of all
constants.

Now when ¥ enters (iii) we know
€j
M**
By (5.11.13) in Corollary 5.11.1 we know that for b > 1 and 2! < I the next
input for (ii)

[u =¥, <

_ be; .
COARSE {v, W’i} ="
satisfies

[ g, < Cllully,

#suppa "’ 1
. < S 1

where C is independent of K and Cyx but depends only on s, as s tends to 0, s*.
This advances the induction over j.

Bounding the computational work: It remains to estimate the total computa-
tional work. To that end, recall: ¢; = 2778, and let jo be the smallest integer so
that e;, = 2708, < e. Then 22795, > € and

1 1
work in j™ block (i) = w; < Cx (||u||j'lgo —|—1> A

::E?u)
Thus
jo jo .
total work < ij < Z Clu)e; *
=0 =0
jo . ] jo
=Clu) ) (278) 7 =Clu)g,* Y 2
j=0 j=0
j 1
2% ke
.
o _1
~Clu) (8027°) = ~ C(u)e;,* ~ C(u)e™s
which yields (5.11.15). ]
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Comments 5.11.1. (i) Thus, under Assumption 5.10.1 and under the assumption that
the routine RES is s*-computable for some s* = s*(¥), Algorithm 5.10.1 is class-
optimal for s < s*. This means when the solution u belongs to A% ((Z,),U) (meaning
that the coefficient sequence u belongs to A% ((Z,), €2(A)), see Exercise 4.4.2) then the
algorithm outputs for any given target accuracy € an approximate solution at class-
optimal complexity ~ €~'/*.

(ii) One can derive from Remark 4.6.6, 3. that for U = H'(Q) (or H}(Q)) and

1T t 1
td 2
one has (with t = ds)
[uflgreas oy ~ [[allecia,s (5.11.18)

since now the base space is H' and not 1,. We also know from Theorem 4.5.4, Remark
4.5.1, and Exercise 4.5.3, that

AL ((Zn), U) = AL ((Zn), £2) =Wl (A) D L (A),

i.e., whenever the solution u belongs to the Besov space BMY(L,)) it is approximated
with accuracy € with optimal rate €~'/5. It has been shown in [21] that the solutions
to elliptic boundary value problems on Lipshitz domains have in general higher Besov
regularity than Sobolev regularity, which means that an adaptive method realizes the
same target accuracy at a strictly better rate.

(iii) Now it remains to construct for a given problem routines RES which are indeed
s*-computable for possibly high s*. This will be done in the next section.

6 Realization of RES

6.1 Overview:
Every realization of RES hinges on the following ingredients
(i) Approximation of data f = ((f,{r))ren
(ii) Application of preconditioner C
(iii) Application of F.

(i): The point of view taken here is that the data are known completely (being pro-
vided by the user), and f is computed in a preprocessing step whose complexity
is not counted for the performance of SOLVE!

Why? There is no way to estimate in general the complexity of approximating
any given function without any a priori knowledge about it. Therefore the pre-
processing has typically the following structure:
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Fix any final target tolerance € such that for some finite index set A¢(f,€) C A,
f:= f|,, satisfies
If—F)l, <@ 6.1.1)

The claim is that this implies a certain accuracy of the output of SOLVE ff, F,C,¢€].
To see this, denote by i the exact solution of

F(i) = [; (as opposed to F(u) =f).

Then, by (5.9.35)
[u—1f, < B|CR(Q), , i € By (u).
Now
R() =f—F(4) = f— T,
so that

[u—1ll,, < B ICllze, .0 ‘f_? ¢

S B HCHL(QZ,EZ) /€\ °

2

Therefore, whenever seeking only a target accuracy € > 28 [|C| ;) € =: 2€o,
say, one can work with the perturbed data, for n > 2€,. So one could use a

routine
DATA[f,n] — £, such that ||f — an/zz <n (6.1.2)

to be realized as follows
f, := COARSE[f,n —¢].

Then
£ — £1l, < [[f—Flle, + [ — £, <.
%/_/ N’

<e <n-—¢

(ii): The application of C depends on its particular structure. In general it re-
quires approximate application of an infinite matrix. This is treated under (iii).

For now we consider the simplest case
C=aol
for some & > 0.

(iii): the application of the operator in Riesz coordinates is a crucial ingredient
which we discuss now in a little more detail.
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6.2 Near-sparsity of operator representations

We show next that the representation

F(u) = ((f(u), ¥a))ren

is for a wide range of operators F and certain multilevel-type Riesz bases ¥ nearly
sparse in the sense that many entries of F(u) are so small that they can be re-
placed by zero without affecting the mapping properties of F.

The key properties of the Riesz bases for which the sparsity effect holds are
the following:

o ¥ C U satisties the norm equivalencees (NE) for the underlying trial space
U, see Section 4.6.3.

o Multilevel-locality of the basis functions P, € ¥, i.e.,
diam (S)) ~ 27 A € A, (LOC)

uniformly in A. Here the indices A encode different types of information,
namely the dyadic refinement level [A|, the spatial location x(A) (e.g. the
center of gravity of the support S,), and the “type” e(A) of the function
(typically needed for spatial dimension d > 1).

e Cancellation property: Suppose that U is a closed subspace of H'(Q). Then
inner products with the 1, annihilate smooth parts. More precisely, there
exists an integer M € N such that for 1 <p < oo

d

_ T d_d -
)l S 27N =) G veWR(L(Q)). (CP)
Here are some comments:

(NE): We have seen that the relevant Hilbert spaces are Sobolev spaces, or closed
subspaces of Sobolev spaces (e.g. determined by homogeneous boundary con-
ditions) or by Cartesian products of such spaces. Thus, it suffices to consider the
case where the (infinite dimensional) trial space U is such a (closed subspace of
a) Sobolev space H'(Q) (whose intersection with L,(Q) is dense in L,(Q)). Fur-
thermore, recall from Exercise 4.6.8 that a wavelet-type Riesz-basis for U can
then be obtained by rescaling an L,-Riesz ¥°, basis provided that ¥° C U. More
precisely, we have shown in Theorem 4.6.5 the following;:

Remark 6.2.1. The collections
_Ws
[W31Hs ()

form Riesz bases for the whole scale of spaces U N H*(Q), =3, < s < s, including U
when t € (—8,,87).

