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Mathematicians are like Frenchmen:
Whatever you say to them, they translate
into thewr own language and forthwith it s
something entirely different.

Johan Wolfgang von Goethe
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Curvelets then and now

@ Curvelets were introduced in
1999 by Candés and Donoho to
address the edge representation
problem. The definition they
gave was based on windowed EP e
ridgelets.

Smooth
Faritioning
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Background and Motivation
Continuous Curvelet Transform
Discrete Curvelet Transform

Curvelet Transforms

Curvelets then and now

@ Curvelets were introduced in )
1999 by Candés and Donoho to e

N
address the edge representation a w2
problem. The definition they &tz
gave was based on windowed i
ridgelets. % @
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform

Discrete Curvelet Transform

Curvelets then and now

@ Curvelets were introduced in
1999 by Candés and Donoho to
address the edge representation
problem. The definition they
gave was based on windowed
ridgelets.

o In 2002, they simplified the
definition of curvelets and
constructed a new tight frame.
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Curvelets then and now

@ Curvelets were introduced in
1999 by Candés and Donoho to
address the edge representation

problem. The definition they f= / / / (®ape, f) Bapo o5 d9dP
gave was based on windowed
ridgelets.
2 _ 2 da
e In 2002, they simplified the I#2 = ///K%ﬁo’f)' ot 40P

definition of curvelets and
constructed a new tight frame.

@ In 2003, they developed a
Continuous Curvelet Transform.
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Curvelets then and now

@ Curvelets were introduced in
1999 by Candés and Donoho to
address the edge representation

problem. The definition they f= / / / (®ape, f) Bapo o5 d9dP
gave was based on windowed " / (18, ) 1 dB
ridgelets.
2 _ 2da
e In 2002, they simplified the A2 = ///K%ﬁo’f)' ot 4046
definition of curvelets and + / (s, )P

constructed a new tight frame.

@ In 2003, they developed a
Continuous Curvelet Transform.
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Some applications to Imaging

@ Candés, Donoho, Starck:

o Image Denoising.
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Some applications to Imaging

@ Candés, Donoho, Starck:

o Image Denoising.
o Imaging in Astrophysics.
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Background
Curvelet Transforms Continuous
Discrete Cur

Some applications to Imaging

@ Candés, Donoho, Starck:
o Image Denoising.
o Imaging in Astrophysics.
@ Donoho, Elad, Querre,
Starck: Morphological
Component Analysis.

tion
ansform
form
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Background and Motivation

Curvelet Transforms

Some applications to Imaging

crossline direction (km)

@ Candés, Donoho, Starck:
o Image Denoising.
o Imaging in Astrophysics.
@ Donoho, Elad, Querre,
Starck: Morphological
Component Analysis.

depth (km)

@ Douma, Herrmann, de
Hoop. . .: Seismic Imaging.
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Discrete Curvelet Transform

Outline

@ Curvelet Transforms

@ Continuous Curvelet Transform
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Background and Motivation
Continuous Curvelet Transform
Discrete Curvelet Transform

Curvelets: Construction in the frequency domain

Curvelet Transforms

Amplitude Window

W e C§°(0, oo) nonnegative
with support [ , o] for some
oap > 1 (usually, oo = 2), and

fE W) % =1,
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Curvelets: Construction in the frequency domain

Amplitude Window
W € C§°(0, c0) nonnegative

V(w)
with support [aio, o) for some <—._£l.—>
o > 1 (usually, ag = 2), and
IS W(t)? % =1.

Phase Window | @SN
V € C5°(R) nonnegative with _;\\5; =
support in [—1, 1] and ‘ Z

[ Vll2 = 1.
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Dilations, Rotations, Shifts

W(|E)) V(L argé) W(|€) V(2 arg€)

. . FIMA
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Dilations, Rotations, Shifts

W(lg)) V(3 argé) W (€ V (5 argé)
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Dilations, Rotations, Shifts

W(EDN V(3 argé€) W3¢V (5§ argd)
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

W(|€)) V(£ arg€) W(E)V(8(argé — 7))
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform

Discrete Curvelet Transform

Dilations, Rotations, Shifts

W)V (Earge) W)V (E argg)eml=11)]
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Putting it all together

Definition (Curvelets)

®.p0: R? — C with parameters a € (0,00) (shape AND scal-
ing), B € R? (location), and 8 € S! (direction).

