DRAFT VERSION of PART II:
Invertible Orientation Scores

R. Duits - E.J. Bekkers

Abstract Inspired by the early visual system of many mammalians we consider the construction of-and
reconstruction from- an orientation score Uy : R? x §971 — C as a local orientation representation of an
image, f : R — R for d € {2,3}. The mapping f — Uy is a wavelet transform W, corresponding to
a reducible representation of the Euclidean motion group onto Lz2(R?) and oriented wavelet ¥ € La(R?).
This wavelet transform is a special case of generalized wavelet theory and has the practical advantage
over the usual wavelet approaches in image analysis (constructed by irreducible representations of the
similitude group) that it allows a stable reconstruction from one (‘all scale’) orientation score. Since our
wavelet transform is a unitary mapping with stable inverse, we directly relate operations on orientation
scores to operations on images in a robust manner.

Furthermore, we show that an operator @ on orientation scores must be left invariant to ensure
that the corresponding operator W; logo W, on images is Euclidean invariant. The specific design of
left-invariant operators (e.g. diffusions, wavefront propagation) will be pursued in subsequent sections.

Literature: This section of the lecture notes is primarily based on the following scientific works
[18,48,2,52,19,6,23,25,24].

Learning objectives:

— Understand the general benefits of an invertible orientation score.

— Understand that the domain of an orientation score of a 2D image is the Lie group SE(2).

— Understand that the domain of an orientation score of a 3D image is the Lie group quotient SE(3)/(0 x
50(2))

— Understand why orientation score processing must be left-invariant and not right-invariant.

— Know how to apply invertible orientation scores to images via the ‘Lie-Analysis’ Mathematica package.
To be downloaded from www.lieanalysis.nl

— Know how to prove general unitarity results.

— Understand the design of proper wavelets for invertible orientation scores.

NB:
Technical parts and exercises with extra material are indicated in blue and may be skipped: The black
text forms the core of the course and does not rely on the blue parts. Regular exercises are indicated in
red.

In many medical image applications it is desirable to construct a local orientation-score of a grey-value
image. In the case of 2D images f : R? — R such an orientation score Uy : R? % S' — C depends on 3
variables (b1, b2, e'?), where b = (b1, b2) € R? denote position and where e?’ € S < (cos6,sinf) € S* is
a local orientation variable.
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Fig. 1 Inspiration for Orientation Scores. Left: A:Parts of visual cortex active under different orientation stimuli.
B: Orientation preference map obtained by vector summation of data obtained for each angle. Orientation preference is
color coded according to the key shown below, replicated with permission from [9], copyright 1997 Society of Neuroscience.
Right:enlarged section of the rectangular area in the upper figure. Shaded and unshaded areas denote the left and right
eye resp. Colored lines connect cells with equal orientation sensitivity, replicated with permission from [73].

Mostly, such an orientation score is obtained by means of a convolution with some anisotropic
wavelet ¢ € La(R?) N 1Ly (R?), cf.[52],[41]:

(1)

sinf cosf

Uy (b,e') = /1/1(R9_1(x’ — b)) f(x') dx’, with Ry = (

R2

cos 6 —sin@)

This idea is inspired by the early visual system of many mammalians, in which receptive fields exist that
are tuned to various locations and orientations. Thereby a simple cell receptive field can be parameterized
by its position and orientation. Assemblies of oriented receptive fields are grouped together on the surface
of the primary visual cortex in a pinwheel like structure, known as the orientation preference structure.

The orientation preference structure is an almost everywhere smooth mapping of the Euclidean motion
group space R? x S* onto the 2D surface. Due to the difference in dimensionality, the orientation preference
structure is punctuated by so-called pinwheels, which are singularities in this mapping, see Figure 1.

For a conceptually convincing overview of the role of sub-Riemannian geometry (and orientation anal-
ysis) in modeling the perception of curvilinear structures in the primary visual cortex we refer to the
pioneering works of Petitot and Citti-Sarti [61,62,13]. These interesting works on cortical modeling may
be considered as a source of inspiration for our objective of developing (digital) image processing tools via
invertible orientation scores.

See Figure 2 for an illustration of the construction of an orientation score of a 2D image. As invertible
orientation scores are actually complex-valued with a real part indicating all local lines in images, and an
imaginary part indicating all local edges in images (as we will explain later), we stress that in Figure 2 only
the real part of the orientation score is visualized. In Figure 3 we show a key advantage of an orientation
score, we enlarge the domain of an image, which allows for crossing wavefronts. In Figure 4 we give two
simple examples of image processing via invertible orientation scores.

Perceptual organization (or image enhancement) on the basis of orientation similarity on images f can
be done via their orientation scores Uy, as there exists a linear well-posed invertible transformation W,
from the image f to the orientation score Uy and vice versa. This invertibility ensures that no information is
lost in the decomposition of an input image into various orientations. Regarding the orientation preference
structure in the visual system this implies that the orientation score may serve as an alternative format
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(g * f)(x, y)

Fig. 2 Construction of Orientation Scores. An orientation score is constructed by filtering an image with a set of
rotated anisotropic filters. Here we show only the real part of the orientation score. The top row shows two of such rotated
filters and their responses on the input image. In an orientation score Uy, obtained via the orientation score transform
Wy, such responses are “stacked” on top of each other. Using so-called cake-wavelets (to be explained in Sec. 3.1) for ¥
one obtains an invertible orientation score transformation Wy, for which a stable inverse transformation WJ) exists: one

can reconstruct the image from the orientation score without loss of information.

to the input luminance function, since there is no loss of data evidence'. As a tool for image processing,
however, the inverse mapping from orientation score to original image is a very useful one as we will see
later.
The domain of an orientation score Uy is the well-known Euclidean motion group G = SE(2) = RZx S,
with group product
gg/ _ (b,eié))(b/’eié)’) _ (b+ R9b17ei(9+9’)) g= (b, ew)’g/ _ (bl,ewl) c R2 “ Sl. (2)

and the mapping f +— Uy is a wavelet transformation?
Up(b,e”) := Wy[f)(9) := Uy, a2y = (ToRewo, Niawzy s 9= (b,e™), 3)
where TR0 is the translated and rotated wavelet and the representation g — Uy is given by
U (x) = (ToReow)) (x) = b(Ry ' (x = b)), g=(b,c") €G.x R, (4)

where (Tp1)(x) = ¥(x — b),x € R? and (R.¢)(x) = ¢(R, 'x), with Rg, 6 € [0,27), the counter
clock-wise rotation given in (1).

Because the local orientation is explicitly encoded in the orientation score, it is much easier to do
(enhancement or perceptual organization) operations based on local orientations in the score.

1 This does not imply that the visual system of mammalians actually runs an inverse process.
2 Note that we take the convention that inner-products are linear in the second entry.
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Fig. 3 The Advantage of an Orientation Score. Top: An invertible orientation score is an image representation that
provides a complete overview of how the image is decomposed out of local orientations. Bottom: Conventional wavefront
propagation in images (in red) typically leaks at crossings, whereas the wavefront propagation in orientation scores (in
green) does not suffer from this fundamental complication. A minimum intensity projection over orientation gives the
optimal fronts in the image. The orange densities denote mobility in the score. This regulates the speed of the propagation
of the green opaque spheres (whose precise geometric meaning will be explained later in Part III).

Image Orientation Score Processed Processed
R? # R? x §4-1 ” | Orientation Score Image
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Fig. 4 Processing via Invertible Orientation Score. Top: instead of direct processing of an image, we process via
an invertible orientation score. Such a score is obtained by convolving the image with a family of rotated proper wavelets
allowing for stable reconstruction (cf. Theorem 2 and Theorem 3).Second row: Example of vessel-tracking in a 2D image
via orientation scores as we will explain in Part III. Third row: Example of crossing-preserving diffusion via invertible
orientation scores of a basic 3D image [48]. Here the modulus of the (processed) orientation score is 5D and visualized by
a grid of angular profiles (see preliminaries, Eq. (7)).
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Structure of Part II

In Section 1 we will investigate and quantify the wellposedness of the transform W, between images and
orientation scores, which depends strongly on the choice of mother-wavelet .

We first motivate in Subsection 1.1 why standard continuous wavelet theory does not apply to our case
of interest.

Then in Subsection 1.2 we will start with a general reproducing kernel Hilbert space view-point which
leads to a general unitarity result in Lemma 4 and a sampling theorem in Lemma 5. This yields a general
view on continuous wavelet theory. For example, although convenient, the SE(d) group structure (which
is important for processing on orientation scores) is actually irrelevant for unitarity results. It is also not
needed to maintain such a group structure in finite discretizations; for d > 2 it would be too restrictive.

In Subsection 1.3 we summarize the main unitarity result for the orientation score transform Wy, in
Theorem 2. Here we note that if one wants to drop the constraint to disk limited images for the orientation
score transform, one must rely on distributional wavelet transforms and this explained in Appendix A.

In Subsection 1.4 we will show that the wellposedness of W, is highly dependent on the choice of wavelet
1 via a continuous function My, which is summarized in Theorem 2, while analyzing formal condition
numbers in Theorem 3. We introduce the notion of proper wavelets, that allow stable reconstruction. Here
we also account for proper wavelets with the fast reconstruction property, in the sense that a practical
integration over angles only suffices for a close approximate image reconstruction.

In Subsection 1.5 we account for a finite number of orientations, and introduce the notion of proper
wavelet sets.

Although group representation theory is not crucial for the unitarity results, it does provide a nice
structured insight in the construction of proper wavelets via (inverse) Fourier transform on SE(2).

In Section 2 we express Wy, as an inverse Fourier transform in Eq. (59), and deduce unitarity of
W, via the Plancherel theorem on SE(2). It does provide a structured view on Theorem 2. Basically,
it shows that the ideal case with My, = 1p,, (or My = 1 in the distributional setting of Appendix A)
corresponds to a proper wavelet ¢ with equal quadratic mass in each irreducible subspace in the image
domain, such that it is unitarily mapped to the irreducible subspace in the orientation score domain.
In fact, this is a over-countable generalization of vector-coherent states [2], and follows general ideas in
the work on abstract harmonic analysis by Hartmut Fiihr [40]. For an in-depth treatment the reader is
referred to [40, ch:4,ch:5.2]. For explanations on the tool of direct integrals see [40, ch:3.3].

In Section 3 we study the construction of proper 2D and 3D wavelets (and proper wavelet sets).
Here we distinguish between:

— Cakewavelets in Subsection 3.1.
— Proper wavelets by expansion in a basis eigenfunctions of the harmonic oscillator in Subsection 3.2.
— Proper wavelets by expansion in a modified (weighted) Zernike basis in Subsection 3.3.

In Section 4 we will provide a first quick overview on image processing via the constructed invertible
orientation scores, that we will pursue in this course. Here we distinguish between:

— Geodesic wavefront propagation in orientation scores.
— Geodesic tracking in orientation scores.

— Crossing preserving diffusions in orientation scores.
Feature analysis in orientation scores.

Template matching in orientation scores.
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Preliminaries and Notation

— The Fourier transform F : La(R?) — La(R?), is almost everywhere defined by

£ 1 —iw X
) = f(0) = Griars [ 7™ ax.
Ra

— The convolution fi * fo of two scalar-valued integrable functions fi : R* — C and fo : R — C is the
scalarvalued function by

(f1* f2)(x /le—sz v)dv

Note that [|7f]|2=||f||* and F(f1 x f2) = (2m) % F(1)F(f2), for all f1, f2 € Lo(R?).
— let f1, f2 be two elements of Lo (]Rd) then their Lo-inner product is denoted by

(1o fo)y ety = / F0) f2(x) dx
]Rd

— For d = 2: We use the following notation for Euclidean/polar coordinates in spatial and Fourier domain,
respectively:

x=(',2*)" = (z,y)" = (reos,rsing), w= (w',w")" = (pcosg, psing)”,

with ¢, € [0,27),7, p > 0. The corresponding complex variables will be denoted by z = x + iy = re'®
and w = wy + iwy = pe'?
— For d = 3: We use the following notation for Euclidean/Ball coordinates in spatial and Fourier domain:
T = (z,y,2)" = r(cos ¢sinf, sin¢sinh,cosh)”,

z%)
)T = p(cos psind, sinpsin, cosd)?.

X z?,

w= (wl,wQ W)

— Images are assumed to be within Lg (Rd). We mainly consider d = 2, unless explicitly stated otherwise.
The space of ball-limited (by ¢ > 0) images is given by

L§(R?) = {f € L2(R?) | supp(F[f]) C Bo,o},0 > 0, (5)

where Bo,, = {w € R? | ||lw|| < o}.
— For d = 3 we often rely on spherical harmonics given by on

= e b eos ), ©)

where P/™ is the associated Legendre function and with integer order I > 0 and integer phase factor
-1 <m<lI.

— With B(H) we denote the space of bounded linear operators on H. The range of a linear operator A
will be denoted by R(A) and its nilspace will be denoted by N (A).

x||2
— The 2D-Gaussian kernel G at scale s is given by Gs(x) = 471‘_36_%.

— Glyph Visualization : Functions U : R® x 2 — R™ will be visualized by a glyph visualization. E.g.
in the 1 bottom-middle figures of Fig. 4. A glyph at a grid point y € ¢ Z3, ¢ > 0, is given by the surface

{y +vU(y,n)n|n € 5%}, (7)

for a suitable choice of v € R. Usually we choose v > 0 depending on the maximum of U, such that
the glyphs (within the grid of glyphs) do not intersect.
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Preliminaries on Group Representations

Definition 1 (representations)
A representation R of a group G onto a Banach space H is a homomorphism R between G and B(H), the
space of bounded linear operators on H. l.e. it must satisfy

Rgh = RgRyp forall g e G,h € G,and Re =1, (8)
where [ is the identity map.

Definition 2 Let G be a Lie group. Then according Haar’s theorem there exist an —up to contant
multiplication— unique non-trivial Radon measure® ;& on the Borel subset of G such that it is left-invariant

w(gS) = p(S) for all g € G and all Borel sets S C G. (9)
For measurable functions U : G — C we use short-notation:

[ 0t0dg:= [ Ota)duto).