W= (i AE A}, U5 = ~ 2Py, (62.1)
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Exercise 6.2.1. Show that properly rescaled Haar basis functions form a Riesz basis for
Hs(0,1), for =3 < s < 1.

(LOQ): Regarding the structure of the multilevel index sets recall the Haar basis
on Q= (0,1):

Yi={br,A € A})A:{(_1>O))(])k) :k:0>-">2j —1,j =0,1,2,..}

where

B (Dx—K),  [ldyx

L(0,1) — 1, €Ny, k=0,.,2 —1

Here we have A = (j, k), A| =j,x(A) = k.
Analogously, one can construct a Haar basis on Q = (0,1)?, using tensor
products

Pi k1 k) (5 Y) = i (X) i, (y), Vs =span{djy: 0 < ki, kp <20 —1}

To span orthogonal complements Wj such that V;.; = V; @ Wj, observe

dimVj;; = dimV; +dimW; = dimW; =3-29.
2(3+1) 22j
=220+ =22

Hence we need three types of wavelets

Uj,,0k (% Y) = Wy, (X) D, (Y)
Vi, 0,0,k (% Y) = Oy, (X)W1, (y)
U5, 0,1,k (6 Y) = Wy (X)W, (Y)

So we get the index structure
A=A=(,ek):ec{0,1}%kec{0..,2 —11%j=-1,0,1,...}.

Again [A| = j is the level of A, e denotes the type, and k the spatial shift.
Clearly we have

diam(supp ) = V222N = V227N LI

This should suffice at this point to illustrate the index structure and multilevel-
locality (LOC). Since the Haar functions are discontinuous they will not form a
Riesz basis for smoother spaces such as H'(Q).
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To obtain Riesz bases for spaces H*(Q), s > 1/2, one needs smoother basis
functions. The following considerations refer to the type of multilevel Riesz
bases discussed in Section 4.6.3. For concrete constructions of such bases for re-
alistic domains, see e.g. [10, 11, 24, 25, 26, 27, 29]. Here we only need to assume
in the sequel the following key properties shared by all these constructions (see
also the discussion of the Haar basis in Section 4.2):

(CP): The Haar basis functions have been shown to satisfy the cancellation prop-
erty (CP) for m = 1 which was derived using a vanishing moment, see Exercise
4.2.4. This can be generalized as follows.

Remark 6.2.2. The Riesz bases constructed in Section 4.6.3 rely on a pair of dual
multiresolution sequences and associated dual pairs of bases W, ¥, see Remark 4.6.8.
Moreover, the two multiresolution sequences are required to have some polynomial ex-
actness m, m, respectively, see Definition 4.6.3, (4.6.26). In this case the primal basis
functions 1) have vanishing moments of order , i.e.,

(vhr) =0, VvePy A>T, (VM)
Proof. Since any polynomial g € P (S)) can be represented as a linear combina-

tion of the scaling functions generating the dual multiresolution space Vj and
since by Remark 4.6.9, the 1, are orthogonal to V|, which yields (VM). O

Proposition 6.2.1. Assume that the dual multiresolution approximation (V;)jen, cor-
responding to the dual Riesz basis has exactness order .. and that primal basis V¥ is
a Riesz basis for (a closed subspace U of) H'(Q) = BY(L,(Q)). Then the cancellation
properties (CP) of order . hold:

oy o)l < 2 M0 6y v e WRL(Q)), 1< p < oo, (622)

Proof. By Remark 6.2.2, one has vanishing moments of order m (VM). Hence,

|<V>¢?\>| - inf |<V - P>1|)?\>|
pEPm1
Holder .
< pellggil v — PHLP(S;\) ||1|))\||Lq(5;\) ) (6.2.3)
where % + 15 = 1. Now we use the fact that the 1)) are obtained by rescaling an

L,-Riesz basis ¥° = {{5hen, ie, Ua = 278 ~ P3/|[ W31t (o) (Exercise 4.6.8).
From (4.6.41) and (4.6.42) we know that

d_d d_d d_d_
|’11’;\HLq(S>\)NZP\|(q 5) :2“‘(3 ) = Hll))\H]_q(SA)NZW(q 2 t). (6.2.4)

Next we invoke Whitney’s Theorem (Deny-Lions) (3.1.6)
inf |[v—"Pl s, < Clp,d,m) diam(Sx)™ Mhymr,,(s,)) - (6.2.5)

m—1

The claim follows from combining (6.2.4), (6.2.5) and (LOC) with (6.2.3). ]
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We begin with the simplest case of a linear operator
F(u) = Au (6.2.6)

where

A= (a(q)wlb?\))?\,ve/b
Assumption 6.2.1.

1. We assume in what follows that F : H* — (H")" =: H™" is an isomorphism, where
H' is a closed subspace of H'(Q), determined e.g. by homogeneous boundary
conditions. This covers all operators discussed in Section 5.4, in particular also
the global boundary integral operators in Section 5.6.3.