F(Paps) (€) = Wall€]) V(o) (azgy € — arg §) e2F0)
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Putting it all together

Definition (Curvelets)

®,p0: R? — C with parameters o € (0,00) (shape AND scal-
ing), B € R? (location), and 8 € S! (direction).

F(Paps) (€) = Wall€]) Vp(a) (azgy € — arg §) e2F9)

o Wa(€) = 1, W(L)
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Putting it all together

Definition (Curvelets)

®,p0: R? — C with parameters o € (0,00) (shape AND scal-
ing), B € R? (location), and § € S' (direction).

F(Pogs) (€) = Wall]) V(o) (azgy € — arg §) e2™F9)

o Wal) = 2, w(lf)

ol/2

o Vi) (argy € —argh) = (p(al)1/2 V(arge(pf(;a)lrgg)
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Curvelet Transforms Continuous Curvelet Transform
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Putting it all together

Definition (Curvelets)

®.p0: R? — C with parameters a € (0,00) (shape AND scal-
ing), B € R? (location), and 8 € S! (direction).

F(Pops) (€) = Wall€]) V(o) (azgy € — arg§) 200

o Wal) = 2, w(lf)

ol/2

) V¢(a)(argg§ — arg 9) = (p(a1)1/2 V(argg(pf(;;)lrgg)

o ®,p59(z) = Poos(z — B)
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

A word about the aspect-ratio weight function ¢

The width and length of a curvelet obey the anisotropy scaling
relation width, /length,, = ¢(a).

o5/2p(a) 12
x\"a
A%
2(p(o¢) a—s/Zw(a)—s/z
[a: p(a)] [1: p(a)]
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

A word about the aspect-ratio weight function ¢

pla)=a?a>1

Q

B
I
I
I
I
I
I
I
I
T

1

e Candés—Donoho, 1999—2002: width ~ length?.
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A word about the aspect-ratio weight function ¢

pla)=a"%,a>1

Q

B
I
I
I
I
I
I
I
I
T

1

e Candés—Donoho, 1999—2002: width ~ length?.
e Candés—Donoho, 2003: width a length/*, any 0 < s < 1.

B IMA

Francisco Blanco-Silva Curvelets



Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

A word about the aspect-ratio weight function ¢

p(a)
T p(a),a>0
Mdheocccaccaazaas ‘
I
|
|
|
|
% ¥
1 my a

e Candés—Donoho, 1999—2002: width ~ length?.

e Candés-Donoho, 2003: width = length/*, any 0 < s < 1.
o width, /length, = ¢(a), where ¢: (0,00) — (0, 7) satisfies:
o Non-decreasing in (0, m,) and non-increasing in (m,, c0).

o p(my) =M < 7, limg—0 () =0 and limg—00 p(a) = 0.

o Neither ¢(-)|(m,,00) 10T ©(1/-)|(0,m,) decrease rapidly. ~ *IMA
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Gathering Information

Definition (Curvelet Coefficient)

For each choice of parameters a € (0,00), 8 € R? and 6 € S,
the inner product

(f, Page) / f(z)®ape(z)

offers local information of a function f € Ly(R?) at the location
B, in the direction 6, and frequency (a/ag, apa).
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform

Discrete Curvelet Transform

Gathering Information

Definition (Curvelet Coefficient)

For each choice of parameters a € (0,00), 8 € R? and 6 € S,

(v, Pags)

offers local information of a tempered distribution v € S'(R?) at
the location 3, in the direction 8, and frequency (a/ao, o).
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Resolution of the identity for CCT in Ly(R?)