G G

Left-invariance of the Haar measure (9) gives du(qg’) = du(g’) for all ¢,¢" € G. In fact (9) amounts to

U g)dg= [Ulg")d(qg') = [U(g)dyg,
S S S

(10)
for all measurable functions U : S — C on some Borel set S C G.
In particular for elements U € L,(G) with p > 1 one writes
1
101y = ( [ 100)Paa) "
G
Definition 3 (left/right regular representations)
Let G be a Lie group. Then its right regular representation R : G — B(L2(G)) is given by
RyU(h) = U(hg) for all g,h € G and all U € La(G), (11)
whereas its left regular representation £ : G — B(L2(G)) is given by
L,U(R) =U(g™"h) for all g,h € G and all U € La(G) (12)

Definition 4 (properties of representations)
Let G be a group and H a Hilbert space.

A representation R : G — B(H) is said to be irreducible if the only invariant closed subspaces of H
are H and {0} and otherwise reducible.

A representation U : G — B(H) is called unitary if (Uy)* =U, * for all g € G.

Examples:

— Let G be a Lie group. Then the left regular representation G 3 g — L4 € B(L2(G)) is a unitary
representation.

— Let G be a Lie group. Then the right regular representation G > g — Ry € B(L2(G)) is a unitary
representation.

— Set G = SE(2). Then the left regular action of the Euclidean motion group g — Uy on H
given by (4) is unitary representation. We will also show that it is reducible.

L2 (R%)

Lemma 1 (Schur’s lemma)
Let R : G — B(X) be an irreducible representation of a Lie group G on a Banach space (X, | - ||). Let
A: X — X be a bounded linear operator on X such that

Vgeqg : RgoA=A0Ry

then A is a scalar multiple of the identity A = X1 for some A € C.

3 I.e. countably additive, regular (inner-regular and outer regular), and its assigns finite values to compact sets.
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Proof. As A is bounded and linear it is continuous and for all ;4 € C we have V := N (A — ul) is closed
in (X, -]])- Now for all g € G the operator Ry maps V onto itself. So either V = {0} or V = X. Now
any operator has a complex eigenvalue say A € C. Then choose ¢ = A in which case V # {0} so that
N(A —XI) = X so that A = Al O

Definition 5 (matrix groups)
We define the following matrix groups:

— Aut(R%) = {A:R% = R?| A linear and A~ exists}

— dilation group D(d) = {A € Aut(R?) | A =al,a >0} .

— orthogonal group O(d) = {X € Aut(R%) | X7 = X1}

— rotation group SO(d) = {R € O(d) | det(R) = 1}.

— circle group S = {z € C | |z| = 1}, z = €'Y, § = arg z with group homomorphism 7 : ST — SO(2) C
Aut(R?), given by 7(z) = Ry, recall (1).

— roto-translation group SE(2) = R? x SO(2) with group product (2).

— Set d € {2,3}. Then the roto-translation group SE(d) = R% x SO(d) is equipped with group product

g192 = (x1, R1)(x2, R2) = (x1 + Rix2, R1 Ra2), (13)

for all (x1, R1) € R? x SO(d) and all (x2, R2) € R? x SO(d).
(NB. Since it is a semi-direct product (as the rotation element R; affects the product in the spatial
part in (13)) we write SE(d) = R? x SO(d) instead of R? x SO(d)).

Note that S = SO(2) = R/[0, 27) under identification
e < Ry 0(Mod 27). (14)
In the lecture notes we will sometimes rely on this straightforward identification.

Ezample 1 Under identification (14) the Haar measure on SE(2) is given by (verify its left-invariance

(10)1):
dg = dxdf . (15)

so that for all measurable functions U : G — C one has
/U(g)dg = //U(x,e) dxde.
G —m R2
Definition 6 Let b € R%, @ > 0 . Then the unitary operators f — f, 7, Dq are defined by
F(x) = f(=x) and Totp(x) = (x — b) and Datp(x) = —r¥(%), (16)
which are left regular actions of O(1),R%, D(d) in La(R?) .

Definition 7 (generators of group representations)

Let H be a Hilbert space. Let V : G — B(H) be some group representation of a Lie group G with unity
element e. Let T.(G) denote the Lie algebra of the Lie group. Let A € Te(G). Then the corresponding
generator/derivative dV(A) is defined as follows:

dV(A)f = g%t—l(vetA —I)f, for all f € Dy, (17)

where Dy C H is a domain of sufficiently regular f € H such that limit dV(A)f exists in H.
Exercise 1 (group-representations)

a.) Show that for any group-representation R : G — B(H) on some Banach space H one has that

Ryt = (Rg) ™" forall g € G.
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b.) Assume that the Haar measure on G is both left and right-invariant, i.e. duc(hg) = duc(gh) = dua(g)
for all h,g € G.
Show that the above group-representations U, £ and R (given by respectively (4), (12) and (11)) are
indeed group representations. I.e. show that they indeed satisfy (8).

c.) Show that the above group-representations U, £ and R are indeed unitary group representations.

d.) Show that Lie group SE(d) equipped with product (13) can be identified with a matrix group that is
a subgroup of GL(d + 1) .

hint: (x, R) <+ (1(? T) .

e.) Set G = SE(2) = R? x S*. Consider the unity element e = (x = (z,7) = (0,0),6 = 0). Set Az = 9y
Show that

e

dU(A3) = +y0r — xdy.

hint: note that e'** = (0,0, e™) recall Ezercise 12 of Part I of the lecture notes.

1 Quantification of Wellposedness of Transformations between Image and Orientation Score

Because the local orientation is explicitly encoded in the orientation score, it is much easier to do (enhance-
ment or perceptual organization) operations based on local orientations on the score. However, well-posed
image enhancement on the basis of orientation similarity in an image f (without loss of data evidence) can
be done via its orientation score Uy iff there exists a stable transformation from image f to Uy and vice
versa. Stability entails that a small* perturbation in the image, must correspond to a small perturbation
on the orientation score and vice versa. For instance in the case of the Fourier transform, the stability is
ensured by the Plancherel theorem, which states that ||f(f)||]]%2(Rd) = ||fH]iz(Rd) for all images f € La(R?).
In standard wavelet theory there also exists such a theorem, but this is not applicable to our case, which
requires some extra generalization of standard continuous wavelet theory.

1.1 Why Standard Wavelet Theory is not Applicable to our Application

In this subsection we first explain why standard wavelet theory, summarized in Theorem 1, can not be
applied to the framework of orientation scores. Then we give a short summary (only as far as relevant for
our purpose) of the results from a new wavelet theory which we developed in earlier work.

Let H be a Hilbert space, e.g. the space of images La(R?). Let U be an irreducible unitary represen-
tation of the locally compact group G, with left-invariant Haar measure ug. Recall the definitions in the
preliminaries.

2
Let ¢ € H be admissible, i.e. Cy = /\(1/1(91;/)7;;/))” dpc(g) < oo (18)
G )
then the wavelet transform W, : H — L2(G) is defined by
Wy f)(9) = Ug, ) - (19)

The next theorem is well-known in mathematical physics [74], and is first formulated and proven in Gross-
mann et al. [44].

Theorem 1 (The Continuous Wavelet Reconstruction Theorem) The wavelet transform Wy, given

by (19) and constructed from an unitary irreducible representation U, is a linear isometry (up to a constant)
from the Hilbert space H onto a closed subspace (C?(w of La(G,dp):

W [AIE, @) = CullfI1? for all f € H, (20)

4 Notice that this depends on the norm imposed on the set of images and on the norm imposed on the set of orientation
scores.
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The space (Cf(w is the unique functional Hilbert space with reproducing kernel
’ 1
Kw(%g ) = ?(ungug’w)'
W
The corresponding orthogonal projection Py, : Lo(G, dp) — C%w is given by

B2)(9) = [ Kolo.) (0 dpcls) @ € La(Grd) . e
G

Furthermore, Wy, intertwines U and the left reqular representation L —i.e. Lq is given by Lg(P) = (h —
D(g7 h))— on La(G) : Wyldy = LWy

Remark 1 If U is the left regular representation of G = RxD(1) xO(1) (the group consiting of translations,
dilations and polarity) onto H = L2(R) one obtains the more familiar framework of continuous wavelet
theory in 1D signal processing.

Remark 2 At this point one may just think of C%w as being the range of Wy, i.e
UeC%, & Irer,me) : U=Wyf

In a later stage of the lecture notes (ch:1.2) we will clarify more on reproducing kernel spaces and their
notation.

Remark 3 The proof in [44] is more technical than one expects at first sight. Roughly, the idea is to apply
the generalized Schur’s Lemma, recall Lemma 22, (but then for closed, possibly unbounded operators [15])
to the kernel operator that a postiori equals Wj; o Wy. Only a postiori (i.e. after one has deduced that
W, is indeed linear and bounded from La(R?) into L2(G) so that W, is ungiuely determined by the
Riesz-representation theorem) one readily confirms (verify this!) via the result the usual Schur’s lemma
for bounded linear operators:

Vgea Wy, 0o Wy) oy =Wy, 0 Lg oWy =Ug o Wy, 0 Wy) = WiWy, = A1, with A = Cy. (22)

Definition 8 In the setting of continuous wavelet transforms constructed from irreducible representations
an admissible wavelet 1) € L1(R?) N L2(R?) is a wavelet with C, < occ.

Definition 9 Let STM (2) denote the group of planar translations, rotations and scalings. Its group prod-
uct is given by
(bl, 91, a1)(b2, 02, a2) = (bl + alelbz, 01 + 62 Mod 27, alag).

Corollary 1 (standard continuous wavelet reconstruction schemes of 2D images )
Let i € L2(R?) NL1 (R?) such that ¢(0) = 0, and consider

WfIM(Q)f(b,eig,a) _ (V(b,eie,a)¢vf)L2(R2) = %/¢ (a=' Ry (x — b)) f(x) dx, (23)
R2

with irreducible representation V : SIM(2) — B(La(R?)) given by
1 1
Vip,ei0,0)¥(x) = —¢(a 'Ry (x = b)). (24)

Then W{EIM(Q) maps the space unitarily onto a closed (reproducing kernel) sub-space of La(SIM(2)) and
we have

Vier,me) @ Wy M@y oW ™MP g = ¢ (25)
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Exercise 2 (Application of the Wavelet Reconstruction Theorem to G = STM(2))

a.) Show that the (up to scalar multiplications unique) left-invariant Haar-measure on the group of planar

g)

rotations, translation and scalings STM (2) = R? x (SO(2) x RT) is given by

/ 0(g) dg/ﬂ//ﬁ(bﬁﬂ)igfde (26)

SIM(2) —7 R+ R2

for all Haar integrable functions U : STM(2) — C. Le. show that (10) holds for G = STM(2).

hint: Study the Jacobian of the left-action g¢' = (b,0,a) — qg’ = (bo, 00, a0)(b,0,a).
Assume 9 € L2(R?) N Ly (R?), which implies [66, Thm. 7.5] that F4 is a continuous function vanishing
at infinity. Show that for all (b,6,a) € SIM(2) and all w € R? one has

(F Vipeo.ayt)(w) = a (Fip)(aRy Lw) e @0 @ D)E, (27)

Assume ¢ € Lo(R?) N1L; (R?), which implies [66, Thm. 7.5] that F) is a continuous function vanishing

WSIM@) 412
Iy Mipsnien 5 fnite for all 0 # f € La(R?) it equals

at infinity. Show that if Cy, = KE
Lo (R2)

U

— da
Cy = / / FuaRy ) %a.
—7m R+
for all w € R? with w # 0.

hint: Use the previous result and the Plancherel theorem.
Assume 9 € La(R?) N L1 (R?), which implies [66, Thm. 7.5] that F is a continuous function vanishing
at infinity. Then show that
Cy < 00=5(0) = [ v dx=0.
RZ

hint: you may use the result of the previous exercise.

Find an expression for the adjoint operator (WfIM(Q))* such that

S * SIM
VueL,(stm(2)) VreL,®2) (W, M@=y, PLae2y = (U, WwIA[(Q)f)Lz(SIAI(2))-

Use the result from the previous exercise to rewrite (25) in an explicit reconstruction formula of the
type f(x) = ...
Finish the proof of Corollary 1, where you may use (without proof) the fact that

hint: follow the idea in Remark 2

WfIM(Q) is bounded.

Of course, we would like to apply Theorem 1 to the wavelet transformation that maps an image to its

orientation score, recall (3), since it would imply that reconstruction of an image from its orientation score
is perfectly well-posed in the sense that (just like in Fourier transform) the quadratic norm is preserved.
Unfortunately, the next lemma shows us that the group representation used to construct an orientation
score is not reducible!

Therefore we cannot apply standard continuous wavelet theory to the orientation score transform. To

account for this fundamental problem, in the subsequent subsections we aim to (re-)formulate continuous
wavelet theory in such a way that irreducibility is neither a requirement nor replaced by a requirement.

Lemma 2 The left-regular action U of the Euclidean motion group in La(R?), given by (3), is a reducible
representation.
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1 1 1
0 -3 0 0 1 0 0 -3 0 0 -3 0 0 0 0
1 1 1 1 1 1
-3 1 1 -3 1 -3 1 1 -3 -3 1 -3 0 4 0
1 + 1 + 1 + =
0 -3 0 0 -3 0 0 -3 0 0 1 0 ] 0 0

Fig. 5 Integrating the discrete orientation score U;% over its 4 discrete orientations (28), boils down to convolution with
the discrete spike §.

Proof: Consider the subspace consisting of La-functions whose Fourier transform have a support inside
a given disk around the origin with radius, say o > 0, i.e. L§(R?) = {f € L2(R?) | supp(Ff) C Bo,o},
then this is a non-trivial vector space unequal L2(R?) which is invariant under ¢/, which directly follows
by F(Uyth) = e PR 0 Fep, for all ¢ € LE(R?) 0.

Corollary 2 Theorem 1 can not be applied to the transform between images and orientation scores that
is given by (3).

We could consider the similitude group SIM(2) = R? x S* x D(1) with representation V given by (24),
which is irreducible, for proof see [54]p.51-52. Recall that this was studied in Exercise 2. Indeed this brings
us within the standard wavelet frameworks in 2D image analysis (in particular to 2D Gabor wavelets, [53],
or Cauchy-wavelets [3]).

However, from a practical and efficiency point of view we do not want to consider multiple scales,
but merge all scales in a single wavelet. This pertains to the so-called Fuclidean coherent states from
mathematical physics® [45].