2. Wisa Riesz basis for U = H' satisfying (NE), (LOC), and (CP). More specifically,
Y is of multilevel-type as discussed in Theorem 4.6.5, i.e., rescaled versions of ¥
are still Riesz bases for the spaces H*(Q) N H* for some s in a neighborhood of t,
see (6.2.4).

Key-estimate: Under the above assumptions on ¥ the following type of decay esti-
mates hold: There exist ¢ > %, [3 > d such that

- | Nl
(1 -+ 2min(W N dist Sy, S,.))

[(Wry Fb )| S Au e A. (6.2.7)

where o and (3 depend on the smoothness and order of (CP), respectively. Such estimates
have actually been established in many different contexts, see e.g. [4, 42, 37, 38, 41, 23]

Remark 6.2.3. There are two types of decay-effects. The numerator in (6.2.7) shows
that entries of Ay are the smaller the larger the level-distance of the basis functions.
The algebraic decay in the denominator is relevant when the operator F is global, i.e.,
a(Wa, War) does not necessarily vanish when Sy N Sy, = 0, for instance, when F is a
boundary integral operator. This is illustrated in Figure 10.

138



Figure 10: Left: scaling function (FE) representation of the single layer potential opera-
tor, right: wavelet representation (the darker the blue the smaller the entries

Discussion: We indicate next how estimates of the above type come about.
We consider first the regime of mutually overlapping basis functions:

1S3 NS, > 0. (6.2.8)

We wish to show that |a, | gets small when the level difference [|A| — || in-
creases. The following simple argument applies to differential as well as inte-
gral operators and uses only their mapping properties. To be specific, suppose
that F has the following additional continuity properties, namely that there ex-
ists a positive r such that

”F\)”Hst(Q) 5 ||V||Ht+s(Q)) Ve Ht+s(_().) N U, 0 S |S| < T, (629)

which holds for the examples in the previous sections. Without loss of general-
ity let [A| > [pl.

Remark 6.2.4. For instance, when t = 1 piecewise linear wavelets have such access
reqularity, namely P, € H273(Q) for every positive , i.e., v = 1/2 in this case.

Then, since F,, is a continuous linear functional on H"*(Q) we derive from
(6.2.9)

[{br, Fb)l < [[bal[nes@ IFbpllies @) S [bullnes [l (6.2.10)

Whenever
s<T, t+s<s;, t—s>-8, (6.2.11)

we can invoke the norm equivalences from Theorem 4.6.5 and (6.2.4) to con-
clude that

n Pl < 270 e A 62.12)
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Hence, entries with overlapping wavelets still decay with increasing level dif-
ference and the strength of this decay depends essentially on the smoothness of
the wavelets.
This is in general only a crude estimate and to illustrate the basic mechanism
we consider next the case
Fu = —div(aVu),

where a is a possibly variable but smooth diffusion coefficient. Note that when
P, has vanishing moments of order m (see (VM)) its gradient Vi, has even
vanishing moments of order m + 1 so that for |A| > |, say,

|<¢A)F¢u>| = |<av1~l)u) Vlb?\>|
< infeep,,,, [[aVh. —gllizs, [[Vallizia)
S 27C|A||av1~bu|HC(Q)a

provided that aV, € H(Q). When both a and Vi, have uniformly bounded
H%norms we obtain

AVl < 200273 (6.2.13)

to arrive at
{aViby, Vi)l < 27N A e A (6.2.14)

which is again of the form (6.2.12) for s = ¢ + %, see (6.2.7).

When F is a differential operator as above, and hence local, |[S\NS,,| = 0 already
implies a, , = 0. This is no longer true, of course, when F is an integral operator.
We illustrate the key mechanisms for operators of the form

(Fu)(x) = | Kixyhuty)dr, (6:2.15)

where the kernel K is smooth except on its diagonal and satisfies
9305K (x, y)| < dist (x,y) (2R, (6.2.16)

This covers, in particular, the the cases considered inSection 5.6.3. Accordingly
we assume again that F: U — U’ is an isomorphism and U is a closed subspace
of H'(T"). To see how the cancellation properties play in this case note first that

(ry Fby) = (K ba @ by,)y (6.2.17)

which suggests to apply estimates like (6.2.2) separately with respect to x and
y. To be a bit more precise let Py » be an L.,-bounded projector of L (S,) to
Pwls, and denote by I, I, the identity operator with respect to the variables
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x, Y, respectively. Writing (P m ® [,K)(x,y) := (PAwmK(:,y))(x), we consider the
Boolean sum

(Pam @ Pum)K = (Pam ® [)K + (I @ Pum)K — (Pam @ Pum)K. (6.2.18)
One readily checks that, on the one hand,
K — (Pam ® Pum)K = (I, — Pam) @ (I, — P K, (6.2.19)
i.e., errors multiply, while, on the other hand, one still has by (VM)
((Pam @ Pum) K, ha @ y) = 0. (6.2.20)

Since therefore |(Pa, F, )| = [(K — (Pam @ Pum) K, Up @ P,)|, we can invoke the
estimates from (6.2.3), (6.2.5) for q = 1,p = oo for both variables separately to
conclude on account of (6.2.16) that

2~ (A (t+m+ ) 27| Nl (e g)

F < — —. 6.2.21
’(11)7\) l'l)}l>’ ~ dist (S)\, Su)d+2t+2m (Zmin{‘“"w}dist (S)\, Su))d+2t+2m ( )

The rightmost reformulation in (6.2.21) shows an algebraic decay in terms of
the scaled distance between the two wavelet supports measured by multiples
of the larger support diameter.

