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SHEARLET SHRINKAGE WITH INTEGRO-DIFFERENTIAL
EQUATIONS USING 3-DIMENSIONAL CONTINUOUS SHEARLET
TRANSFORM

DEVENDRA KUMAR!, §

ABSTRACT. The generalization of continuous wavelet, a directional multiscale is known
as continuous shearlet which is able to study the directional functions and distributions.
Many useful features do not carry from 2-dimensional to 3-dimensional cases due to the
complexity of singularity sets defined on surfaces rather than along curves. Therefore,
we obtained a relation between 3-dimensional continuous shearlet transform and sum of
smoothed partial derivative operators. The transform has been explained as a weighted
average of pseudo-differential equations. Our results are applicable in medical and seis-
mic imaging related problems.
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1. INTRODUCTION

Due to the arbitrary choice of the scale and translation, the continuous wavelet trans-
form has wide applications in the fields of pattern recognition, feature extraction and
detection in comparison of discrete wavelet transform. The continuous wavelet trans-
form described local regularity of the functions and distribution and detect the location
of singularity points through its decay at fine scales but it does not provide additional
information about geometry of the set of singularities. To overcome this problem, various
constructions have been made. Among them the curvelets [2] and shearlets [7] achieved
this additional flexibility by defining a collection of analyzing functions ranging over vari-
ous scales, locations, orientations and with highly anisotropic supports. In one dimension,
there are wavelets not generating from an MRA. The most successful generalizations of the
wavelet transform is a directional multiscale transform such as shearlet transform which
is able to analyze functions and distributions not only in terms of the locations and scales,
but also to their directional informations. For 2-dimensional shearlet transform, several
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techniques have been introduced to study the asymptotic decay at fine scales and singular-
ities. Due to the additional complexity of dealing with singularity sets, which are defined
on surfaces rather than along curves, the above mentioned features do not carry over from
the 2-dimension to 3-dimension setting. For application point of view, the 3-dimensional
case is of much interest such as medical and seismic imaging, where important phenomena
are related with surfaces of discontinuities. Various authors ([1], [3], [8-10], [12], [15-18])
obtained several results in this direction but our results are different from those authors.

Wavelets can be defined by replacing dyadic dilations with dilations by r > 1, where r ¢
the set of integers. In this situation the construction of the orthonormal bases associated
with the wavelet may require more than one generators, namely, if r = % > 1 and p, q are
relatively prime, then p-g generators are required. To avoid multiple wavelet generators in
higher dimensions we restrict our attention to 3 x 3 real matrices Méﬂ? € GL(3,R) where
GL(3,R) denote the general linear group of 3 x 3 invertible real matrices acts on R by
linear transformations. The ]detMé}s) | = a? where the dilation set {2¥ : k € N} is replaced
by {(M{)* : k € N} and

1 1
a a281 Q289

{Mé}s = 0 a2 0 ca > 0,5 = (s1,8) € R?}.
0 0 a2
Shearlet system is constructed by applying different operators to a generator function
¢ € L*(R3) obtained elements of the form

Phasp(@) = |detM{) |2 (ME) " (@ = p)), for p,z RS, (1.1)

a,s

Following [11] we have the following definition of admissible shearlet.
Definition 1.1. A function ¢ € L*(R3) be an admissible shearlet if

/R2 /R+ Ma,l )7¢)2a 2dads—///R+ ’wl‘g dwldwgdw3<oo.

Example 1.1. Let ¢; be a continuous wavelet with ¢; € C*°(R) and suppp; C [—2, —%]U
3,2], and let @2 be such that po € C*°(R?) defined by

B(w) = p(wr,d) = @1 (w)Pa ()

is a continuous shearlet. The support of ¢ is obtained for w; > 0.

Let us consider the subspace of L?(R?) given by L?(P}, .., ;) = {f € L*(R?) : supp fc

P&IM s }» Where Pl ug.ug 18 the pyramid for uy,ug,u3 > 0 in the frequency plane given
by

Pl s = {60,6:60) € B Jea] 2 0 2] < and. |52 < wa).
Definition 1.2 (Continuous Wavelet Transform). For G = R, x R3 the continuous
wavelet transform of f € L?(R3) is defined as

3

(Wef)a,p) = (Wef)lals,p) =a™> | f@)ela Nz —p))de = (La * f) (),
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3

where I3 is the 3 x 3 identity matrix and ¢,(z) = a”2¢(%),@(z) = ¢(—z),2 € R?,a >
0,p € R3.
Definition 1.3 (Continuous Shearlet Transform). The function gp((ll,g,p(x) are con-

tinuous shearlets for PJI up.us and the corresponding continuous shearlet transform on
1 .
Py 1y us De defined as:

(SHP f(a,s,p) = (SHP £)(M) (p))