Calderén formula for CCT
For any function f € Ly(R?),

f(ac):/o°°/Sl /R2 (f, ®ops) Pape(z) dBdo(8)da
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform

Discrete Curvelet Transform

Parseval’s Formula for CCT in L,(IR?)

Inner product identity

o= [ [ [, ®as)(, Bape) 46 do(6) da
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Parseval’s Formula for CCT in L,(IR?)

Inner product identity

o= [ [ [, ®as)(, Bape) 46 do(6) da

In particular,

Parseval’s Formula for CCT

Ay = [ [, [ Baga)?aBo(6)da
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ground and Mo
Curvelet Transforms Continuous Curvelet
Discrete Curvelet Transform

Outline

@ Curvelet Transforms

@ Discrete Curvelet Transform
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Discretization of the Curvelet Transform I

Discretization

@ (0,00): For each n € Z,
on =0og.

Qn
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Discretization of the Curvelet Transform I

Discretization

@ (0,00): For each n € Z,
oan =0ag.
P o St

o o= infocz{zL > p(an)}.
Qnp
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Discretization of the Curvelet Transform I

Discretization

9n2
@ (0,00): For each n € Z,
ean enl a. = aP
, n=ag.
. ‘ e Sk

9@0—0—0; > 7 e Pn = inszZ{Flz Z ‘P(an)}“
N o Chosen n, for each k € Z,

‘ ’ Gnk = eik(p".
9n5\ ”9n7
ol
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Discretization of the Curvelet Transform I

Discretization

. : e o e @ (0,00): For each n € Z,
SR R an =af.
. o . o lo . oSl:

o ¢, =inf,cz{zr > ¢(an)}.
o Chosen n, for each k € Z,
A A A A r B = €™%n.,
. O @ R?: Chosen n, for each
) : @ ZGZz’ﬂnz:a:ﬂ
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Discretization of the Curvelet Transform II

Amplitude and Phase Windows

e W € C&(0,00) nonnegative with supp W = [2

201 @0, and
W(u)? + W(aou)® =1for o- <u <l
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Discretization of the Curvelet Transform II

Amplitude and Phase Windows

o W € C§°(0,00) nonnegative with supp W = [aio,
W(u)? + W(aou)® =1for ;- <u<l.

e V € C§°(R) nonnegative with supp V = [-1, 1], and
V()2 + V(t-1)2=1for0<t <L

o], and

B IMA
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Discretization of the Curvelet Transform II

e W € C§°(0,00) nonnegative with supp W = [aio, aol, and
W(u)? + W(aou)® =1for ;- <u<l.

e V € C§°(R) nonnegative with supp V = [-1, 1], and
V(t)y2+V(it-1P2=1for0<t <1

.

<‘01/2 =
— n
d)nkz (20‘8/2-{-1 ) anﬁnzenk
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Discretization of the Curvelet Transform II

e W € C§°(0,00) nonnegative with supp W = [aio, aol, and
W(u)? + W(aou)® =1for ;- <u<l.

e V € C§°(R) nonnegative with supp V = [-1, 1], and
V(t)y2+V(it-1P2=1for0<t <1

.

1/2
¢nkz = ( n/2+l>¢anﬁnzgnk
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Discretization of the Curvelet Transform to obtain

tight frames in L,(IR?)

{Gper M ELk=1,...,2T/0n; z € Z?}
is a tight frame in Lo(R?) with frame bound 1.

27/ on

||f||%2(R2) => 3 > K b))

neZ k=1 zcz?
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Background and Motivation
Curvelet Transforms Continuous Curvelet Transform
Discrete Curvelet Transform

Discretization of the Curvelet Transform to obtain

tight frames in L,(IR?)

{Gper M ELk=1,...,2T/0n; z € Z?}

is a tight frame in Lo(R?) with frame bound 1.

27/ on

||f||%2(R2) => 3 > K b))

neZ k=1 zcz?