In summary, (6.2.12) and (6.2.21) indicate that the typical bound for the entries
(P, Fb,,) of the wavelet representation has the claimed form (6.2.7)

50| -l
(1 + 2minllNidist (S, S,,))P

d
for some O‘>z, B>d, ApeA.

(W, Fbl S

where o and 3 depend on the smoothness and order of vanishing moments of
the wavelets, respectively.

There are still infinitely many pairs of wavelets satisfying (6.2.8). Obviously,
it is desirable to have o in (6.2.7) as large as possible. Unfortunately, the above
argument requires a global smoothness of the wavelets to ensure a strong decay
with respect to level differences. Using structural properties of F these estimates
can be refined for certain wavelet families. For instance, when F is a partial
differential operator with constant coefficients, such as the Laplacian, and when
the wavelets are piecewise polynomials there are more and more indices [A| >
lu| for which S, is such that s, € Py, i.e., Py “sees” only a polynomial part of
F, so that, by (VM), (5, Fip,) = 0. This observation can be extended to more
generality.

Remark 6.2.5. In the above form the estimates (6.2.7) result from what is sometimes
called “first compression”. A so called “second compression” was introduced and ana-
lyzed by Reinhold Schneider resulting in significantly improved estimates for |(\y, Fip,.)|
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for a wide range of pseudo-differential operators and spline wavelet bases for overlapping
supports Sy, S,, see e.g. [38, 28]. Best possible values for o and 3 for spline wavelets
and many relevant differential and singular integral operators have been determined in
[34, 35].

6.3 Compressible matrices

Let us denote by
Mo = {B € RV 1 foy,,] < 2ol (7 4 gmintie N gis (s, s0) ' 63

the set of matrices satisfying (6.2.7), assuming always that as above

d
o> =

> B>d (6.3.2)

Some important properties of this class are conveniently derived with the aid of
the following simple version of the Schur-Lemma.

Lemma 6.3.1. Let B = (bya)anen € RV If there exists a sequence (wy)aea with
positive entries and a finite C such that

D Ibanlwr < Cwy, Y [bawlwy < Cwjy AN €A, (6.3.3)

AEA AEA

then one has

Bl <C (6.3.4)
where C is the constant from (6.3.3) (|| - || := || - || z(ey,02))-
Proof: Let D denote the diagonal matrix with entries dy»» = wxdxr/, A, A €
A. Then (6.3.3) just says that [DBD'||z(.c.) < Cand |[DBD |z < C,
whence ||B|| = |[DBD || < C, by interpolation. O

For convenience we abbreviate
d(A, A7) = 20N dist (Sy, Sy ). (6.3.5)

Thus, d(A,A’) expresses the distance with the diameter of the lower level basis
function as the unit.

Observe first that, under the assumptions (6.3.2) all elements of M, are
bounded in £#(A).

Proposition 6.3.1. Every B € M g defines a bounded operator on {,(/\).
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Proof. We apply Schur’s lemma with the weights wy = 2-M¥2 A € A. To es-
tablish the first inequality in (6.3.3), let A € A and let [A| = j. Then, using
boundedness of the domain and the fact that § > d one arrives at the estimate

3 (14 dAN) P < 28mexei ),

=k

With this estimate we obtain for the summation in space,

W' Y wulbanl £ 2y 2T Y (14 d(N)

AEA j’>0 A=)’
< ZZ—d(i'—i)/Zz—G(i’—i)zd(i'—j) + Z 2—d('=j)/290("'=j)
329 0<j’<j
< Zz (o—d/2)1
1>0

A symmetric argument confirms the second estimate in (6.3.3) proving that B is
bounded. O

The perhaps most important consequence of the decay properties (6.3.1) is a
systematic way of sparsitying the matrices in M g while controling the error in
the spectral norm. The first step is a truncation in scale, defining for any given
] € N the scale-compressed matrix ﬁ] = (BA,A/)?\,?\’eV by

= oy IR T/4,
B ._{ o ke (6.3.6)

The second step is a truncation in space provided by the new matrix B; :=
(bar)anvev where

B, 5, / J/d—IIN=IAl N/
b)/\)\, — { b)x,)\) d(}\)}\ ) S 2 ‘Y(”N |?\ ||)a (637)

0, else,

Here y(n) is also a polynomially decreasing sequence such that }__y(n)? < ococ.
Specifically, we take y(n) := (1 +n) 4.

Proposition 6.3.2. Assume that B € Mg, so that (6.3.2) is valid and let
s* == min {9—1 E—1}. (6.3.8)

Then, given any s < s*, the matrices By, defined by (6.3.6) and (6.3.7) satisfy

N; := #{nonzero entries in the rows/columns of By} < C2/, (6.3.9)
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and
|B—Bj|| <C27 JeN, (6.3.10)

where the constant C depends on s but is independent of ]. Moreover this result also
holds for s = s* provided o — d/2 # 3 — d.

Proof. We employ Lemma (6.3.1) to estimate first |B — B;||. To that end, we fix
] > 0 choose the same weights w, = 2-MN4/2 ag in the proof of Proposition 6.3.1.
Then, as before, we obtain for any A € A and |A| =j

w;‘ Z wWxr[bans — 6)\,?\’| = CUX] Z Wb
N A [—Al[>]/d}
5 Z 2—(0—(1/2)1
1>/d

5 p—(0=d/2)]/d 5 2—18)

which shows that
IB— B <27, (6311)

holds uniformly in J.