Clearly, omitting the dilation group has serious consequences (as we have to capture all relevant scales
up to the Nyquist frequency at once), however we get hope form the following introductory, finite sampling
example, which shows us intuitively that integration over orientations can already be sufficient for sharp
reconstruction.

Example: Suppose we construct a discrete orientation score with only 4 orientations, up, down left and
right, constructed with the following discrete oriented wavelet ¢ : Z x Z — R, given by

o 1 if (z*,2%) € {(0,0),(1,0)}
Yl 2] = —1/3 if (¢, 2?) € {(0,1),(0,—1),(—1,0)}

0 else

see Figure 5. Then reconstruction of the original discrete image f : Z x Z — R from its orientation score
is done by integration over all directions.

4
flz', 2% = i Z Uflz', 2, e/, (28)
k=1

1.2 Reproducing Kernel Spaces and Continuous Wavelet Transforms

Before we formulate the main theorem (Theorem 2) from which we can quantify the stability of the
transformations between image and orientation score, we give some short explanation on reproducing
kernel Hilbert spaces (also called ‘functional Hilbert spaces’, as they consist of true functions and not
function classes), which is necessary to read and understand the theorem. The reader must keep in mind,
that although the Lemmas below hold in a more general setting, we shall be concerned with the space of
orientation scores of 2D images which means that we shall soon consider the following setting:

Index set : I=SE(2),
Reproducing kernel: K (g, h) = Uy, Un)L, (r2)-

5 which are not to be confused with the more familiar Euclidean coherent states constructed from the irreducible
representations of the Euclidean motion group onto Lz (S1), cf. [2]p.219-220.

(29)
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1.2.1 General Unitarity and Sampling Results on Reproducing Kernel Hilbert Spaces

A reproducing kernel Hilbert space is a Hilbert space consisting of complex valued functions on an index
set I on which the point evaluation da, given by da(f) = f(a) is a continuous linear functional for all a € 1.
This means that da(frn) = fn(a) — da(f) = f(a) for every sequence {fn} in H which converges to f,
fn — f. It is not difficult to show that a linear functional on a normed space is continuous if and only if
it is bounded.

Exercise 3 Prove the previous statement.

So da is a continuous linear functional if and only if there exists a constant Ca such that |f(a)| <
Cal|f|| 7. For example, the spaces La(R?) are not functional Hilbert spaces, but the well known first order
Sobolev space Hj (R) is such a functional Hilbert space.

If H is a functional Hilbert space, then da is a continuous linear functional, so that by the Riesz
representation theorem it has a Riesz representative Ka € H such that

f(a) = 6a(f) = (Ka;f)H,
for every a € 1. The function K : I x I — C given by
K(a,b) = (Ka, Kp)n = Kp(a)

is called reproducing kernel, because of its reproducing property. Therefore, ‘functional Hilbert spaces’ are
also called ‘reproducing kernel Hilbert spaces’.

An important general observation is that the span ({ K, | m € I}) must be dense in the reproducing kernel
Hilbert space. Indeed if f € H is orthogonal to all K,, one has f = 0.

Exercise 4 (Examples of reproducing kernel spaces)

a.) Show that the space of bandlimited 2D images (on a square [—L, L] x [—L, L])
Ly VP (R?) = {f € La(R?) | supp{F/} C [-L, L] x [-L, L]}
is a reproducing kernel space and show that its reproducing kernel equals:
Kp(a,x) =2rF [l p pjx-r,0))(a - X') = 4L sinc(L(z — ') - sinc(L(y — ),
with a = (z,y), x’ = (2/,y') and sinc(v) = 22 for 0 # v € R, and sinc(0) = 1.
BAND,x

b.) Let us consider L = 7 for simplicity in the following sampling theorem. Show that any f € L,
can be exactly reconstructed from its values on a discrete grid (by ‘sinc-interpolation’):

f@= | F(x) Kx(a,x)dx' = 3 f(n) Kr(a,n)

2
oy 47

(hint: f(n) equals the n-th Fourier series coefficient of Ff| . oy (n y-)

c.) Show that the space of disk-limited images L§(R?), recall (5), is a reproducing kernel Hilbert space,
and show that its reproducing kernel equals

K(x,x) = F ' 1p,,J(x %) = /i (HX - X’ll) ¢

0 [ — /]|
d.) Derive the reproducing kernel of the first order Sobolev space Hi(R) with inner product
(f, 9 @) = (f; 9L, + (Df, Dg)L,®),

with generalized derivative D.
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In general the reproducing kernel in a functional Hilbert space is a function of positive type on I, i.e.

n
1=1

n
K(mi,mj)cic; >0, foralln €N, c1,...,¢n € C, my,....,m, € L.
—

J

Conversely, as Aronszajn pointed out in his paper, cf. [4], a function K of positive type on a set I uniquely
induces a reproducing kernel Hilbert space consisting of functions on I with reproducing kernel K. Hence-
forward we shall be concerned with the following sort of functions of positive type

K(mi7 mj) = (¢ml ) ¢mj)Hﬂ
where typically, we consider H = La(R?) so that (-,-)z denotes the La-inner product.

Definition 10 We denote this unique reproducing kernel Hilbert space consisting of functions on index
set I with reproducing kernel K by Cl.

Next we explain some basics on the formal norm on Ck and a sampling theorem. For further details,
see [4,57]. The span ({ Ky, | m € I}) is an inner-product space with respect to the following inner product

l n l n
ZaiKml , ZBijj = Zzaﬁj K(mg,m;).
i=1 j=1

i=1j=1

By taking the completion of this inner product space we get the Hilbert-space Ck, carrying the norm:

2
l )
Z:l o’ ®(m;) .
||¢||éﬁ,( = sup . j; | leN,a; € C,my €1 Z akad K(myg,m;) #0 ,, (30)
> akad K(mg, mj) k=1
k=1

which is unfortunately rather intangible from the engineering point of view (due to its technical dual norm
formulation). In our case of interest (29) we will derive a tangible description of these inner products.

Lemma 3 Let K be a function of positive type on 1 and F a complez-valued function on 1. Then the
function F belongs to Ck if and only if there exists a constant v > 0 such that

!
<~ z ako? K (my, mj), (31)
k=1

Lo 2
‘ Z oﬂF(mj)’
j=1
forallleNando? € C, m; €I, 1 <j<I.
Proof: See [57, Lemma 1.7, pp.31].

Remark 4 From Lemma 3 it follows that the norm on Ck is given by (30) via dual norm construction.

Lemma 4 Let V = {¢m | m € I} be a subset of H such that its linear span is dense in H. Define the
function K : I x1— C by

K(m7 m/) = (Qbmv Gm ) H-
Then the transform W : H — Cy defined by
WID(m) = (ém, fu (32)

is a unitary mapping, i.e. [W(fllc,. = Ifllz for all f € H.
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Proof First we show that Wf € Ck for any element f € H = (V) and that W is bounded (and therefore
continuous). If f € H then

]lela] WH)lma)| —\Zlagwm],f ul = )(Zamm],f) ’
J= J

l
<[ esm
j=1

foralll € N, a1,...,0q € C, and m1,...,mn € I. So Wf € Ck by Lemma 3 and ||Wf||¢2:a( < IfII3, by

(30). Next we prove that W is an isometry. Because (¢m, ¢m’) = K(m,m’), VW maps a linear combination
> Gtidm, onto the linear combination ), a; K (-, m;). So W((V)) = ({K(-,m)|m € I}). Moreover, it maps
(V') isometrically onto ({K (-, m)|m € I}), because

( z:oh(lsm1 Zﬁj¢m )(CHK:(ZaiK("mi)aZBjK("m;))CﬂK

= ZEZ/B]K(WLZ,’ITL;) = Zaiﬁj(ﬁbmm ¢m3)H
5

4,3

l

2

IR = (D @way K mi,my) )11
k,j=1

Since (V) is dense in (V) and W is bounded on H = (V) it follows that W is an isometry. Furthermore,
WI(V)] is dense in Ck. So W is also surjective and therefore unitary. O

Also, a sampling theorem comes for free on the reproducing kernels spaces, that is, again, as long
as the span of {¢m, | m € I} is dense in H.

Lemma 5 Let H be a separable Hilbert space, such that V- = {¢m | m € I} is a frame in H. Let {mn }nen
be a sequence in T such that {¢m, | n € N} is an orthogonal basis in H. Set K(m,m') = (¢pm, dm:). Then

men) K(m,mn) ’

neN (mn7mn)

for allm €1 and f € Ck. Moreover,

2

117 = 3 AP0 o i £ e .
K(mn,my)

neN

Proof By Theorem 4, the corresponding map is unitary, and therefore the set {K,,, | n € N} is an

orthogonal basis for Ck . Let f € Ck, then

(Kmn ’ f)(CH
f=2 B Km, =) =D fma) -
perd g VE (M, mn) VK ( mmmn) = mn,mn)
Therefore the second statement follows. For the first statement take the inner product with K. O

1.3 A Unitary Map from the Space of Images onto The Space of Orientation Scores
By applying Lemma 4 to the case

H=12(R*),I=R*xS"=SE(2) =R> x SO(2), and V = {Uyy | g € G}, (33)
which is dense in Lo (R?) iff

0< My(w) = (2n) [ 1F(0)(peosip, psing)? di < o0 (34)

almost everywhere on R?, and by characterizing the inner product on the space (C%';:Rz)qs1 we obtain:
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Theorem 2 (Unitarity Result for Orientation Score Transform )
Let 1 € L1 (R?)NL2(R?) be chosen such that My, > 0. The space of orientation scores equals the Reproducing

Kernel Hilbert Space (Cﬂfjxsl‘ The inner product on (Cﬂ}:”‘gl is characterized by
(U, V)m, = (Ta, (U] Taa, [V, (r2 s

where

T, [U])(B,0) = F* [w 2 |2m)F My ()| ™% FIU(,e)](w)] (b), (35)

characterized by My, given by (34).

The transform Wy, : La(R?) — (Cﬂfgx'sl between image f and orientation score Wy, f given by (3) is unitary
and

IF1E, g2y = W fliRe, = Wef, Wy f)u,,

™ . (36)
F=WiWylfl=F ! lw ? FWy [, e))(w) FIReot](w) db My (w)| -

Proof First of all we note that each fixed #-layer in the orientation score (recall (1)), i.e. the function
Wy f(+,0) can be written as a convolution with the image f:

Wy f)(b,0) = (Vg * f)(b) for all b € R?,

where we use short notation for the rotated kernel: 1(x) = (R, 'x). Note also that tg;r(x) =
Y(—Ry 'x). Now, recall from part I that a convolution in the spatial domain corresponds to a direct

product in the Fourier domain: (F(f1 * f2))(w) = (277)%]:]‘1 (w) F f2(w). Here we have d = 2, so we rewrite
(2m) " (FWy f(,0))(@) = F (g y) (@) (F(w) (37)

By setting the special case (33) in Lemma 4 we know that W,, maps L2(R?) unitarily onto (Cf(E(Q). Now
by compactness of SO(2) and Fubini we can switch orders of integration and obtain by Plancherel theorem
for Fourier transform F : L2(R?) — La(R?) that:

. My,
WS I2gmcn = 1 = WFS sy = [ 1F )P R d

=2r [ f |Ff(@)Fhgn(@)]? A0 (My(w)) ™ dw
R2 —7

Dy
_77‘:rR2

) [ [ F T, We fl(w, €)]? dwdd
— 7 R2

= [ [T, Wy fl(b,€™)|* dbdd

— 1 R2

W £l

FWof(w, ) (2rMy (@) 3| dwds

for all f € La(R?). For U = W, f one indeed has a finite norm ”U”?\/Iw < oo and all above integrals in
(38) converge®. O.

Consequences and Remarks:

6 In the general setting of Theorem 2 the reproducing kennel norm equals the M-norm, but it is not equivalent to the
L2(R? x S1)-norm (since for ¢ € L1 (R?) function My, is a continuous function vanishing at infinity). This is in contrast to
the setting of Theorem 1 where U is assumed to be an unitary irreducible representation and where the reproducing kernel
norm was in fact the La-norm. Recall from Lemma 2 that the representation U used for the orientation score transform
(3) is reducible.
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1. This theorem easily generalizes to d dimensional images, i.e. f € L2(R?%),d = 2,3,.... The only thing
that changes is that integration now takes place over SO(d) and the function M, becomes

My(w) = (2m)*? / | F(Rewp) (w)*dpr(t) (39)
SO(d)

where dpr(t) is the normalized Haar-measure of SO(d), which is the Fourier transform of

() = / (Rt * Reth) (x)dpar (1),

50(d)

It can be shown that if ¢» € Li(R?), then My, and 1 are continuous functions in Li(R) and thereby
vanishing at infinity. As a result(!) the ideal case My = (27)%/? (in which case we would have H, =
L2(R? % SO(d)) and thereby (quadratic norm preservation between image and orientation score) cannot
be obtained unless one uses a Gelfand triple structure (just like Fourier transform) constructed by means
of the Laplace operator’, for details see Appendix A.

2. Theorem 2 easily generalizes to the discrete orientation group, i.e. G = Tyn % R2, where

Ty = {eF4 |ke{071,...N—1},A:2§}7 for N €N, (40)

by replacing integrations by discrete summation. Notice that the discrete orientation score U}V (b, eikAe)

of an image f € La(R?) is given by

; 2
UN (b, e™2) = (ToReaoth, i,y k€ {0,1,... N — 1}, A0 = ﬁ”

N-1
and the discrete version of the function M, is M$ (w) =27 3 |F(Reirae ) (w)]?.
k=0

3. The function My completely determines the stability of the forward and backward transformation. In
practice (due to sampling) we work with ball-limited images (5). If we restrict the wavelet transforma-
tion to the space of ball-limited images LS(R?), then we can define a condition number (with respect
to quadratic norms on the space of images and the space of orientation scores), [18]. This condition
number tends to 1 when M, tends to a constant function on the relevant part of the spectrum say
1B, ,. We will call wavelets with the property that My] Bo., ™ 1 proper wavelets (a formal definition

soon follows in Definition A) as they guarantee a stable reconstruction. For these type of wavelets we
could as well use the approximative reconstruction formula®

frdnf=F" oo o [ FIWaFCe)w) FIRwl(w) 0| (41)
0

4. In Eq.(33) and (34) and in the above theorem, one could also restrict one-self to ball-limited images and
ball-limited wavelets from the beginning, so that all integrals in (38) take only place on Bg,, and so that
the spatial parts of the space Hy, are ball-limited. This simplifies, but is also a little bit unconvenient
as 1 € Li(R?) N LZ(R?) implies Fi)(w) vanishes continuously towards the boundary p = |w|| — o,
which would not match our definition of proper wavelets (cf. Definition A below).