27/ pn

f= Z Z Z (f)¢nk:z>¢nkz'

neZ k=1 zecZ2?
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Curvelets and Singularities
Curvelets and Cartoons
Analysis with Curvelets C elets and Beso

Outline

© Analysis with Curvelets
@ Curvelets and Singularities
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Curvelets and Singularities
Curvelets and Cartoons
Analysis with Curvelets Curvelets and Besov Spaces

Watch your step!

(6,9) = 9(0)
° <6) q)a09> = @(ﬁ)
for all 8 € S as a — .
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Curvelets and Singularities
Curvelets and Cartoons
Analysis with Curvelets Curvelets and Besov Spaces

Watch your step!

(6,9) = 9(0)
o (0, Pros) = @(ﬁ)

for all 8 € St as a — oo.
o limy 00 (0, Pops) = 0epiar)
for B # 0 and all € S*.

B IMA
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Curvelets and Singularities
Curvelets and Cartoons
Analysis with Curvelets Curvelets and Besov Spaces

Watch your step!

(6,9) = g(0) Ys(z) = |z|°, -2 < s < 0
° <6) ¢a06> — e(ﬁ) .<’Ys, ¢a09> = G(W)
for all 8 € S as a — . for all 8 € St as a — .

o limy 00 (0, Pops) = 0epiar)
for B # 0 and all € S*.

[ |
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Curvelets and Singularities
Curvelets and Cartoons

Analysis with Curvelets Curvelets and Besov Spaces

Watch your step!

(6,9) = 9(0) Ys(z) = |z|°, -2 < s < 0
° <6) ¢a06> = e(ﬁ) .<’Ys, ¢a09> = G(W)

for all 8 € St as a — oo.
o limy 00 (0, Pops) = 0epiar)
for B # 0 and all € S*.

for all 8 € S! as a — oo.
0 limg 00 (Ys, Pags) = O tapicy)
for B # 0 and all § € S'.

[T
[ L]

[ |

Francisco Blanco-Silva
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Curvelets and Singularities
Curvelets and Cartoons
Analysis with Curvelets Curvelets and Besov Spaces

Watch your step!

(vz,9) = Jp9(z,0)dz
* (o, B or.0)7) = O (gpap)

as a — O0.
olimy 00 (¥z, 'I> 7&% ) ra\pld(;),)
olimy 00 <V$; E > = QGapidy)
otherwise. F2
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Curvelets and Singularities
Curvelets and Cartoons
Analysis with Curvelets Curvelets and Besov Spaces

Watch your step!

(ve,9) = [r9(z,0)dz H(z,y) = lg>0
_ 1

* vz, ®,0,0)2) = O(550) o(H,2,,0)1) = ©(5p)

as a — 00. as a — 00.
° ].1ma—>oo<l/$, q)aﬁ(ﬂ;ﬁ%)) <r;wid(1?ﬂ) ° hmo‘_)"o(H’ (I)aﬁ(g?é%)> fapgﬂy!)
o ]-ima—>oo<V$, @aﬁ£> — O(Iapidly!) o 11m0¢%00<H) @aﬁ1> = 0 (rapidly!)

otherwise. 2 otherwise. 2

1

D
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Curvelets and Singularities
Curvelets and Cartoons
Curvelets and Besov Spaces

Analysis with Curvelets

Microlocal Analysis

Theorem (Candés, Donoho)

The o — oo asymptotics of the Continuous Curvelet

Transform precisely resolve the wavefront set of tempered
distributions.

BIMA
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Curvelets and Singularities
Curvelets and Cartoons
Analysis with Curvelets Curvelets and Besov Spaces

Microlocal Analysis

Theorem (Candés, Donoho)

The o — oo asymptotics of the Continuous Curvelet
Transform precisely resolve the wavefront set of tempered
distributions.

Given a tempered distribution v € S'(IR?), let

R = {(Bo,60) € R? x S' : (v, B,p50) decays rapidly
near (Bo,6o) as @ — oo}

Then WF(v) is the complement of R.

B IMA
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Curvelets and Singul ntles
Curvelets and Cartc
Analysis with Curvelets

Who cares?