It remains to bound ||B; — Bj| to take the spatial truncation into account. Note
tirst, that we can immediately estimate the maximal number N; of non-zero
entries in each row and column of B; by

[1/d]
Ny < ) Ry <2, (6.3.12)
1=0

which confirms (6.3.9). In view of (6.3.11), it remains only to prove that ||B; —
Bj|| < 2775 In order to estimate the spectral norm ||B; — Bj||, we use again the
Schur lemma with the same weights. For each j’ and A € A, we have

S (1 dAN)) P S RPEmONT
(A dAN)>R}

Therefore, for any A € A,

J/d]
Wy Z warlbyy —baal S Z 2 lo=d/2U ) =ty ()]~ (B—d)
A 1=0
J
2751 [Z*I(defds)/d Z 2[([3*d)7(67d/2)]1,y(Uf(f,,d)]‘

1=0

In the case where (f — d) < (o0 — d/2) (resp.(p — d) > (0 — d/2)), the factor
on the right of 27 is bounded by C27/(B~d-ds)/d (regp. C27J(0=4/2-ds)/d) with C a
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constant independent of ] and A. Thus, when 3 — d # o — d/2, we obtain the
desired estimate of ||B; — Bj|| for all s < s*. On the other hand, when f — d =
o — d/2, this factor is still bounded by a fixed constant provided s < s*. O

As shown in the next section the estimates (6.3.9) and (6.3.10) form the basis
for an efficient approximate application of B. To that end, a slightly different
balance between accuracy and sparsity, based on the following simple observa-
tion, turns out to be more convenient.

Lemma 6.3.2. Assume that B € Mg and s* is defined by (6.3.8). Then for every
s < s* there exists summable sequences of positive numbers (n)n>o0, (Bn)n>o0 and
matrices B, j > 0 such that

IB—B| < B2, j=>0, (6.3.13)

and

#{entries per row/column of B;} < oc]-Zj, j>0. 6.3.14)

(

In fact, for any a,b < 1, according to Proposition 6.3.2, < 29 = 2(a-112]
entries per row and column suffice, to provide accuracy < 275¢ = 2sa(b-1)]2-sab],
Clearly, choosing a, b sufficiently close to one and s sufficiently close to s* we
may stlll bring § = abs as close to s* as we wish while the entries o; := 2@,
B; = 254>~ still exhibit exponential decay.

Definition 6.3.1. The matrix B is called s*-compressible if there exists a sequence
(Bj)j>0 of matrices as well as summable sequences (&;);>o, (Bj)j>o0 satisfying (6.3.13)
and (6.3.14). Moreover, we define

IBJ].. := minmax {|[(e)jzolle, w0, 11 (Bj)i=olle, (vg) } - (6.3.15)

Denoting by Cs- the set of s*-compressible matrices, we have shown that
M C Cs» when s* is defined by (6.3.8).

6.4 Efficient application of compressible matrices

The envisaged approximate application of an s*-compressible matrix A to a se-
quence v € {,(A) is adaptive, hence nonlinear, in that it combines apriori knowl-
edge about the matrix with a posteriori information about the input sequence.
This latter information is used through the following decomposition of v. Let
v, denote a best 2-term approximation to v and the sections

Vij i=Vy — Vi1, j =0, vp1:=0. (6.4.1)

Obviously, vj; is comprized of the 27 'st to 2'th largest (in modulus) entries of v
and
[Ville, < 0g(v) + 0g-1(v) < (1+2°)27 v, j >0, (6.4.2)
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where here and below
A = A ((Z0),6(A), with L, :={v € L(A) : ||[V]ga) < 1, (6.4.3)

where
Hv”fo(/\] = #(SUPP (V))y (644)

is, of course, not really a norm.
The idea is now to intertwine the telescopic expansions

A=) A—Ay, (A=0), v=) vy, (6.4.5)

j=0 j=0

to generate for each ] € N and approximation

J
Wy == Z A]_jV[j]. (646)
j=0
Since .
Av—wy=> (A—Apj)vy+AV—vy) (6.4.7)

j=0
one immediately arrives at the error estimate

]
1AV —wylle, < > By270 7 |ville, + | Alloa (v). (6.4.8)

=0

Obviously, the right hand side decreases when | increases. Specifically, when
v has a finite support one can compute the quantities ||vy||,, and find for any
given target accuracy 1 > 0 the smallest ] = J(n) such that

J
IAJL Y 2T vl + Ao (v) < n. (6.4.9)

j=0
We have thus described a computable routine
APPLY[A,v,n] — w,
with the following property: for every finitely supported input v and any given
target accuracy n > 0 the output w, is given by w,, := wy(,), defined in (6.4.6),

and satisfies
|AV — Wy [[¢, <. (6.4.10)
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Remark 6.4.1. The computation of the quantities ||vy || requires sorting the entries of v
which scales like #(supp v) log (#(supp v)). replacing exact sorting by quasi-sorting,
i.e., collecting all entries of v such that o0 < |v\| < o' for some fixed « €]0,1],
in some arbitrary order, amounts to a cost that stays proportional to #(supp v) at the
expense of an additional constant factor in the error bound (6.4.8). In all complexity
estimates to come we tacitly assume the application of such a strategy to attribute linear
cost to sorting tasks. Moreover, we assume that each entry in A can be computet by
a uniformly bounded number of operations. This is, for instance, the case when the
coefficients in the underlying PDE are constant or polynomial.

Under this latter provision the properties of the rountine APPLY[A, v,n] can
be stated as follows.