7 This commutes with the left regular actions Uy for all g € R x SO(d).

8 We stress that even if My, # 1 stability is still manifest. The only requirement on My, is that it remains overal finite
and non-vanishing. Recall that in general one has to use (36) for exact reconstruction.



18 R. Duits, E.J. Bekkers

1.4 Quantification Stability of the Transform between Images and Orientation Scores

In this section we will formally quantify stability of the transforms between images orientation scores.
There we will also include the cases where approximate reconstruction is performed by integration over
angles only. Furthermore, from the engineering point of view imposing La-norms on domain and range (for
condition numbers) seems to be a more fair way of quantifying stability (rather than imposing a kernel
dependent reproducing kernel norm on the space of orientation scores). We first provide some preliminary
definitions.

Definition 11 (The condition number) Let (V)| - ||v) and (W, ] - ||w) be two normed vector spaces.
Let A:V — W be an invertible linear map. Then
. A At
cond(A) = [|A[| A7 = sup 1AUW g A vy
ozvev [Ivllv ozwew [wllw

If A is injective (but not surjective) then we define

A
Cond(A) = sup m sup m
ozvev [Vllv ozvev [|Av|lw

Definition 12 (The coupled space R? x S¢~! of positions and orientations, d € {2,3}).
Let a € S%~1 denote an a priori reference axis.

For d = 2, our default is a = (1,0)7.
For d = 3, our default is a = (0,0,1)%.

(42)
Let us denote the action of the rotation-translation group SE(d) = R? x SO(d) onto set R? x §4~1 by
g©® (x,n) = (b,R) ® (x,n) := (Rx+ b, Rn) .
Then two rotations and translations g1 and g2 are called equivalent if
g1~ 92 91 0(0,a) = g2 ©(0,a). (43)
This boils down to the following partition of equivalence classes (left-cosets) in SE(d):
gi~g gl € H (44)
where H := {0} x Stab{a} = {0} x SO(d — 1). This partition of equivalence classes is denoted by®
R% % §471 .= SE(d)/H = SE(d)/({0} x SO(d — 1)). (45)
Similar to 47! = SO(d)/SO(d — 1) we denote the elements of R? x S9! by (x,n). Keep in mind that
every element (x,n) is a class of roto-translations {(x, Rn) | with Rn € SO(d) s.t. Rna = n}.

Exercise 5 Verify that the equivalence relation in (43), is the same as the equivalence relation in (44).

Definition 13 (proper wavelets) Let us set a priori bounds'® 6, M >0, 1> ¢ > 0,
(in practice we choose § = ¢ and M = 1.1 and & = 0.01).

Then, a wavelet ¢ € Lo (Rd) is called a proper wavelet if

1) ¥ € Li(RY),

2.) (R 'x) = ¢(x) for all R € Stab(a) C SO(d), (46)
3.) VweBo, @ 6 < My(w) = [ |FY(Ra'w)]* do(n) < M.
Sd*l

9 Formally speaking S?~! is not a group, and the use of the semi-direct product symbol in the left-hand side of (45)
is questionable, in contrast to its use in the righthand side. Nevertheless, the notation is convenient and the reader must
keep in mind (45) is just our definition.

10 In practice we choose the default values § = L and M = 1.1 and € = 0.01 and note that it is actually the ratio %

8
that determines the condition number. It is just that it is a convenient choice to set the upper bound close to 1.
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If moreover, one has

4) 3 VweBo,, @ Ny(w):= [ Fy(Ry'w)do(n)€[l—¢1+¢],

50<e0<e
Sd—l

then we speak of a proper wavelet with fast reconstruction property, cf. (47).

Remark 5 The 1st condition ensures that its Fourier transform is continuous, [66, Thm. 7.5]. The 2nd
condition allow for an appropriate definition of an orientation score rather than a rotation score, see
the next definition. The 3rd condition ensures invertibility and stability of the (inverse) orientation score
transform. The 4th condition, allows us to use of the approximate reconstruction by integration over angles
only:

f(x) =~ / Wy f(x,n) do(n). (47)

gd—1

Exercise 6

a. Show that the 2nd condition in (46) implies that

VReso(d) Vwerd : P(Rw) = P(w),

where 1) = Fip.
b. Show that the 2nd condition in (46) indeed implies that the choice of Ry € SO(d) such that Rna =n
does not affect the defined continuous functions My, : RY — RT, Ny : RY — RT.

Remark 6 Formally we have by (39), the fact that Stabgo(q)(a) = SO(d—1),” and the symmetry require-

ment that My (w) = (27r)% uw(SO(d—1)) [ [(RIw)|>do(n). Nevertheless in the 3rd item we omit the
Sd—1

scalar multiplication before the integral in (46) to keep thing simple. Note to this end that a constant

scalar multiplication of the transform Wy, and/or My is relevant both for stability and condition numbers.

Definition 14 For proper wavelets ¢ € La(R%)NL1 (R?), we constrain the domain of our wavelet transform
to ball-limited images Lg(Rd), and we define the orientation score transform

Wy : LER?) — Lo(RY x §471)

in a well-posed manner by

Wy f(b,m) = U, Ry ¥ Fraee) (48)
for all ball-limited images f € L§(R?), where the rotated and translated wavelet is given by

U, r, ) (x) = P(Rn ' (x — b)),
and where Rn € SO(d) denotes any rotation that maps reference axis a onto n.
Definition 15 Let ¢ € L2(R%) N L1 (R%) be a proper wavelet (which is axially symmetric around a).

Let us denote the concatenation of the orientation score transform and approximative reconstruction by
integration over S%~! only, by operator Ay Lo (RY) — L2(R%) be given by

(D60 = [ Wofx.m) dow)
Sd—l
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Theorem 3 (Stability of Orientation Score Transform)
Let ) € ]LS(Rd) be a proper (so azially symmetric) wavelet. Then the condition number of the orientation
score transform mapping s

Wy : LE(RY) = La(R? x §471)

equals
52 —1
(condWy))™ = [IMyllL.(Bo.,) " My [l (Bo.,)-

where Bo, = {w € R | |w| < o} denotes the ball in the frequency domain with radius ¢ > 0. The
condition number condWy) of Wy, : LY(RY) — (CiE(d) equals 1. The condition number of the orientation

score transform concatenated with reconstruction by integration over S~ only equals:

cond(Ay) = [[NyllL(Bo.,) - ||NJ1||L°°(BD,Q)~

Exercise 7 Verify that the 2nd condition in (46) is both sufficient and necessary for a well-posed definition
of Wy f : R% x §471 — C for all ball-limited (grayscale) images f € LS(R%).

Exercise 8 (Proof of Theorem 3)

a.) Show that for any multiplier operator My, : L2(Bo,,) — L2(Bo,,), given by M, f = mf with a
continuous multiplier m : Bo,, — R, the operator norm || M,,| equals the maximum value that m

attains on compact set Bo,,.
b.) Let ¢ € L§(R?) be a proper wavelet. Show that for all f € LE(R?) one has

W laonsry = ) [ Mo() (FD@) dw < o0

with My(w) = [ |F(Ry 'w)[? do.

c.) Provide a detailed proof of the above theorem for d = 2.
d.) Provide a detailed proof of the above theorem for d = 3.

Remark 7 (storing the lowest frequencies seperately) In continuous wavelet theory it is common to
separately store very low frequency components separately (as they represent average value and very global
variations which appear at scales much larger than the elongated structures of interest in the image), see
e.g.[70,56]. This yields a vector valued transform f — W, f, with a vector valued wavelet

¥ = (o,91)" with o = Gs, 9, ¥1 = (1G5, ), (49)

with Gsp (w) = emsollel®, sp > 0, whose stability can be analyzed in a similar way as in the above theorem.
For details see Appendix B.

1.5 Working with a Finite Number of Orientations is Simple to include: Proper Wavelet Sets

Instead of working on SFE(d) one may choose to work on sub-groups that use only a finite number of
orientations. For SE(2) = R? x S', one can work with SE(2,N,) = {(x,0) € SE(2) | 6 = 0, = 227} via
equidistant sampling while identifying e <+ § Mod 27:

0, = ]\%QW7 fork=0,...,No—1€N.
For SE(3) (where the subgroup property is much more restrictive, see the exercise below) one may consider,
only those rotations that map the vertices of the icosahedron onto each other. Not much changes to the
theory so far, as one just replaces the integrals over S4~! by summations. Even for d = 3 one may drop the
formal group constraint (as it is not crucial for reconstruction and stability) and work with orientations
that arise by tessellations of the icosahedron [18] while using (spherical Harmonic) interpolation [48].
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It is worth noting that a very interesting formal relation with inverse Fourier Transform on discrete
subgroups on SE(d), cf. [42], similar to the full continuous setting [24, App.A], which we pursue in the
next section, only applies to the cases where discrete subgroups of SO(d) are used. Despite that represen-
tation theory of semi-discrete subgroups of SE(d) is mathematically interesting, we do not need it in our
framework.

Exercise 9 (Limited discrete subgroups of SO(3) and semi-discrete Subgroups of SE(3))

a.) Show that on a convex regular solid in R® with n-gon faces (so that we have n-points per face) one has
2r —r(n—2)7/n >0,

where 7 is the amount of faces meeting at every vertex.
hint: the above expression is known as ‘the angular defect™

b.) Show that the largest platonic solid is the icosahedron with V' = 12 vertices, ' = 20 faces and
E =V 4+ F —2=30 edges.

c.) Determine the subgroup SE(3, Ng) = R® x SO(3, Ng), with SO(3, Ng) denoting the finite group of
Npg = 60 rotations that map the vertices of the icosahedron onto itself.

Let {n;}X°, be an almost uniform sampling on S?~!. For d = 3 such almost uniform sampling can be
computed using:

— an electrostatic repulsion model, where a given number N, of charged particles are placed on a sphere
such that a cost (reflecting the total amount of magnitudes of electrostatic repulsion forces) is mini-
mized, see for example [14].

— a higher order tesselation of the icosahedron.

Assume we have a number N, of orientations V = {ni,nz,..,ny } C S?°! and define the discrete
invertible orientation score W¢[f] : R* x V — C by the correlations

VAL Geomi) = G+ 1)) = | Gy =30 £(3) . (50)

The exact reconstruction formula is in the discrete setting given by

N,
0 = (V) VDG = 7 [~ & o s WEAC @A |09, 61
i=1
with A; the discrete spherical area measure which for reasonably uniform spherical sampling can be
u(S*h)
No

approximated by A; ~ (otherwise one could use more accurate approximations [27, Eq.83]), and

o

Mi(w) =Y

=1

N 2
P, (w)‘ A (52)

Again, an exact reconstruction is possible iff 0 < § < Mi(w) < M < oo and we have Lg-norm preservation
for our transform between image and orientation score when M$:1. Again, for the wavelets for which

N,
Ni = thn, (w)A; & 1, (53)

=1

the reconstruction can be simplified by a summation over orientations

N,
Fo) & Y W%, 1) As. (54)

i=1
For this reconstruction by summation we can analyze the stability via the condition number of the mapping
that maps an image f € L§(R?) to an orientation integrated score

No

AL = (U, * f) A, (55)

i=1

11 Tt can be shown that the angular defect equals 47 over the total number of vertices of the platonic solid



22 R. Duits, E.J. Bekkers

_ (em?

N,
with a finite ‘uniform’ spherical sampling {n;}x°,, s.t. 3. A; = p(8471) = 7(a72y- 1t has condition number
i=1

ax N (w
Jogx Ny(w)
min N%(w)’
Sl 5 (w)

cond(Ai) =

which follows along the same lines as for the fully continuous setting (Theorem 3). Akin to Definition 13 for
the continuous case, the reconstruction properties of a set of filters is captured in the following definition:

Definition 16 (proper wavelet sets) Let us set a priori bounds'? §, M >0, 1> ¢ > 0.
(eg. 6 =%, M =11, =0.01).
Let o be the maximum frequency radius of our ball-limited image data®®.
Then, {¢n;, |2 =1,...,No} with an almost uniform spherical sampling
(27) %
d

with corresponding disjoint surface areas A;, such that vaz’l A, = ,u(Sd_l) = 7@ is called a proper
wavelet set if

1) 1 € Li(R?%) NLa(RY),
2.) (R 'x) = 9(x) for all R € Stab(a) C SO(d),

NU ~
3) VWGBU,Q 10 < Mg(w) = Z W}m(w)‘QA’L <M,

=1

If moreover, one has
d AL
4) 3%Q<QU<QVWGBU,QO : Nw(w) = Zl wm(w) FARNS [1 —& 1+ 5]7

then we speak of a proper wavelet set with fast reconstruction property, cf. (47).

2 Proper 2D Wavelets resp. 2D Admissible Wavelets and their Connection to (inverse)
Fourier Transform on SE(2) resp. SIM(2)

So far we presented a for the application relevant summary of results of our previous theory on invertible
orientation scores. A natural question that arises to the reader is how does the invertibility of transform
Wy, given by

(B> (@,9) = fla.y) €R) — (SIM(2) 3 g = Wy f(9) = (Voo /) €C)

relate to the irreducibility of the underlying representation V, recall (24). Secondly, the question arises
how this relates to the fact that we must set'* M, = 1 Bo,, (recall (34) and (36) to guarantee well-posed
(ball-limited) images reconstruction of the transform W, given by

(B> (@,9) = f@,y) €R) > (SB(2) 3 g = Wafl9) = Ut ) €C) |

by means of its La-adjoint ()7\71/,)* In this section we provide a brief answer to these important questions.

Although the early works of Grossmann et al. [44], [2], are mostly based on decomposition of the
identity using extended versions of Schur’s lemma, an alternative and shorter answer to this question can
be deduced from the work by Hartmut Fiihr [40, ch:4] exploiting the relation between the transforms
Wy : La(R?) — Lo (STM(2)), recall Eq. (23), and Ww : Lo(R?) — L2(SE(2)), recall Eq. (48), and inverse
Fourier transforms on respectively the groups STM (2) and SE(2). Here we will focus only on our specific
cases of interest and provide the explicit formulae for these cases.