A Saminar - . 2627

Peter Massopust. Mathematical Problems Associated
with a Class of Non-destructive Evaluations.

- B IMA
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Curvelets and Singularities
Curvelets and Cartoons
Analysis with Curvelets Curvelets and Besov Spaces

Outline

© Analysis with Curvelets

@ Curvelets and Cartoons
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Curvelets and Singularities
Curvelets and Carto
Analysis with Curvelets Curvelets and Besov Spaces

Nonlinear Approximation to “cartoon” functions

@ Approximation by selecting the N largest terms
in the Fourier series:

If - fl\]I:H La(R2) — @(N’l/‘l)

g — R
o q
{

i
sl

b 3\ ~\\'10‘§ﬁ \ ’(
2(® @ e (/‘
NPT é.‘é}}ﬂ_

A. C. Calder et al. High-Performance Reac-
tive Fluid Flow Simulations Using Adap-
tive Mesh Refinement on Thousands of
Processors.

Silicon abundances (ashes) }« IMA

4
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Curvelets and Singularities
Curvelets and Ca
Analysis with Curvelets Curvelets and Besov Spaces

Nonlinear Approximation to “cartoon” functions

q A4 {
286555

‘ N (oM

) UD
REHY XN “\?:ﬁﬁﬂ_

A. C. Calder et al. High-Performance Reac-
tive Fluid Flow Simulations Using Adap-

tive Mesh Refinement on Thousands of
Processors.

Silicon abundances (ashes)

4

@ Approximation by selecting the N largest terms
in the Fourier series:

If - fl\]I:H La(R2) — @(N’l/‘l)

o Approximation by selecting the N largest terms
in the Wavelet Decomposition:

If - le\;v“L;;(RQ) =e(N )

B IMA
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Curvelets and Singularities
Curvelets and Cartoons
Analysis with Curvelets Curvelets and Besov Spaces

Nonlinear Approximation to “cartoon” functions

2

[}
.
<

0 S
| | Ch L

Y Yabt '1}}1‘
RSN DAL/
A. C. Calder et al. High-Performance Reac-
tive Fluid Flow Simulations Using Adap-
tive Mesh Refinement on Thousands of
Processors.

Silicon abundances (ashes)

4

@ Approximation by selecting the N largest terms
in the Fourier series:

If - fl\]I:H La(R2) — @(N’l/‘l)

o Approximation by selecting the N largest terms
in the Wavelet Decomposition:

If _ffl\;v“[,;(]l{% =e(N )

@ Approximation by superposition of N triangles
with arbitrary shapes and locations:

”f —f1\7I—HL2(R2) = @(Nil)

B IMA
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Analysis with Curvelets

Curvelets and Singularities
Curvelets and Cartoons
Curvelets and Besov Spaces

Nonlinear Approximation to “cartoon” functions

2

[}
.
<

o(&3 3 {
) XN Pvact (‘&})}ﬂ-

A. C. Calder et al. High-Performance Reac-
tive Fluid Flow Simulations Using Adap-
tive Mesh Refinement on Thousands of
Processors.

Silicon abundances (ashes)

4

Francisco Blanco-Silva

@ Approximation by selecting the N largest terms
in the Fourier series:

If - fl\]I:H La(R2) — @(N’l/‘l)

o Approximation by selecting the N largest terms
in the Wavelet Decomposition:

If _ffl\;v“[,;(]l{% =e(N )

@ Approximation by superposition of N triangles
with arbitrary shapes and locations:
T _ —
1F = 57 | ezy = OV )

@ Approximation by selecting the N largest terms
in the Curvelet Decomposition:

If 7f,\C,||L2(R2) =0 (N *(log N)S/z)

B IMA
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Curvelets and Cartoons
Analysis with Curvelets Curvelets and Besov Spaces
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How smooth is this function?
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Besov Spaces

Given f: R% — R, for h € R?, set for any n € N,

n

Rf(z) = ARt ARf() = D (1) (D f(z + kh).