Proposition 6.4.1. Assume that A € Cs-. Then the following statements hold:

1. If ve A and s < s* we have

#suppwy <14 |v|%, n>o0. (6.4.11)

2. When v has finite support the number of operations required to compute wy, is
bounded by
ops(wy) < #supp v +1 V5 ||v|e. (6.4.12)
3. The output w,, = APPLY[A, v,n] is stable in A®, i.e.,
|Wn|A5 5 |V|A5) n> 0) (6413)
with constants independent of n > 0. and v.
4. For every s < s* the matrix A takes A* boundedly into itself.
Proof. In view of (6.3.14) we infer from (6.4.6) that for any ] € N

J
#supp wj < Z 05272 < ||A|.2. (6.4.14)
j=0

On the other hand, invoking (6.4.2), one has
|AV —will, < (1429 B2 07927 ] p + [|All275|v] 4

k<]

< (0 +29)|AlL + [|A1N27 v e (6.4.15)

Thus, denoting by ]’ the smallest integer for which ((142°)|| A, +[|A[)27 v <
n we conclude that ((1+2%)||A|l. + ||A[)277|v|4s > 27°n. Since J(1) < ]’ we also

have
(14 29) AL + A2 5v] 4 > 27,
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From this and invoking (6.4.14), we deduce that
(#supp wy)® < 21Ms < 25((1 +29)||A|]. + |A]]) V] (6.4.16)

which gives (6.4.11).

Under the provision spelled out in Remark 6.4.1 the bound (6.4.12) is then an
immediate consequence.

To confirm (6.4.13) it suffices to exhibit for each j € N a W; with #supp w; <
C2 such that ||w;,, — Wj]|;, < C27%|v| 4. In view of (6.4.14), it suffices to consider
j < J(m). Of course, natural candidates are w; := wj, j < J(n1), defined by (6.4.6).
The claim (6.4.13) follows now immediately from (6.4.14) and (6.4.15).

Taking | arbitrary, the same ergument shows that |Av|4s < [v|4s which com-
pletes the proof. O

Proposition 6.4.1 and Corollary 5.11.1 imply the following fact.

Corollary 6.4.1. For operator representations A of the class considered above, and
C = oI, the routine

RES [f, A, v,n] — 1, defined by
oc( COARSE [f, o« '] — APPLY [A, v, 1 /z]) , (6.4.17)

with preprocessed right hand side f according to (6.1.1) (and € small enough), and c
chosen so that
<€
<5 m
is s*-computable whenever A is s*-compressible. Hence the complexity bounds from
Theorem 5.11.2 hold for Algorithm 5.10.1 applied to Au = {.

6.5 A Numerical Example — the Stokes Problem

Consider the Stokes system in Example 5.6.1. The following results are obtained
with the Uzawa technique, see Algorithm 5.9.1. This works as follows:

e In this case the residual evaluation RES refers to the Schur complement
problem (5.9.10a).

e The application of F = S involves now an approximate elliptic solve in step
2. of Algorithm 5.9.1, and the update in step 3. requiring an approximate
application of B.

e The fact that the resulting residual realization is s*-computable follows
from Corollary 6.4.1 above, applied to the elliptic subproblem (also us-
ing Proposition 6.4.1), combined with the properties of the routine APPLY
from Proposition 6.4.1 for the matrix B.
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Recall from Algorithgm 5.9.1 the ideal iteration
p"' =p*+ a(B(u*—g), where Au*=f—B'p" (6.5.1)

The residual approximation can then be realized as follows:

RES[A, B, f, g, p*,u*,n] — 1,
1. choose ny,...,ns such that
s+ [|Bl|(ns + [A7[(m +12)) + 15 < o', (6.5.2)

2. compute
w := COARSEI[f, ;] — APPLY[B", p*,1,]

3. Define SOLVE[A, w,n] as in Algorithm 5.10.1 and compute
@ := SOLVE[A, w, 3]

4. compute
r, = o{ APPLY[B, @,n4] — COARSEIg, 5] }

Exercise 6.5.1. Show that
” RES[A) B, f, 8 pk) uk)n] - O‘(B(uk - g) ||1Zz <n.

Exercise 6.5.2. Using the properties of COARSE, APPLY and the results on Algo-
rithm 5.10.1, and noting that all the accuracy tolerances n; are proportional to 1, show
that RES is s*-computable for the compressibility limits of A and B.

This gives the following result, see also [20].

Corollary 6.5.1. The complexity bounds from Theorem 5.11.2 hold for the above Uzawa-
variant of Algorithm 5.10.1 applied to the Stokes problem, see also [20].

The theoretical results are illustrated by some numerical experiments, see
Tabel 1. Velocity and pressure components are depicted in Figure 11. Both show
a singularity at the reentrant corner.

_ Ix=xalle, _ Ix=xall
Px == y  Tx = )
[ = xalle, [[le,

Table 2 illustrates an important point. It is well-known from Brezzi’s theory
that (as a saddle-point problem is indefinite) its finite dimensional Galerkin for-
mulation is not automatically stable. The finite dimensional trial spaces spaces
for velocity and pressure have to satisty the LBB-condition (Ladyzhenskaya
Babuska Brezzi condition), see [9]. In the following test the wavelet bases for
velocity and pressure are chosen in such a way that the linear spans of fixed fi-
nite truncations would generate trial spaces that violate the LBB-condition. As
shown this does not affect the convergence of the adaptive scheme. In this sense
adaptivity stabilizes.
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Figure 11: Exact solution for the first example. Velocity components (left and middle) and

pressure (right). The pressure functions exhibits a strong singularity

(It #A] pal ral[ #AV] o | v [ #A] ep|  Tp
1] 53] 104 | 06838 | 54| 1.04 | 06744 | 768 | 130.35 | 1.0024
2 || 8412603427 | 83 | 124 | 0.3447 | 768 | 13040 | 1.0028
3| 193 | 1.32 | 0.1530 | 184 | 131 | 0.1541 | 768 | 1537 | 05234
4|| 446 | 1.29 | 0.0821 | 450 | 129 | 0.0897 || 929 | 415 | 0.2218
5 || 1070 | 1.27 | 0.0434 || 1065 | 127 | 0.0456 || 1211 | 258 | 0.1034

Table 1: Results for the first example. Sizes of the adaptive approximations, ratio to
best N-term approximation and relative error.