12 Tn practice we choose the default values § = 1 and M = 1.1 and ¢ = 0.01 and note that it is actually the ratio £

6
that determines the condition number. It is just that it is a convenient choice to set the upper bound close to 1.
13 Typically g is close to the Nyquist frequency.
4 Or My, = 1 if one relies on distributional orientation score transforms in Appendix A.
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To this end we use the general identity: trace{a ® bo A"} = (Ab, a), where A is some bounded linear
operator on a Hilbert space and a and b some vectors in the Hilbert space, where we define (a ® b)(x) =
(b,z)a. As a result we rewrite the wavelet transform WjIM(Z) as

dv .. (o)
Wy M@ f(g) = (Vgu, DLy (ee) = trace{f @ wo (Vo) } = [ trace{Af (o) o(g™ )} 5 B

Ve 4
SIM(2) sty V) (56)

1 —1 -1
= ———F5|F A ,
VS/I\M(Q)(V)[ SIM(Q)( £)lg™h)

where vg777 ) denotes the Plancherel measure on the dual group STM (2), consisting of all non-equivalent,

unitary, irreducible representations of the group STM (2) and where

[0 ifo#V
Af’w(o-)_{f@l/)if()’:v

So the Plancherel Theorem for Fourier transform on the group SIM(2) now yields

dve—.. (o) 1
STM(2
W f I, (s1a1(2)) = / 1470 @ 22— = 12, gy I 2y 55 R
L STM(2)(V) SIM(2)
SIM(2)
where ||| - ||| denotes the Hilbert-Schmidt norm, which is defined on bounded operators A € B(LL2(R?))

acting on L2(R?) by means of

oo}
[1|A]||? = trace{A*A} = Z |A frll?, where {f}32, is some orthonormal basis for L2 (R?) ,
k=1

so in particular, the Hilbert-Schmidt norm of the tensor product f ® 1 of 1) and f equals

I1f @l = 121117

We conclude that the admissibility constant (18) equals

1 2
Cy = —II¥ll
VST (2) V)

and moreover, the unitarity of W,, directly follows from the Plancherel theorem on SIM(2) and the fact
that V € STM (2).

Obviously, one would like to put the same kind of connection of transform W, : Lo (R?) — La(SE(2))
and inverse Fourier transform on SE(2) but let us recall (from Lemma 2) a technical problem here: In
contrast to the representation V' the representation U is reducible. Therefore it must be decomposed into
irreducible representations, i.e. i must be written as a direct integral of irreducible representations. This
is similar to the well-known Peter-Weyl theorem for compact groups, [68], but the technical problem is
that SFE(2) is not compact giving rise to an over-countable set of irreducible representations requiring
direct integral decomposition (for details on these decomposition see [40, p.67-84]) rather than direct sum
decomposition. All unitary, irreducible representations, up to unitary equivalence, of SFE(2) are given in [71]
and the ones with non-trivial dual Plancherel measure occur only oncein the direct integral decomposition
of U. They can be related to the dual orbits of SO(2) on R? which coincide with rings in the Fourier
domain, using Mackey’s theory [55].

Now the theoretical rationale behind My, = 1p, ,, (recall (34) and (36), is that the kernel ¢ must be
chosen with unit length in each irreducible subspace of Lg(R?) N L1 (R?), meaning that the Lz-norm over
each fixed ring in the Fourier domain is 1 (note that My (w) only depends on the radius p = ||w||) so that
each irreducible subspace of La(R?) N L1 (R?) is unitarily mapped to each irreducible subspace of the space
of orientation scores R(Wy,) C L2(SE(2)).

Let us verify these statements on both the transform Wy, between images and orientation scores and the
corresponding reducible representation U by explicit formulas. First of all we define the representations
U* : SE(2) — B(L2(S,)), where B(L2(S,)) stands for all bounded operators on the space La2(S,) of
quadratic integrable function(s) (classes) defined on the sphere S, = {w € R? | ||w| = p}, given by

USF(pcos g, psin p) = e'P o8 @ sin @l &) p(pcos(p — 0), psin(p — 0)),

for all g = (z,y,e") € SE(2), F € La(S,).
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Exercise 10 Show that these representations are unitary equivalent to well-known unitary, irreducible
representations of SFE(2), [71],[12, ch: 10.2], given by

ULH(V) = e P G((Rg) V), p> 0,6 € La(S1),v € S1,9 = (x,6) € SE(2), (57)

hint: UL = D, o UL o D, with dilation operator Dy : L2(S1) — L2(S,) given by Dy (v) = P72 d(p V)

. Consider the dual orbit space S*\R?, where the dual orbits are given by S, = {ATw | A € SO(2)},
with p = ||w]|, then we have the following direct integral decomposition

D
FolyoF ' = / us dv(S,) ,

R+=S1\R2

where the measure on the dual orbits by identification p € RT = S, € S'\R? equals dv(S,) = pdp.
Analogously to (56), we have

D .
Wy f(9) = Ug®, flL,mey = ([ US pdp Fip, F L, r2) 58)
o B ) 58
= [ (@) Fls, Ffls,) pdp = [ trace ((F11s, @ Fuls, ) oUl) pdp.

Now p — UP” is injective into the dual group @(2), since U is unitary equivalent to the unitary irreducible
representations (57). Moreover dv(S,) equals the restriction of the Plancherel measure to {{/”},>0, [71],
so we see that (58) can be rewritten as

Wy fg™h) = Fape (o= Ffls, @ Fils )(9). (59)

Now by the Plancherel theorem on SE(2), [71], [12] (and R?) one has

o0 oo
W I, spia = | 1l FAls, © Fels, 1700 = [ | Fols, 12,5, F1ls, 12205, 000

2 2 7 2 (60)
L, 2y = IFFIE, ey = of I F£ls, ILycs,)pde
so indeed we have the following sufficient and necessary condition for La-norm preservation:
Wy =Wy & My = 1p,, & || Flg, [f,cs,) =1 forall 0> p = [|lw] >0,
where we recall the definition of M, (34) and where we note that
My(w) = | Fols,_, Ias,) = /Sz [Fip(pcos ¢, psing)|* pde, with p = [w], (61)

Moreover, for ¢ € LS(R?) N 1Ly (R?), with M, = 1B,,, its continuous Fourier transform F%) has equal
LL2-norm over each dual orbit, implying that each irreducible subspace of Lz(R?) N L1 (R?) given by

{f € L§(R*) NL1(R?) | supp{Ff} C Sp}
is unitarily mapped onto each irreducible subspace within R(W,,) C L2(SE(2)).

Exercise 11 Study Appendix A and verify that exactly the same arguments (but now with o — oc0) as
above apply to proper distributional wavelets ¢ € H ! in distributional orientation score transforms.
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3 Construction of Proper Wavelets
3.1 Simple numeric ‘cake-wavelet’ approach relying on DFT

A class of 2D cake-wavelets, see [18,26], was proposed for the 2D orientation score transformation, which
are effective in various medical imaging applications [38,6].

We now generalize these 2D cake-wavelets to dD cake-wavelets, and thanks to the splitting in Ap-
pendix B, we no longer need the spatial window used there. Our cake-wavelets (which are proper wavelets
with reconstruction property), should fulfill a set of requirements:

1. The orientation score should be constructed for a finite number (N,) of orientations.

2. The transformation should be invertible and reconstruction should be achieved by summation. There-
fore we aim for Ng =~ 1. Additionally, to guarantee all frequencies are transferred equally to the orien-
tation score domain we aim for Mi ~ 1. The set should be a proper wavelet set with fast reconstruction
property (Def. 16)

3. The kernel should be strongly directional. Preferably, for d = 2 the kernels must be supported in a
cone within the Fourier domain in view of the SE(2)-uncertainty principle [18, ch:7.5], likewise the
STM (2)-uncertainty principle [3].

4. The kernel should be ball-separable in the Fourier domain, i.e.,

(F)(w) = 9(p) A (i) , with p = ] (62)

[[wl]

and as the wavelet ¢ must be proper (recall Definition 13) it has a rotational symmetry around the
normalized reference-axis a, recall (42), we must have the form

A(ll%l) :"(H%\l'a)' (63)

5. The kernel should be localized in the spatial domain, since we want to pick up local oriented structures.
6. The real part of the kernel should detect oriented structures and the imaginary part should detect
oriented edges. The constructed orientation score is therefore a complex orientation score.

Remark 8 (Some intuition on the design of cake-wavelets)

The intuitive idea is that for d = 2 covering pieces of cake fill up the entire cake of frequencies in the
Fourier domain. Recall to this end the role of function My, in Theorem 2. When one applies the same idea
by combining covering ‘ice-cones’ to create a ‘ball’ one does not get a real-part that is a line detector.
One rather gets a plane detector see Figure 7 or [18, fig.4.14]. To this end one must for d = 3 rely on a
Funk-Radon transform, that turns ‘icecones’ into ‘donuts’ that yield line-detecting real-parts. See Figure 8.
For the statement that the splitting in Appendix B allows us to cut on extra spatial windows, see Figure 9.

Exercise 12 (anisotropies in spatial domain and Fourier domain)

2
LA =

a.) Compute the Fourier transform of the 2D anisotropic Gaussian G(x) = 4;567 45 with
A = diag(\, A7) € R?*2 with 0 < A< 1, s > 0, and x = (z,9)” € R%
. . . . L=
b.) Compute the Fourier transform of the 3D anisotropic Gaussian G(x) = o l)é e 4= with
TSs) 2

A=diag\M A2, A72) R 0< A< 1,s>0,and x = (2,9, 2) € R3.
c.) How does this exercise relate to the above remark, and what you see in Figure 7 and Figure 8?7

Remark 9 (Choice of radial function g and its decay ) To prevent numerical problems with the
inverse DFT after sampling in the Fourier domain it is best to aim at My (w) ~ 1 for ||w|| < p, where
o is close to the Nyquist frequency oas of the discretely sampled image. Because of the discontinuity at
||lw|| = o, which causes practical problems with the discrete inverse Fourier transform, we will use wavelets
¥, with My (w) = My (p2t_1), N e N, ¢t> 0 and p = ||w]|| where

2

PN (th—l)k
9(p) = Mn (th_l) =e t Z T <1, (64)
k=0
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o=l

0=

PN PN

2(von)?

Fig. 6 Plots of M 2/t), with t =
ig ots o N(p/)w1 142N

for N = 5, 10, 15, 20, 25

where ¢ denotes a scale parameter. To fix the inflection point close to the Nyquist frequency oar, say at
p=p0:=7on with 0 < v <1, we set

e 2O 65
R Y (65)
in order to fix the bending point:
d2
— My (p*t! =0,
dpQ N(P )
p=e

see Fig. 6). The function My is a Gaussian function at scale ¢ multiplied with the Taylor series of its
inverse up to a finite order 2N to ensure a slower decay. Therefore M smoothly approximates 1 on the
domain p € [0, o], see Figure 6. A wavelet ¢ : R* — C with My (w) = My (|jw||*ti") is a proper wavelet
according to Definition 13. A simple alternative radial Fourier decay function that does a similar job is

given by
1 _
9(p) = 5 (1 —orf (”U f)) : (66)
2 z —z?

with erf(z) = e fo e dx, and where 0,5 controls the slope of the error function, similar to N above.

3.1.1 The 2D case

We use polar coordinates w = (pcos ¢, psin@)? and set

Y(pcos p, psinp) = A(cos p,sinp) g(p), with

angular function A(cos p,sin ) = By, M) , with angular stepsize sy = 2% (67)

S N()

and radial function g(p) given by (64) or by (66).

where N, denotes the number of orientation we encode in the score, and where By denotes the kth order
B-spline given by
1if —1/2 <z < +1/2

0 otherwise (68)

By (z) = (Bk—1* Bo)(z), Bo(z) = {

which are chosen because of their strictly local support and covering property, see Figure 10.
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Am(¥, ¢)) Fih(w) = 9(p)A(n(d, ¢)) Re[¢](x) Im[y](x)

Fig. 7 When directly setting orientation distribution A = A,ux as angular part of the Fourier transformed wavelet Fv
we construct plate detectors. From left to right: Orientation distribution A = Aaux wavelet in the Fourier domain, the
plate detector (real part) and the edge detector (imaginary part). Orange: Positive iso-contour. Blue: Negative iso-contour.
Parameters used: L = 19,09 = 0.25, 0e;f = 3,7 = 0.85 and evaluated on a grid of 51x51x51 pixels.

2D Cake-wavelets

Edge Detector Line Detector
[Im] [Re]

3D Cake-wavelets

Anti-

symmetrize ‘ IFT
v 1 v —

Edge Detector
[Im]

IFT
5

Tube Detector
[Re]

Funk
Transform

Fig. 8 Cake-Wavelets. Top 2D cake-wavelet given by (67). From left to right: Illustration of the Fourier domain coverage,
the wavelet in the Fourier domain and the real and imaginary part of the wavelet in the spatial domain. Bottom 3D
cake-wavelet given by (73). Overview of the transformations used to construct the wavelets from a given orientation
distribution. Upper part: The wavelet according to Eq. (75). Lower part: The wavelet according to Eq. (74). IFT: Inverse
Fourier Transform. Parameters used: L = 16, s, = %(0.25)2, 8p = 2,000y = 3,7 = 0.85 and evaluated on a grid of 81x81x81
pixels.
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Fig. 9 Coverage of the fourier domain before and after splitting according to Appendix B. Left: The different wavelets
cover the fourier domain. The ”sharp” parts when the cones reach the center however cause the filter to be non-localized,
which was solved in earlier works by applying a spatial window after filter construction. Right: By splitting the filter in
lower and higher frequencies we solve this problem. In the figure we show g(p)A(n(9, ¢)) for the different filters, before
applying the Funk transform to the orientation distribution A.

141

12F

Fig. 10 The use of B-splines in the construction of cake wavelets. Plot showing quadratic B-splines (k=2), the sum of all

shifted B-splines add up to 1. The image in the upper right corner illustrates a Fourier cake wavelet z[}mke(w) constructed
using quadratic B-splines and My with N = 60, according to Eq. (67).

Exercise 13 We set a priori bounds §, M > 0, 1> ¢ > 0 by our default parameters § = £ and M =1.1.
Let 1) given by (67) with radial function (64) with N = 8 and with ¢ = ¢, given by (65). It can be verified
(you do not have to show this) that for these settings one has

6 <lg(p)|? < M forall 0 < p < o.