)
—a / F@)p(Mid) =1 = p)d = (Bas = f) (@),
R3

where a > 0,5 € R?, ¢, 5(z) = a‘l(MC(L,ls))_l(a:) and @q.s(z) = @a,s(x). The transform
is able to detect not only the location of singularity points through its decay at fine
scale but also the geometric information of the singularity set. The index (1) used above
in the notation of shearlet system (1.1) indicates that the system (1.1) has frequency
support in the pyramidal region Pz}l,uz,uy similar shearlet systems defined in the two
other complementary pyramidal regions of R? are defined as:

P2 o = (61,6, 83) € B 6] > s, |§j| >y and |§j’| < us),

P31,u2,u3 = {(€1a§2af3) € R3 : ’§1| Z Ui, |§j| S U2 and |§j| > u3}’
1
az2 0 0
{Mé?s = a a%sl Q%SQ ra>0,5=(s1,52) € RQ}ﬂ
0 0 a2
and
1
a2 0 0
{M«f)s = o a3 0 ta>0,5=(s1,s2) € R?}.
a a%sl a%SQ

Example 1.2. [6]. Let H(x1,x2,23) = Xa;,>0(21, %2, z3) be the 3-dimensional Heaviside
function. We see that %H = 01, where 7 is the delta distribution defined by

<51,¢>=//¢(0,$2’!E3)d$1d$2

where ¢ € S(R3) (Schwartz class) and the notation of inner product <,> denote the
functional on S.
Now

H(&,&.6) = (2mi&) 10161, &, &),
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01 satisfying < 81, ¢ >= ff¢(§1,0,0)d§1.
The continuous shearlet transform of H is obtained as

SHS(Dl)H(a, S,p) =< H, Pa,s,p >
= [ mign) (a1
- /R (27i61) Basp (61,0, 0)dés
N Aa@msl)l@(aamm%sn@(a532>e2”€1p1d§1

Nl <, 1 -, _1 - i ﬂdu
— a2ri) e b el Es) [ alwe Y
R
where p; is the first component of p € R3.
Example 1.3. [8]. Let  C R3 be a solid region with smooth boundary surface S = 99
having non vanishing Gaussian curvature and let B = yq. Using divergence theorem, we
have

A 1 .
B(§) = Xs(§) = “omileP /S e~ fi(2)do(x),

where 7 is the outward normal vector to S at z. By taking ¢ € R? and using spherical
coordinates as £ = p©, where p € RT and © = ©(0, ¢) = (sin ¢ cos 8, sin ¢ sin 0, cos ¢) with
0<0<2mand0<¢<m, now we can write

/ e~ 2mr009)2Q (9, ¢).7i(x)do ().
S

Let p € R3. For € > 0, let B.(p) be the ball with radius € and center p and let P. = SNB.(p).
Using this notation, we break up above equation into a component close to p and another
component away from p as

B(p,0,¢) = Ti(p.0,¢) + Ta(p, $,0),

where
1 )
Ti(p.0,0) = 5o [ O00(5, ). () o)
2mip Jp.(p)
1 .
T _ —2mipO(0,0).x 7 )
2(P,07¢) 27['i,0 /S\Pe(p) € @(97 (b) n(a:)da(x)

It follows that
SHLE})B(CL, 81,82,]9) =< B7€a,81752,p >= Il(a7 817527]9) + 12(a> 515827p)a

where

21 T [e'e)
L(ay 51, 59,p) = /0 /0 /0 T1(p,8, )Pamrmanp(p 6, 0)p% sin ddpdds),

27 T [e'e)
Do(a, 51, 89.p) = /0 /0 /O T5(p. 6, )Pamroan(p: 6, 0)p% sin ddpdds.
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2. WAVELET SHRINKAGE

The concept of wavelet shrinkage has been introduced by Donoho and Johnstone [5] and
the main idea is to transform the data to reduce the noise in a straight forward way, par-
ticularly by diminishing the modulus of the wavelet coefficients. Due to low computational
complexity of the wavelet transform this approach became more interesting for applica-
tions in signal and image processing. In this approach a nonlinear shrinkage function
S : R3 — R3 is applied to the shearlet transform Shg) f(a,s,p), with some assumptions
onSasx>0= S(x)>0,5(—x) = —S(z) and |S(z)| < |z|. for all x € R3. The shrinkage
function S depends on a parameter A* which determines the amount of shrinkage. Due to
simplifications of notations \* is omitted here.

A function can be reconstructed from its shearlet transform by the following formula

*° dads
u(x) = SHA(SoSH, ) = /R 2 /O (Pus = S(SHAF( a,5)) 5

= [ [ sGHNa e 01D) @ - p)idp
R2 JO R3

CL4
& ~ dads
= / / (Pa,s * S(Pa,s * f))—
R2 J0 a

where SH f(a, s,p) is the adjoint operator the inverse of SHy f(a, s,p).