Exercise 6.5.3. Explain why this does not entail any contradiction to existing theory.

6.6 Adaptive Application of Nonlinear Operators

When the operator is nonlinear the scheme RES requires a substitute for the
adaptive matrix application. Roughly speaking, given a finitely supported v €
>(A), produce a sparse accuracy controled approximation to G(v). It turns out
that in the nonlinear case parsity of the input with nonzero entries in arbitrary

positions cannot be preserved.

Subsets of A with Tree-Structure:

G(u) =
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T #A] pu| maf[#AV] o[ w[[#A[ ep] T
5]1.00 | 07586 | 5] 1.00 | 0.7588 || 243 | 2.23610 | 0.119%
20 | 1.13 | 04064 | 24 | 1.45 | 03979 || 262 | 2.08107 | 0.0612
61 | 1.47 | 02107 | 77| 1.79 | 02107 | 324 | 272102 | 0.0339
178 | 1.33 | 0.1060 || 198 | 1.52 | 0.1306 || 396 | 2.81079 | 0.0209
294 | 119 | 0.0533 || 286 | 146 | 0.0744 || 674 | 2.21371 | 0.0108

478 | 1.25 | 0.0271 || 531 | 1.46 | 0.0362 || 899 | 1.83271 | 0.0071

Q]| O G| =| W

Table 2: Results with piecewise linear trial functions for velocity and pressure - LBB
condition is violated

say (G(u),y), is large, available estimates do not allow one to recognize entries
(G(u),Py) with [u] <Aand [Sy N S,| > 0, as small.

Sparsity statements about such entries can only be established when the index
sets under consideration are somewhat constraints. An appropriate constraint
turns out to be tree-structure.

Definition 6.6.1. A subset I' C A has tree-structure if
AeT = {ueA:|ju<\,S.NSy>0}CT (6.6.1)

Figure 12 illustrates such an index set.

Next, the standard coarsening operator €, needs to be repolaced by a tree-
coarsening operator

Chy:v— vy
which should have the following properties:

e v, has tree structure

e JC* such that

#(supp v,,) < C*#7<V, %) y

where T (v, €) is the best tree-approximation with accuracy e:

HV - V|‘T(v,€) le < €,

e One has the error estimate
v —wall, <n.

This is a version of the Coarsening Lemma (Corollary 5.11.1) based on the Tree
Algorithm 3.2.1, see [17]. This requires providing some local error functionals
(recall Sy := supp,)

er = e\(v) := Z Vi, (6.6.2)

A EA,IS\ rNSAI>0,A7|>[A|
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representing the “energy” of v “over” S,. One can show that for U C H'(Q)
&) S inf [v—Plius,s 8 =Sy : V=l S8y > 0}
where m is the order of cancellation properties (CP) (respectively, vanishing

moments (VM)). One can than verify all the above properties.

Remark 6.6.1. Tree-structured index sets can be viewed as analogs to locally refined
partitions.

Adaptive Evaluation of Nonlinear Operators: As a substitute for APPLYIA, -, -]
we need an adaptive nonlinear approximate evaluation scheme:

EVAL[F, v,n] — w,, such that v, has tree-structure and satisfies
[E(v) — wylle, <. (6.6.3)

Main Goal: construct such a scheme that is in addition s*-computable and gives
rise a residual approximation RES satisfying the properties in Definition 5.11.1.

A central ingredient is: given v, predict and compute the significant entries of
F(v). A typical result for nonlinear operators F with a fixed power growth reads
as follwos.

Theorem 6.6.1. There exists a positive number y > d/2 depending on F, the underly-
ing energy space U, the spatial dimension d, the cancellation properties (CP) of W such
that
(r, FV) = [FWA S sup w2 YW, (6.6.4)
SHOS)\#@

For details and proofs, see [18].

Remark 6.6.2. This result shows why a tree-structure is relevant. If |u| > |A| the bound
becomes meaningless. It provides best information when A is a leaf of the tree or close to
a leave, see also Figure 13 for an illustration.

The estimates (6.6.4) can be used to predict for a given input v and a given
accuracy tolerance 1 > 0 a tree-structured index set I;, C A with the following
properties.

Theorem 6.6.2. For vandn > 0 and T}, as above, one has
IE(v) = F(¥)Ir, [le, <. (6.6.5)
Moreover, let s* := ZVZ—gd. Then, for v.e A%((X)n, €2(A)) and 0 < s < s* one has
#(0) S0P IVIG +#A0, FWV) e S 1+ (V] (6.6.6)

with constants independent of v.
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One can then construct EVAL according to (6.6.3) such that the resulting resid-
ual approximation scheme RES is indeed s*-computable for nonlinearities cov-
ered by the above results. As a consequence the assertions in Theorem 5.11.2
are valid for all such cases.

Tree

Figure 12: linput sequence with active coefficients under tree-structure constraints.
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)

Level j

-5 -4 -3 -2 -1 0 1 2 3 4 5

Figure 13: Resulting significant coefficients after application of a nonlinear mapping.
6.7 Can Coarsening be Avoided?