Compute Bj(x) symbolically.

a.)
b.) Show (by induction w.r.t. k) that equality >  Bji(x —¢) = 1 holds for all kK € NU{0} and for all z € R.
iE€EZ
c.) Show (by induction w.r.t. k) that equality f By (z)dz = 1 holds for all £ € NU{0}.
)

d.) Show that 1 given by (67) is a proper Wavelet with upper-bound Mpe.w, = M x* ||AHL (s1) and with

lower-bound 0pew = 0 * ||AHL2<51) (according to Definition 13).
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8.1.2 The 3D case

In the 3D-case things get a little bit more complicated compared to the 2D case. First of all, the B-
splines on S* do not straightforwardly generalize to B-splines on S2, and secondly choosing a sharp cone
in the 3D-Fourier domain as a point of departure, does not yield an appropriate 3D-cake wavelet with a
line-detecting real part, as can be seen in Figure 7.

We now need to find an appropriate angular part A for the cake-wavelets. First, we specify an auxiliary
orientation distribution Aaux : S2 — R, which determines what orientations the wavelet should measure.
To satisfy requirement 3 this function should be a localized spherical window, for which we propose the
(truncated) spherical diffusion kernel centered around reference axis a = (0,0,1)%:

Aaux(n(9,9)) = G5 (n(9,9)) = GS. (n(9,0))

L 0v0 L sl41)y0 0 (69)
:l;)alyvl (9750)212)6 le (070)}6(030)7 0<L,

with s, > 0 and n(¥¢, ) = (sin ¥ cos p, sin ¥ sin ¢, cos ). The parameter s, determines the trade-off between
requirements 2 and 3, where higher values give a more uniform Mg at the cost of less directionality.

Remark 10 Because of the exponential decay w.r.t. [ in Aaux we can approcimate the true diffusion kernel
(where L — 00) when truncating at the smallest L such that af /af < 1072 (e.g. L = 21 for s, = 1(0.25)?).

Remark 11 (basic properties spherical harmonics) Recall that the spherical harmonics {Y;™ }}2, ., <,
were given by (6), and recall that they form on orthonormal basis for Lo (S?) with the property

Aszyvlm — —l(l + 1)}/l’m’ eSASQ Ylm — e—l(l+1)Slem, and RRa,alem — eimaYl’m’ (70)

from which the 2nd identity in (69) readily follows. They also form a complete orthonormal system w.r.t.
Funk transform

1

FA(n) = o /Sp(n)A(n’) ds(n’), (71)

where integration is performed over Sp(n) denoting the great circle perpendicular to n. In fact, one has
FY;™ = P(0) ;' (72)
where we allow ourselves (sloppy) notation Y, (n(p,d)) := Y (¢, 9).

Remark 12 In implementations, one truncates the spherical harmonics at L € N which leaves ElL:O(Zl +
1) = (L 4 1)? coefficients. If one would start with an almost uniform spherical sampling {A(ni)}f\i’l for
some square integrable A : §? — C, then it is wise to choose the number of spherical harmonics a little less
than N, to prevent both over-fitting and data-loss, when relying on the pseudo-inverse of the discretiza-
tion of the inverse discrete spherical harmonic transform to approximate the forward continuous (SHT)
Spherical Harmonic Transform (SHT(A))(I,m) = (¥;™, A)r,(s?). For a short, self-contained explanation
on discretization of the SHT and its inverse see [27, ch:7.1].

Via our auxilary function Aaux like the spherical heat-kernel in (69) we construct our 3D cake-wavelets
in the spatial Fourier domain as follows. Note that one the expansion in spherical harmonics of auxiliary
function A,ux all rotated wavelets are computed and steered analytically without approximations.

Result 1. Let Agus : S — RT be an Li-normalized function mostly supported in a sharp convezr cone
around the a-azis and symmetricaly around the a-azis (i.e the z-azis recall (42)). Then Aaus, together with
our function g(p) given by (64) or by (66), provides our wavelet 1 in the Fourier domain via

$(w) = 9(p) (FAauz(e) + Aaus(nw) — Aaus(—1)) ,

(73)
with w = p-ne = p-n(d, ) and p = |||,

The real part of 1 is a tube detector given by

Re($) = F " (w = g(p) - (FAaus)(n)) - (74)
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The imaginary part of 1n is an edge detector given by
1
Im(y) = - F Hw = g(p) - (Anw) — A(-nw))) -

When expanding the angular part in spherical harmonics and choosing A = Gfoz :

L
— ; 21 1 —Il(l+1)s
Aaux = OYO 0 = \/: (I+1)s,
(n(d,)) E ar Yy (9, ), with a; P e ;

=0

we have the following wavelet in the Fourier domain
. L
b(w) = g(p) - A9, ) = g(p) - Yy & Y’ (9, ),
1=0

and the coefficients af of Agus and ¢ of the angular part A of ¢ relate via
& = P(0)ad + (1 — (~1)")al.
We obtain rotated versions of our filter via

L l
da(@)=g(p) > > & Db (1.8,0) Y™ (9,9),

I=0m'=—1

(76)

(79)

As we do not have analytical expressions for the spatial wavelets 1, we sample the filter in the Fourier
domain using Eq. (79) and apply an inverse DF'T afterwards. For L > 0, N > 0 (or Ue_rlf) sufficiently large
the wavelet ¥ is a (steerable) proper wavelet with fast reconstruction property (Def. 13).

Exercise 14 (questions on the construction of 3D cakewavelets)

— Show that (78) follows by (73) and (69), (72).

— Show that the wavelets real part (74) and its imaginary part (75) follow by (73).

— See Figure 8. Why is the anti-symmetrization required in (75) and (73)?

large. hint:

1

Show that the fast reconstruction property indeed holds for g(p) given by (66) and o_ . sufficiently

9(0) = 9(p) Po(0) = g(p) /A(n) do(n) = g(p) /'Awn) do(n) = Ny(w),  p=|lwl.
SZ

S‘Z

Lemma 6 Let v be a wavelet constructed via the procedure in Result 1. Then we have the bounds

L L

2l +1 d 2l+1

L= iy == < NP <1+ lldilly /=, —,
0 =0

=

N,
with d; = (d*)t—_; and d]" = Y ¢ - Ai - Dfy 1 (0, Bi, 7i)-
i=1

Proof. First we expand function N{f, in spherical harmonics:
N, N,
Ni(w) =D Flon)(@)Ai = g(p) Y hn, (0, 0)As
i=1 i=1

L l N,
= 90> > D Do (0, Biy 1) A Vi (9, )

I=0m'=—-11i=1

’
m
dl

L l
=g Y @Y (0,9)

I=0m'=—1

(81)
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A
—— Bounds Nj ~ ----- Numerical bounds Ny
d
Nl//
d
MW
0.t . . . .
» 0.02 0.04 0.06 0.08

0.01 0.03 005 s,
So

Fig. 11 Inspection of the stability of the transformation for different values of s, given a orientation distribution A = GSS:
and for N, = 42. Left: Spherical plot of A and the angular part of polar separable function Ng and M$ which gives insight

in whether we cover all orientations equally. Where closer to the ball means more equal coverage of all orientations. Right:
The upper and lower bounds of Ng. Comparison of the bounds according to Eq. (80) (filled line) and numerical results

(dashed line) of the bounds by a very fine sampling of the sphere (icosahedron of tessellation order 6).

We have g(p) = 1 for p = ||w| < o, but we still need to quantify the angular part. We define Y;¥ =
(v, Ly v Y, so that

L l L L L
oD AT @) =Y di - Yi(d,0) = Yo (0, 9)ch + > di Yi(d, ) =14y di-Yi(,9) (82)
1=0 m/=—1 1=0 1=1 =1
This varying component should remain small. We use Cauchy-Schwarz for each order 1:
L L L L 21
> odi-Yi(0,0)| <D 1 Y, 0)| < Il Vi@, )l =D ldi i (83)
1=0 1=0 1=0 1=0
from which (80) follows. O

See Fig. 11 for visual inspection of bounds of Ma/(f and N{z, and numerical results for the bounds of Ng.

Corollary 3 Given our analytical bounds (80) from Proposition 6 and N, = 42, we can guarantee that our
set of wavelets from Result 1 sampled at {ni}ﬁv:"l is a proper wavelet set with fast reconstruction property
according to Def. 16 with e = 0.05 when choosing parameter so £ 0.04.

In practice we have a proper wavelet set with fast reconstruction property already for smaller values
of so, as follows by the numeric computations in Figure 11 where we see that so Z 0.02 is already enough.

Exercise 15 (question on the construction of 3D proper wavelet sets)
Prove that for each Ny there exists a unique $min(No) > 0 such that for all s > $pmin(No) the set of
wavelets from Result 1 and verify Corollary 3.

In the two subsequent subsections, we will overcome the theoretical short-coming that we must
sample the cake-wavelets in the Fourier domain and apply an inverse DFT (iDFT) to get their represen-
tations on the spatial grid. We will consider two natural approaches for constructing proper wavelets that
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allow for a spatial analytic description in both spatial and Fourier domain (where one relies on inverse
continuous Fourier transform rather than iDFT):

A) proper wavelet expansion in the harmonic oscilator basis.
B) proper wavelet expansion in a modified (weighted) Zernike basis.

From the practical point of view, we will observe that:

— the harmonic oscillator basis approach, generalizes Kalitzin’s wavelet [52], but has some limitations
(especially when applying hard truncations) for local control of proper wavelets.

— the modified Zernike basis allows for a relatively simple analytic description of proper wavelets, whose
grid samplings are very close to the practical 3D cake-wavelets described in Result 1 above.

3.2 Analytic Approach relying on Expansion in Eigenfunctions of the Harmonic Oscillator

For control of the shape and the localization of proper wavelets ¥ we must analyze in the spatial domain,
whereas for control of the stability /invertibility of the orientation score transform we need to analyze in
the Fourier domain. It is therefore, important to come up with a choice of basis in the Fourier domain that
has a simple counterpart in the spatial domain as well.

A natural idea here (inspired by Kalitzin’s distributional wavelet, see Exercise 19 in Appendix A), is
to use the Harmonic oscillator basis for this purpose. Especially in view of the Bochner-Hecke theorem,
cf. Appendix C, that allows us to easily transfer ball-coordinate expansions of wavelets from the spatial to
the Fourier domain and back.

Fourier transform F and the Harmonic oscillator operator —A + ||x||? commute

Fo(=A+|xI*) = (=A+|w|*) o F,

where we apply multipliers u = |x||?, ||w||?> with their (unbounded) multiplier operators M,, acting in
respectively the spatial and Fourier domain, and thereby they have a common basis of eigenfunctions.

8.2.1 The 2D case

In this subsection we will expand our wavelet into eigenfunctions of the 2D harmonic oscillator.
Note that L2(R?) = La(S1) @ L2((0, 0), rdr). Decompose L2(S1) into irreducible representations:

—imae

La(S1) = P D™ = P (Yim) = P (6 e\/ﬂ )

meZL meZ meZ

Let {¥mn }nen in L2((0, 00),rdr) be an orthonormal base for each m € Z, then
(Ymn @ Y ) (1, ®) = Ymn(1)Ym () is an orthonormal base in Lo (RQ; rdr). As a result we can expand any
wavelet ¢ € L2(R?) in terms of this basis:

P(ro) = ¥ 5 ()Y (6) (omn © Yimy )1 m)

meZn=0 (84)
= 2 ¥m(r¢) = 3 gm(r)Ym(d)
meZL me”Z

By the Bochner-Hecke Theorem, see Appendix C, the Fourier Transform F (1)) of ¢ € L2(R?) is given by

F(@)(peose, psing) = > Gm(p)Ym () ,

meZ

with g € La(R%;rdr) given by Gm(p) = p'/2 Hom[r'/?gm(r)](p), where the unitary Hankel Transform
Hm : L2((0,00)) — La((0,00)) is given by (150). Given such a wavelet 1 € L2(R?), the orientation score
Uy can be written

—imb

Us(b,e®) = (Rt  £)(b) = Rooim® % £)(B) = 3 (=1)™ S (P * ) (b) -
f ( ) mZEZ \/ﬁ
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Fig. 12 Radial basis functions h])*, left for m = 0 and middle for m = 1 and lighter gray for n = 0,1,2,.... Right, the

basis functions are effectively active on [0, Rimn), where Rimmn = /2(2n + |m| + 1), as this equals the radius where the
total energy Emn = 2(2n + |m| + 1) equals the potential energy given by V(x) = r2. This is illustrated by joining the
graphs of A", m = 0,1, n =0, 1, 2 together with their corresponding energy levels and the graph of the potential V.

If the radial functions do not depend wildly on m, the wavelet will be directed along ¢ = 0. The real
part of the orientation score (constructed by a real valued wavelet which is even around ¢ = 0) reveals
elongated line structures, whereas the imaginary part (constructed by a real valued wavelet which is odd
around ¢ = 0) reveals elongated edge structures.
The function M, : R? — R, which by theorem 3 completely determines the well-posedness of f <> U £,
is now given by
Myw)= [ |F(Rry)(w)*dR
S0O(2) (85)

= ZZ\me(P)F ; with p = [|lw]| .
me

Ezxpansion of ¥ and My, in a Fourier Invariant Polar Base

Although equation (85) is of rather simple form, it still includes the non-trivial operator p 2 /2.
This unitary operator on L2((0,00) ; rdr) has the following complete set of orthonormal eigenfunctions
hyt, for details see Appendix C and Figure 12,

| 1/2
hy' (1) = <ﬁ> PRI () e > 0m > 0 (86)

For m < 0 we define hy' = hllm‘. Therefore, we expand v and expres My, in this angular-irreducible radially
Fourierinvariant basis, which are also the eigen functions of the 2D-harmonic oscillator!®:

o0

> 2 am (Ym @h') (4,7)

> ()™ (=) A, (Y @ B2 (2,p)

P(x)

-
=
€
I
™
g

g
=
®
!
]
N
Q
33
e
t
S
B}
5
®
>
33
S
Z
%
-

Considering numerical expansions of typical local patches of elongated structures into this basis we notice
that for each |m| a soft (linear) cut-off in n is required, see Figure 13.

In the remainder of this section we will construct wavelets ¥y, n,, with coefficients o, = 0, for
|m| > N1 and n > Na, for fixed N1, N2 € N, i.e.