3. CONTINUOUS SHEARLET TRANSFORMS AND THE SUM OF SMOOTHED PARTIAL
DERIVATIVE OPERATORS

Definition 3.1. [14]. The mother wavelet ¢(x) has fast decay if for any exponent
r € N there exists a constant C, such that for all z € R3

C,
< .
fo(a)| < o

Definition 3.2. [14]. The mother wavelet ¢(z) has d (a finite number d € N) order
vanishing moments if

/ 2 p(x)de =0 for k= (ki ko, k3) € N2,0 < |k| < d.
R3

If the mother wavelet () satisfies Definitions 3.1 and 3.2 we get the following theorem
about the shearlet transform and the smoothed partial derivative operators.

Theorem 3.1. Wavelet ¢(x) with a fast decay has a vanishing moments if and only if
there exist a group of functions 0% (x)(|k| = d) with fast decay such that

k0 (x
p(z) = (-1)" > Mi ),x € R®. (3.1)
|k|=d

and

ok ~

_ .2 o k

SH‘Pf(aa S7p) =a kz_:d 8p’f (f * ea,s) (p)

where
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It has no more than vanishing moments if and only if

> (—i)dcgk!/ 0F (x)dx # 0. |k| = k1 + ko + k3 < d.
k|=d R?

Proof. Following the lines of the proof of Lui, Feng and Li [13, Thm. A] the proof of
Theorem 3.1 is immediate. U]

4. THREE DIMENSIONAL SHEARLET SHRINKAGE AND EVOLUTION EQUATION

We shall investigate the relationship between 3-dimensional shearlet shrinkage and an
integro-differential evolution equations involving the data on a continuous spectrum of
scales. From (3.1), we obtain

~ 2d 8k nk 2d 8k§§75
Pas* f=a ZW(Ha,s*f):a Ok * f
k|=d \k|=d
and
d, 2d 8k nk d, 2d 8k§§,3
Spa,s*f:(_l) a |k|§_:d8$k(9a,s*f> = (_1> a |k|§_:daxk*f

For n = 3, shearlet transform SH,, f(a, s, p) and the adjoint transform SH}f(a, s,p) are
expressed as

SH,f(a,s,p) = SHyf (M) (p))

- ok ~
= Pa,s * [= a2d Z %(95,5 * f)a
k|=d

(4.1)

&0 dads o oF dads
sizfes = [ S = [ [0t 3 ek en T @)
|

k|=d

The equations (4.1) and (4.2) can be summarized as 3-dimensional shearlet transform
SH,f(a,s,p) is equivalent to taking a sum of a smoothed partial derivative with an
additional factor a®?, and the adjoint inverse transform SH »f(a,s,p) is an additional in-
tegration over all scales a?.

Taking an unitary function g such that [3]
S(z) = — g(|z*)z.
In view of (2.1), the above expression is equivalent to

dads
at

uw) = 5@ == [ [ onr @0 ) B s 1)
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In the consequence of (4.1) and (4.2) the following equivalent expression of shearlet shrink-
age in 3-dimension as integro-differential equation is obtain

8’“?0’“
v g = | /
R2

|k|=d
. k (4.3)
0% ok 9 dads
2d a,s
x| gl |a Z Dk * f Dk s
k|=d k|=d

Similar to the discussion in [4], (4.3) can be understood as a single step time-explicit
approximation to the evolution equation:

akﬁk
o d+1 a,s
Opu = /Rz / ozk

|k|=d

k k 2 k ok (44)
0% 0 9 dads
2d a,s
*19 Z “Ozk Z PR

|k|=d |k|=d

If we compare (4.4) to the higher order nonlinear diffusion equation for the multivariate
function

2
oF ok f ok f
_ d+1 2d
O = (D" 2 garg || 2 5o | 2 e |
|k|=d |k|=d |k|=d
we find the following two main differences:

(1) All appearing partial operators in the equation are pre-smoothed by convolution
with scaled and mirrored versions of a set of kernel functions 6%.

(2) The right hand side is not only considered at one single scale but there is an
integration over all scales with additional weight factors.

To cover whole space R3, we define admissible shearlet as:

Pasp = a_l(pi((M(i))_l(;c . p)),i —923,

where ¢! = poR!~! with

{R=

_— o O
o O =
O = O
—

For ¢ = 2, 3, all above results can be obtain after a simple modifications.

5. CONCLUSIONS

It has been noticed that several techniques have been introduced to study the asymp-
totic decay at fine scales and singularities for two dimensional shearlet transform. The
singularity sets defined on surfaces rather than along curves have additional complexity,
therefore, all features do not carry over from two dimensional to three dimensional set-
ting. It is significant to mention here that three dimensional study has more interest for
application point of view in medical and seismic imaging. Hence it is reasonable to study
the shearlet transform in three dimensional setting.
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