We finally discuss a version of Algorithm 5.10.1 where the use of COARSE is
avoided, see [33] for all details.
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This is done for the restricted problem class of symmetric positive definite

operator representations A = AT. On easily shows that [|v]| := (vTAv) 2 is an
equivalent norm on {,(A) and

ATVl < vl < A2 [vlle, v € (A),

(cf. the energy norm for elliptic problems). For simplicity we abbreviate in what
follows

- Neacmy =2 11 1I-
The basic point of view is slightly different. Rather than thinking of a simple

Richardson iteration it was first proposed in [15] to successively solve defect
problems. It can be reinterpreted as a version of the general iteration

" =u"+C(f—-Au"), n=0,1,2,..., (6.7.1)

for the following particular “procedural” preconditioner C. Suppose that v is a
current approximation with finite support, find a possibly small “grown” index
set ' O suppv which carries the “bulk” of the residual f— Av, i.e., for some fixed
0 € (0,1]

IPr(f — Av)|| > 6]|f — Av, (6.7.2)

where Prw replaces all entries of w outside I" by zero. Then one can show (using
in particular the energy norm ||-[[) that (see [33, Lemma 1.2])

Jur — vi| < (1— k(A)6%)[[u—v], (6.7.3)
where ur is the Galerkin solution in £,(T")
Pr(AUr) = Prf

That means that the increased subspace £,(I") C £,(A) provides a Galerkin solu-
tion with strict error decay. This is sometimes referred to as saturation property.
In terms of (6.7.1), this can be interpreted as follows:

1. given u", find IN,41 D supp u™ =: I}, such that (6.7.2) holds;
2. define the finite submatrix
Ar = (A?\,A’))\,A’GF
and solve the Galerkin problem

Arw=Pf & (Aw)'v=flv, ve (), (6.7.4)

3. set
u™ = ut +w=u™ + AP — Au®). (6.7.5)
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Thus, the preconditioner C = C, = A;'Pr corresponds to the solution of a
defect problem on the fixed subspace £,(T").

The reason why such “support growing” strategy could result in an optimal
complexity is given by the following Lemma from [33].

Lemma 6.7.1. Let © € (0, k(A)7?), v € lr(A) and assume that
u €AY = A ((Z4), L(A) = Wi(A), L = s+ 1. Then the smallest set T 2 supp v
with (6.7.2)

[Pr(f — Av)|| > 0[/f — Av||

satisfies
#(T\suppv) < ||f— AVH_I/S|U&/SS. (6.7.6)

This says that the growth-complexity scales with the optimal rate of the cur-
rent error ||u — v|| ~ ||f — Av|| whenever u € A°.

In practice, one cannot determine the optimal growth-set I,;; because the
residual is in general infinitely supported. The idea is now to find a near-
optimal growth-set using approximations to f (coarsening a prprocessed array)
and an approximate application of A to the given approximation, using e.g. the
APPLY routine. A successively grown support set is accepted if either the ap-
proximate residual is below a desired threshold or one has found some bulk of
it.

GROW v, &,1] — [T &] according to the following steps:

1. choose constants 0 < a < w, £ < k(A)"/2, set ¢ := 2wk

T—w
2. do (/2 — {, r = COARSE[f, {/2] — APPLY[A, v, (/2] = RESIA, f, v, {]
until & := ||t]| + { <nor ¢ < wlr

3.if & >
determine a set I' O supp v with (up to a fixed constant factor) minimal
cardinality such that ||Prr|| > o|x||
else " = ()
endif

Obviously, the output depends on the choice of the parameter ¢ that should
ideally lie within or is not far from the interval }jr—ﬁ |f—Av|, ||[f—Av||, for a more
detailed discussion, see [33, §2]).

One can then show that the estimate & for the current residual scales in the
right way, namely

xX— W
14+ w

see [33, Theorem 2.4].
The next ingerdient is the approximate solution of the defect problem Aw =
f — Av projected to £,(T").

E<|Pr(f—AV)|, #(I\suppv) < & V', (6.7.7)

156



GALSOLVETT, fr, v, 8,1] — vr
1. set fr = Prf, 5 should satisfy & > ||fr — Av||

2. Fix a system matrix for I': choose ] such that the compressed matrix A;

satisfies
n

3n+ 35

o= A= AflAT] <
set B:=Pri(A;+ Af)l,n)
set 1o := fr — Pr( APPLY[A, v,1/3])

3. approximately solve Bw = 1, i.e., find W such that |[ry — Bw|| < 3 (e.g.
using conjugate gradients)
setvr=v+Ww

With these prerequisites one can formulate the following adaptive scheme.

Algorithm 6.7.1.
1. Fix target accuracy € > 0 and an estimate &_; for ||f||; take the parameters x, w
as in GROW and choose
1 x—w
LA ) g
ve (0 gxa) =), p

setk=0,vk=0
2. while for [N,1, &) .= GROW[VE, &y 1, €], &k > €, do
£1 .= P, (COARSEIf, y&])
Vi .= GALSOLVEI. 11, £ vE, (14 ), vl
k+1—-k

Theorem 6.7.1. [33] Algorithm 6.7.1 terminates with an approximation v to u such
that ||f — AV|| < e (hence ||lu — ¥|| < ||A7"||e). Moreover, when u € A° for some
s < s* (the compressibility limit of A) then one has

#(supp V) S €_]/S|u|ll/ss
and the number of operations remains bounded by an absolute constant multiple of
—1/s14411/8
e Clulys.
This result can be extended to semi-linear problems but ne needs very fine sti-
mates for the involved constants. As mentioned earlier, a currently hot context

where such methods in coefficient space are very relevant are high dimensional
or parameter dependent PDEs.
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