Ny

N
YNy Ny = Z Zafnym(@hnm

m=—N; n=0

15 The self-adjoint operators F, Ry and the harmonic oscillator A — ||x||? commute and thereby they have a common
base of eigen functions which is indeed given by Y, ® hJl".
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Fig. 13 Local expansion of a 33 x 33 pixel patch of an MRI-image showing a bifurcating bloodvessel in the retina. The
original image is left, the reconstruction with basis function up to |m| = 32 and n = 12 is in the middle, and the same
reconstruction linearly dampening higher m and n components is depicted on the right.

such that
Md’NLNz ((.U) = MN(p2)? Wlth N = Nl + 2N2 7p = ||w|| (88)

where we recall that M N( %) is given by (64) We consider (88) as an equation in variable v, determined
by its coefficients {O‘m}|m\ 0= = {{an})2 }Iml _o and thereby we obtain p = [|w| > 0, if and only if

Mle,N2 (QJ) = MN(/)2) <~

N; Nz Ny , y N
BSOS g [ [ L () ) = 5
|m|=0n=0n'= (n+ImDY (n/+[m)! n n =0 q! (89)
2N. N
X5 adApa g - Z o

=0 |m|=0

k
where the (N2 + 1) x (N2 + 1) positive symmetric matrices AR" equal [A}*]7 = > ()" )n (Al _j))n/, With
j=0

2(n!) m,m __ n+k 2(n!) 1 +|m| .
(ar)n {( " Wd = (=1 mg( )lfkgn,
0 else ,

where dj"" = { kl,) (m+ml) equals the coefficient of p** in L™ (p?). Now in the left hand side of (88) we

introduce the summation index ¢ = |m| + k and assume a_., = am, € RY2T1 for all m, (i.e. the wavelet
is symmetric around its direction) then we obtain

2N,

JXV: Z T g9~k 29 _ JXV: P =
Ay Qg P 7= 4l
q=0 k=max{0,g— N1 } q=0
2N>
T q—k 2qg 1 —
> o, Al aq_kpq—a,forq—O,...,N,

k=max{0,g—N;}

which are N + 1 = Nj 4+ 2N» + 1 equations for (Ny + 1)(Nz 4 1) variables {an } VL,
Example: The special case a;;, = a"dno

We take for each m the radial basis function that oscillates the least (i.e. n = 0). We get :

Z o™ * (R (p)* = M () ,p = ||l , (90)

The (up to phase factors unique) solution 1% of (88) is now given by (am;, = 1 for all m)

_p° _—imo N =\ym =%
W(x)= ¥ Apre T = Ly Bl
= N o
= 7= > (—%)m (% e~ z=re'? .
m=0 :
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This series converges uniformly on compacta, but not in La-sense. The real part of this wavelet corresponds
to the wavelet first proposed by Kalitzin cf.[52] as a line detector in medical images. The imaginary part
is a good edge detector. For plots of the graph of wavelet 1 for several values of N, see figure 14. For
more plots and a comparison of the corresponding My, function to the My, function of some wavelet used
in practice for end-point detection see Figure 16.

Fig. 14 Top row: Left: 2 different viewpoint Plots of graphs 1/1?\,:
Notice that the kernel becomes sharper and the wiggle-ring vanishes as N increases.

15, Right: 2 different viewpoint Plots of graphs 1/)?\,:30‘

Practical aspects regarding this example:
The cutoff index N has a practical upper bound because of sampling. If N increases the reconstruction
will become better, but if we choose N to large the wavelet behaves badly along ¢ = 0, see Figure 15.

We stress that ¥ is essentially different than the proper wavelets constructed in the previous subsec-
tion. The simple approximative reconstruction from an orientation score Uy constructed by % to image
f, by integration over the angles only, see (47), is not possible.

The size of the wavelet 1)’ can be controlled by dilation, x — (D, )(x) = “=9{' (x/c). This does

o

effect M, and fixing the bending-point, like in Figure 6) is the appropriate choice of choosing o (or t = a?).

grey-value frequency
3.5 1
3
0.8
2.5
2 0.6
1.5 0.4
1
0.2
0.5
r P

Fig. 15 Left: The graphs of the kernel 1/JON (r,0) cut off at N = 10, 20, 30, 40, 50 with o = 1/8. Notice that the peaks move
out as m increases. The formula derived for ¥2_ (r, ¢ = 0) = (87)/4\/r + O (7*%) see [18], is a good approximation (we
included the graph of r — (8#)1/4\/77). Right: The corresponding functions MdJON =Mpy —1as N — oco.

3.2.2 The 3D case

We expand our wavelets in the harmonic oscillator eigenfunctions restricting ourselves to eigenfunctions
which are symmetric around the z-axis: the spherical harmonics with m = 0. The wavelet then equals

d(x) =D Y algn(n)Y(0,9), dw) =D > ai' (=) i'gn(p)Y (9, 0), (92)
n=01=0 n=01=0
with Y;™ the spherical harmonics, (r, 6, ¢) and (p, ¥, ¢) spherical coordinates for x and w respectively, i.e.

x = (rcos ¢sin b, rsin ¢sin b, cos ),

w = (pcos psind, pcospsind, psin ), (93)
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..
o

Fig. 16 Top row: left three images; Example of rotated line detector-wavelets 7,[)?\, in practice at different scales. Right
image: Example of kernel developed for catheter endpoint detection. Bottom row: The corresponding functions M,,. Notice
that the line detectors have better My, and thereby induce a more stable exact reconstruction than the catheter endpoint
detector (most right image). The intensity profiles along the red-lines are given in Figure 15.

and gil given by

N|=

I+3

Lo
gh(p) = 3" (p), with E}(p) = (7 )" 0 Fe™ T LY (07), (94)

where L%V)(p) is the generalized Laguerre polynomial and I'(z) = [;* t*~ e~ tdt denotes the usual Gamma
function. We then choose the case with least radial oscillations af = '8 up to I < L. If we then choose

[T+ 32)
Q) = m, (95)

My (w) = / DR w)[2dR = My—p (p?) given by (64) (96)
50(3)

for 1 € {0,..., L} we again have that

smoothly approximates 1 in the Fourier domain as I. — co and we get the following wavelet:

G T
dJH(x):;ﬁrle 2 Y20, 6). (97)

For this wavelet we have an analytical description in both spatial and Fourier domain. This wavelet,
however, again has some slight drawbacks: 1) the wavelet is not localized and has long spatial oscillations.
2) the wavelet is not centered. Both problems can be observed in Fig. 17. However, due to use if spherical
harmonics for the angular part of the wavelet it is nicely steerable, and allows for steerable implementations
of orientation scores, where rotations are exactly implemented (without interpolation). See Appendix D.

Exercise 16 Show by direct computations that (96) indeed holds.
hint: Apply Weyl’s Theorem for the compact group SO(3) (or alternatively Fourier theory on SO(3)), and
switch orders of integration and summation (Fubini’s theorem). For details see [18, ch:4.7.2].

3.3 Analytic Approach relying on Modified Zernike Basis Expansion (for d = 3)

Here we consider the case d = 3 only. The case d = 2 can be treated in a similar way.

The wavelets from the previous subsection had some unwanted properties such as poor spatial local-
ization (long oscillations) and the fact that the wavelets maximum does not lie at the wavelets center. A
possible explanation is that the basis used is orthogonal on the full Lo (R3) space and not limited to the
ball in the Fourier domain, and truncation of this basis at the Nyquist frequency could lead to oscillations.
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Yu

4

Fig. 17 Wavelet expanded in the harmonic oscillator basis according to Eq. (97) for L = 20. Left 3D visualization showing
one negative (blue) and one positive (orange) isocontour. Right Cross section of the wavelet at = 0.

An alternative basis that is a basis for the unit-ball is the Zernike basis which we can scale later to be a
basis in the Fourier domain for ball-limited images f € L§(R?), recall Eq. (5).

The 2D Zernike basis is often used in applications as optics, lithography and acoustics [1,10], since
efficient recursions can be used for calculating the basis functions and nice formulas exist for many trans-
formations among which the Fourier transform which is expressed in jinc functions. The basis is therefore
highly suitable for problems were the shape needs to be controlled in both domains such as in abberation
retrieval where the basis is used in an inverse problem with an unknown abberation in the Fourier domain
and optimization functional in the spatial domain.

The Zernike basis was extended to 3D in [49]. The Zernike basis is orthogonal on the unit-ball and has
explicit results for the Fourier transform and is therefore more suitable for the application in mind. Here
we will use the generalized Zernike functions [46], which have the added advantage of going to zero when
approaching the edge of the ball.

3.3.1 The 3D Generalized Zernike Basis

Let a > 0. Then the generalized Zernike functions are given by

Z7% (w) = Ry (p) Y™ (9, ), (98)

n,l

for all w = pn(Y, p), with 0 < p < 1, for integer n,l > 0 such that n = [ + 2p with integer p > 0 and
m=—l,—l+1,...,1], and

1+3)
(2p°

Ry (p) = (1= p?) P72 (2% — 1), (99)

2

it 1
where P, oz (2) denotes the Jacobi polynomial with weight-function (1 — 2)%(1 4 z)“‘é of degree p. The
generalized Zernike functions are orthogonal on the unit ball

m1 mz, dw o
/// ol (w) na,la (w )> m = Nt Onyna Oy ms 01y o (100)
lwli<1

with § the Kronecker delta and with normalization factor

Na — (p+1)04 1
T (pHl+3)a20n+a+3)

(101)

in which (z)a = Fgﬁ”(+;1 ) is the (generalized) Pochhammer symbol.

Remark 13 They are called ‘generalized’ Zernike functions because of the extra factor (1 —p?)® surpressing
the Zernike basis functions at the boundary p = 1, where later we will rescale this to the boundary p = p
in the Fourier domain of our restriction to ball-limited images L§(R?). Note that for o = 0 the functions
Z::l’o correspond, up to normalization, to the standard 3D Zernike ball polynomials considered in [50,51]
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Fourier transform
The Fourier transform of the generalized Zernike function

Frpe)e = [[[ Een By 0,0 o (102)

lwll<1
is given by
(F712,75%) () = dmei' Sy (277) Y™ (0, 9), (103)
with x = rn(0, ¢) and
1 l 2
ma(a) = [ Ru®(p)ii(ap)p*dp
0
7 Iniarz(@
2% (~ )" (p+ Vo [3; = ifq >0, (109
V7 I'(1+a) e
ryae +a)(5 if g =0.

)PLP+°“)I Intat1(a)
+1

For integer o € N, the expression for g > 0 reduces to 2%(—1 o o

tation see [46].

. For details on the compu-

Ezpansion of separable functions
An additional constraint for the wavelets is that they should be separable in the Fourier domain, i.e.,
(FY)(w) = F(w) = A(n(¥,¢)) - B(p). When expanding such a function in the generalized Zernike basis,

= > MNF) 20 (w), (105)

n,l,m

we can split the coefficients in radial coefficients and angular coefficients

it (F) = me [f] (Z77 () F(w) e = ai"(4) - b:%(B),
IIwH<1 (106)

bi(B) = e b (B).

Due to orthogonality of the basis functions (98) one has

o (4) = [ [ 700,90 Atn(v, o)) sin o dod, (107)
e (B) = [ Bl B () e (108)

The coefficients cm ** in (106) reflect the separation of F as a product of an angular and radial factor as

well as a correspondlng separation of the generalized Zernike basis functions in (98). In the latter, the
index [ appears both in the angular and radial factor. Thus we have

e} l
Am@,9) =" > a"Vi" (¥, ¢), (109)
=0 m=—1
while for all I =0,1,...
Blo)= Y BORE(). (110)
n=L,l+2,...

For each [, the radial functions RL® with n varying are a basis for functions defined on the interval
[0, 1]. For separable functions, we expand the same radial function B(p) for each [, and it can be shown
that there is an efficient recursion formula for the radial coefficients [46].

3.3.2 Wavelets

We now choose an appropriate radial and angular functions for our wavelets expressed in the Zernike basis.
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Angular function for the Zernike wavelets
For the angular functions we again choose the (truncated) spherical diffusion kernel A(n(¥,¢)) =

ij (n(9, ¢)), recall (69).

Flat radial profile for all-scale transform
Recall the procedure of splitting of the lowest frequencies (49) in a vector-valued wavelet ¢ = (o, 11).

For all-scale wavelets we design a radial function for the relevant part of the wavelet 11 that is used in
processing, and we set [, Yondo(n) = Gs,(p).

The radial function of ¢1 should therefore approximate B(p) = 1 — G, (p) on the interval [0, o] and
should smoothly go to zero when approaching the edges of the interval. For the moment we set o = 1 and
include the scaling later.