k=0

B IMA
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Besov Spaces

Given f: R% — R, for h € R?, set for any n € N,

n

Rf(z) = ARt ARf(2) = D (1) (D f(z + kh).

k=0

For 1 > 0, set wy,(f, 1) = Supjp < HA,WH

Lr(RY)"

B IMA

Francisco Blanco-Silva Curvelets



Curvelets and Singularities
Curvelets and Cartoons
Analysis with Curvelets Curvelets and Besov Spaces

Besov Spaces

Given f: R% — R, for h € R?, set for any n € N,

n

Rf(z) = ARt ARf(2) = D (1) (D f(z + kh).

k=0

For 1 > 0, set wy(f, ) = supjy <, HA,WH
f € B{(Lr(R?)) if

Lr(RY)"

ee /
ooy + { [ (¢ Tan(r 1) 74} < o0

B IMA
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The (7, r) plane

B IMA
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The (7, r) plane

¢ 4B (Lo (R?))

B IMA
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The (7, r) plane

¢ 4 Bf (Loo(R%))
B (L (R%))
m"ft----"-"--"------- [
Ly(RY)
b I
1/p 1/r

B IMA
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The (7, r) plane

¢ 4 B{ (Lo (R))
BJ(Lr(R?))
m"ft----"-"--"------- \.
Lo(RY)  Lp(RY) |
Jp l}r
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Embedding Theorems

Theorem (DeVore, Popov)

Ifn,7,p >0 are related by * =7 + %, then By (L,(R?%)) 1s

continuously embedded in L,(R?).
>

/7

&

B Ve, (L)
LEY) /[
1;p 1)1‘

B IMA
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Embedding Theorems

Corollary (DeVore, Popov)

continuously embedded in Ly(R?).

v
/4
&
Np------- ¥ B (Lr(R?)
|
|
|
Ly(R?) |
12 1/r

B IMA
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Approximation Theorems

f € Bl (Lr(R?)) if and only if [|f — f¥¥ || or2) = O(N7/2).

Approzimation by selecting
the N largest terms in the
Wavelet decomposition

B IMA
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Approximation Theorems

f € BI(Lr(R?)) if and only if [|f — fY¥ || r2) = O(N~/2).

the N largest terms in the

Approzimation by selecting
Wavelet decomposition

or equivalently, log|[f — f¥¥| 1, r2) = ©( — Zlog N).

B IMA
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Computation of Smoothness via Nonlinear
Approximation with Wavelets

logllf = £l ra(m2)

5 6 7 8 9 10 11 12 13 14 15
log N

B IMA
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Computation of Smoothness via Nonlinear
Approximation with Wavelets

7 8 9 10 11 12 13 14|15
If the number of nonzero coefficients
log N is close to the number of all possible
coefficients, the error of non-linear
approximation will resemble the er-
ror of linear approximation.

ot 4+
o+

B IMA
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Computation of Smoothness via Nonlinear
Approximation with Wavelets

7 8 9 10 11 12 13 14|15
If the number of nonzero coefficients
log N is close to the number of all possible
coefficients, the error of non-linear
approximation will resemble the er-
ror of linear approximation.

B IMA
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Computation of Smoothness via Nonlinear
Approximation with Wavelets

slope ~ —0.3072
7~ 0.6144
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Experiments

0.865 .
Reported smoothness for several images

0.712 0.726

0.668 0.668 0.675
0.643 0.644
0.619

0.547 0.568

0.497
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Experiments

0.865 Smoothness using Non-linear Wavelet Approximation
Reported negative slopes computed with Curvelet Approximation
0.712 0.726

0.668 0668 0.675
0.643 0.644
0.619
.56
0:547 0568

0:497
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Experiments

Smoothness using Non-linear Wavelet Approximation
Smoothness using Non-linear Curvelet Approximation? (—%slope)

0.712 0.726

6},3/0/

.647

0.668
0.636

0.544
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Which one is the one?

slope ~ —0.3072
7~ 0.6144

slope &~ —0.2031
n ~ 0.5077
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