To start, we define the function

Ba,s(p) = (1= p*)*p", (111)
see Fig. 18a. For this function we have the following coefficients

B—1
2

Lo, _ (7)

n=l+2p — L(B+i+1D)+at
20+ B+ 1+ 2p+3)(zPHF D ratr)

. (112)

To obtain a flatter function we multiply the function with a second order Taylor expansion of the reciprocal
function p — (Ba,s(p)) ! around the function maximum obtained at

lﬁ 3
_ 2
Pmax = <a+ §5> , (113)

see Fig. 18b. Henceforth we denote the 2nd order Taylor expansion of the reciprocal basis function around
rec

pmaz by By 5(p). The resulting function is again a sum of functions of type (111) with different values for

[, so we can find the coefficients bi{iH% for the flattened function. For the specific case = 2 we get the
following flattened function

(a+1)°

BE() = Boalp) B50) = (1 0% (14 12

2 2 2
) (/) - pmax) ’
The flattened function and its coefficients are now given by
2 .
BeS(p) = Y b RI%(p) and b = by, (114)
n—1=2p, =0

l,n>0

with ¢; the coefficients before the different powers of p? in the second order Taylor series of the reciprocal.
These coefficients are given by

L gl

2 . co — Pmax
BLS(p) = Z cip® = co + c1p® + cap”, with c1 |= 72%;&1“ . (115)
i=0 c2 (at1)*

2c
The filters from this section are summarized in the following result:

Result 2. (Analytic 3D-wavelets in generalized Zernike basis)

Let « > 0 and let A : S?> - RY be a function mostly supported in a sharp, conver cone around the z-
azis and symmetrically around the z-axis. Then A provides our wavelet 1& in the Fourier domain by Eq.
(73). The real part of ¢ detects tubes, whereas the imaginary part detects edges. We choose radial function

g(p) = Bﬂm’(pLN), angular function A(n(v, ¢)) = GSS: (n(¥, ¢)) and expand in the generalized Zernike basis:

Jaw)= 3 LuRE (i) Y09, ). (116)
n—I1=2p, PN
I,n>0
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02 04 06 08

Fig. 18 Left Function By—g,g=2(p) = (1 — p?)%p? with maximum at p? = 1. Right Flattened function which is obtained
from B, g(p) by multiplying with the 2nd order Taylor approximation of its reciprocal around the function maximum:

3
Bia(p) = 1+ T5(p* — 1)) Bs.2(p).

3=

Then the coefficients c?l’l follow by expanding A in spherical harmonics and ijg in the radial Zernike
polynomials, recall Eq. (109) and Eq. (110). This yields a (Eq. (76)) and by (Eq. (114)) and

ha=bia-al - (1= (-1 + A(). (117)
The spatial wavelet is given by
Ya(x)= > chami'Sy (2rrpn) Y0, 6), (118)
n—I1=2p,
l,n>0

with x = (0, ¢) and Sy | given by Eq. (104). This yields the rotated filters in the spatial domain:

1
Yan(x) =D D (en)iudmi' S5y (2mrpn) V™ (0, 6),
n—l=2p,m'=—l

lL,mn>0

where (o) = i Db s (7, 8,0) and n = n(8,7), (119)

and with Wigner-D-matrices D’f’n:O,m’ (v, B, = 0) are according to the conventions in Mathematica.
Since now we do have analytical expressions for the spatial filter, in contrary to the filters from Result 1,
we sample them by Eq.(119). The filter is a proper wavelet with fast reconstruction property (recall Def. 13).

3.4 Comparison of wavelets obtained via DFT and analytical expressions using the Zernike basis

First we compare the filters obtained by sampling in the Fourier domain followed by a DFT (Section 3.1)
to the filters obtained by expansion in the Zernike basis (Section 3.3). Settings were chosen such that the
radial functions of both wavelets matched best and the same settings for the angular function were used.
In Fig. 19 we show that the filters are very similar in shape. We see no major artifacts caused by sampling
followed by an inverse DFT.

3.5 Quality of the 3D image reconstruction

A visual inspection of the reconstruction after the transformation and reconstruction procedure can be
found in Fig. 20. As expected, a small amount of regularization is observed. We see no qualitative differences
between the two reconstructions.

The series in (119) converges rapidly and the analytic wavelets in Result 2 are really close to the
numerical and practical ones from Result 1. This justifies the numeric DFT-approach, and at the same
time the analytic description of the kernels could be used for analytic (and steerable) processing in the
orientation score. For example, for computing left-invariant derivatives.
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Re{te (x.y.2)} Re{ye.(0,y,2)} &o(x,,0)

Zernike :°

Fig. 19 Comparison of the filters obtained by sampling in the Fourier domain and performing an inverse-DFT (Result 1
in Section 3.1) and the filters expressed in the Zernike-basis (Result 2 in Section 3.3). Left Iso-contour plot of the filter
aligned with the x-axis showing one positive iso-contour (orange) and one negative iso-contour (blue). Middle Cross section
of the filter for z = 0. Right The low-pass filter. Top Filters according to Result 1 with parameters s, = %(1.9)2, v = 0.85,
and o, = 1.125. Bottom The filters according to Result 2 with a = 3 and 8 = 2. Both have s, = %(0.4)2, L =19 and are
evaluated on a grid of 31 x 31 x 31 voxels.

Original
Data

Reconstruction
DFT

Reconstruction
Zernike

Fig. 20 Comparison of construction and reconstruction of data A.1 using the different types of filters. In each row from
left to right an iso-contour of the data and 3 slices through the middle of the data along the three principal axis. Top: The
original data. Middle: the data after construction and reconstruction using the filters from Result 1. Bottom: the data
after construction and reconstruction using the filters from Result 2.

Exercise 17 (relating derivatives on kernels to left-invariant derivatives on scores on Lie groups) Let G
be a Lie group. Let ¢ : R — RT be smooth. Let 4 : G — B(IL2(R?)) be a group representation with
which we construct the score given by

Wy f(9) = U, L, ray-
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Let R : G — B(L2(G)) denote the right-regular representation given by (11). Let £ : G — B(L2(G))
denote the left-regular representation given by (12). Let us recall from the preliminaries how generators of
Lie group representations were defined; see Eq. (17).

a.) Show that
Wu,wf = RgWy f.

for all f € Lo(R%) and all g € G.
b.) Show that
Wdl/l(A)?;‘)f - dR(A)(Wwf) )

for all A € T.(G) and all f € La(R?).
c.) Show that
LgoRp =RnolLyforall g hedG.

d.) Show that
Lg0dR(A) =dR(A)o Ly for all g € G and all A € T.(G).

e.) Set d =3 and G = SE(3). How can the above four items (in combination with analytic representations
in Result 2) be used to compute left-invariant derivatives of an orientation score?

4 Processing via Invertible Scores
4.1 Tmage Processing via Scores on Lie groups G = R% x, T

Let G = RY x, T be a Lie group which is the semi-direct product of the translation group with an-
other Lie group T via an isomorphism 7 : T — aut(R%). Let 4 : G — B(L2(R%)) be a unitary Lie
group representation chosen to tackle the application of interest. For example the representation given by
Uy b,py(x) = m ¥ ((7(t)) ") (x — b)), or in particular the representation ¢ : SE(d) — B(L2(R%))
given by (4) which essentially rotates and translates images and wavelets. This could also be the Schrédinger
representation of the Heisenberg group H(2d + 1) onto B(Lz2(R?)).

Set ¢ € L1(R%) NL2(R%). Then (in all cases) we consider the corresponding ‘score’ given by

W3 £)(9) = Uy, )ryme for all g € G, f € H,

where Wg : H — C% with
H={Uy | g€ G},

is unitary according to Lemma 4.

Now in our primary case of interest (4) with G = SE(d) = R? x SO(d), ¢ an (axially symmetric)
proper wavelet according to Definition 13), and Hygw = H NLE(R?), the ‘rotation score of a ball-limited
image’ boils down to an ‘orientation score’ of a ball-limited image, as we define

Wef(x,m) = (WG ) (x, Rn),

for all f € LE(R?), and (x,n) € R x $%~! which is independent on the choice of Ry € SO(d) mapping
reference axis a onto n.

In other cases of interest, such as the Schrodinger representation of the Heisenberg group [20] the score
is a Gabor transform (equipped with a relevant phase), which is very similar to a ‘musical score’ and
provides an overview of all local frequencies (instead of local orientations) present in a signal.

There exists exists a 1-to-1 correspondence between bounded operators @ € B(C%) on scores and
bounded operators T € B(L2(R?)) on images given by

Y(f] = (W) 0o WIf], f€H CLa(R?). (120)

If the closed vector subspace of images H and 1) is chosen such that the space C% is embedded as a normed
subspace of L2(G), this allows us to relate operators on transformed images to operators on images in a
robust manner. To get a schematic view of the operations see Figure 21.
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e We Orientation Score
f Us
Ty P
Processed Wy, _ Proc_essed
Image Orientation Score

Fig. 21 A schematic view on image processing via invertible orientation scores. According to Theorem 4, ¢ must be
left-invariant and not right-invariant.

Let us consider the case G = SE(d) where T'= SO(d). By Theorem 2 the range of the unitary wavelet
transform W, : La(R?) — C% is a subspace of L2(G). For proper wavelets we have (approximative) La-
norm preservation when restricting do ball-limited images. For certain distributional proper wavelets 1),
see the exercise in Appendix A), one even has My = 1 and this case the reproducing kernel norm truly
equals the La-norm itself.

Now this idea, can unfortunately be transferred to a limited amount of other unimodular Lie groups
G =R% x T where T is a matrix group, since for a finite definition of function My, cf. [40] of

4
2

My (w) = (27) / (7 (8) ) Pdpr (8),
T

with (left) Haar-measure pur, we need compact stabilizers Stabr(w) := {t € T | (7(t))"w = w}, which
already rules out SO(mg,nq) with ng,mq € N such that ng + mg = d and min{mg,na} > 2. Even the
Lorentz group case for d > 3 is problematic as T = SO(d — 1,1) gives a rather strong condition on w for
Stabr(w) to be compact, namely the cone-condition (w®)? > Z?;ll w®)?.

In general, we consider some matrix group 7' and a mother wavelet i) such that M, is essentially
bounded on R? (in particular we think of T'= SO(d)) and in that case Wg maps La(R?) into L2(G). Let
é:CSE — L2(G) be a bounded operator. Then its range need not be contained in C$%, i.e. the transformed
score @(Wf f) is a function on a Lie group and may not be equal to the score of some image....

Therefore we also consider VNVw 1 Lo (Rd) — L2 (G) given by VTQ, f= Wf f. Tts adjoint is given by,
%) (V) = [ Uy Vi) duc(a). V € La(G), (121)

The operator Py, = Ww(VA\//w)* is the orthogonal projection on the space C%, whereas Wf(Wg)* =1
This projection can be used to decompose operator @:

P(Uy) = Py(2(Uy)) + (I = Py)(2(Uy))-

Notice that the orthogonal complement (C$)*, which equals range R(I — Py), is exactly the null-space
of Wy)* as N(Wy)*) = N(Wy)*) = (RWy))* = (CE)™ and so

[(Wy)* 0@ o Wyl[f] = [(Wy)" 0 Py o d o Wyl[f], (122)

for all f € L2(R?) and all & € B(IL2(G)), so we see that the net operator associated to @ : La(G) — La(G)
is given by Py o @ : L2(G) — C$%. In the remainder of this section we present design principles for 7.

4.2 Design Principles

We now formulate a few desirable properties of 7', and sufficient conditions for @ that guarantee that 7
meets these requirements.
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. Covariance with respect to the group representation in the image domain:

Yoly=Uy0T, Vged. (123)

This is achieved by restricting one self to left-invariant operators @. Often we will omit scaling covariance
in Eq.(123) as in many imaging applications this is not natural and therefore we require (123) only to
hold for the SE(2) subgroup.

Left-invariant vector fields: In order to achieve the Euclidean invariance mentioned above, we need
to employ left-invariant vector fields on STM(2) as a moving frame of reference.

. Nonlinearity: The requirement that 7" commute with &/ immediately rules out linear operators ¢. Her

we note that U can be decomposed into irreducible representations (recall for example Section 2). Now
by Schur’s lemma [15], any linear intertwining operator with an irreducible representations is a scalar
multiple of the identity. For continuous wavelet transforms on G = SIM(2), or Gabor transforms on
G = H(2d+ 1) the representation used is already irreducible, which shows that linear operators acting
on those types of scores are useless. For invertible orientation scores, one has that linear operators & just
correspond to isotropic convolutions 7" in the spatial domain, which again would not need an orientation
score decomposition. Combining linear diffusions with monotone operations on the co-domain can be
simple and effective though [18].

Crossing-preserving, left-invariant parabolic evolutions on G: We consider the following two
types of evolutions which include the wavelet transform as a initial condition.

. Crossing-preserving wavefront propagation in G: Avoid the hastle of book-keeping of multi-

valued solutions: extend the domain instead of the range of images f : R — R.

Probabilistic models for contextual, left-invariant feature propagation in the wavelet do-
main: Instead of uncorrelated soft-thresholding of wavelet coefficients we aim for PDE flows that
amplify the wavelet coefficients which are probabilistically coherent w.r.t. neighbouring coefficients.
This coherence w.r.t. neighbouring coefficients is based on underlying stochastic processes (random
walks) for multiple-scale contour enhancement.

. Geometric curve fitting in the score using left-invariant Finslerian, Riemannian and sub-

Riemannian (SR) geometries within G:
Deal with both crossings and bifurcations: Turn off the reverse gear along SR geodesics in scores to
avoid cusps in their spatial projections.

4.3 Score Processing via Left-invariant (and not Right-invariant) Operators

Let G =R %, T denote an arbitrary unimodular Lie-group.

Definition 17 An operator @ : L2(G) — L2(G) is left-invariant iff

B[LLV] = Ly[BV], for all h € G, V € Lo(G), (124)

where the left-regular action £, of g € G onto La(G) is given by £,V (g) = V(h™'g).

Recall that the right-regular action is given by R,V (g) = V(gh).

Theorem 4 Let U : G — B(La2(R%)) be a unitary representation. Let & : C§ — La(G) be a bounded
operator. Then the unique corresponding operator T on H given by Y[f] = Wy)* o @ o Wy[f] on the
images satisfies

UgoY =T oly forallge G

if and only if the effective operator on the score Py o @ is left-invariant, i.e.

Lg(Py o @) = (Py, 0 P)Ly, forall g € G,

which shows that score processing must be left-invariant. Moreover, we have

PoRyg=Rgo® =Ty =Ty, forallged,

which shows that right-invariance is a highly undesirable property for score processing.
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Exercise 18 Consider G = SE(d), and for the red exerises below you may restrict yourself to d = 2 where
SE(2) =R? x S*.
a.) Show that for all f € L2(R?) and almost every w € R? and all § € [0, 27) we have

(FWu f(,0)(w) = 2 Fuog(w) Ff(w)

with 9g(x) := (R, 'x) for x € R?, 6 € [0,27).
b.) Show that for all f € L§(R?) one has

W Eamonsry = () [ My(e) [(F @) doo < 0

c.) Derive the adjoint operator of Ww : L2(RY) — La(G), and the adjoint operator of Wy, : L$(RY) — C%,
and explain the difference of their operator description in terms of M, : R — R™.
hint: Recall (36) and (121)

d.) Use the unitarity of the representation U to show that

Wd;OMq zﬁgoww and Wyyw :RgoWw forall g € G

e.) Show that

W 0 Ly =Uy oW}, for all g € G.

f.) Prove Theorem 4.
g.) Show that P = VNV,L/, o (VNVw)* s Lo(SE(d) — La(SE(d)) is the orthogonal projection onto the range of

Wy, and express (PU)(g) in terms of the reproducing kernel of the space of orientation scores.
h.) Generalize the above results to d € {2, 3}.

Corollary 4 Fvery PDE-image processing technique involving shift-invariant partial derivatives
{0z1,...,0a} in R?  admits a PDE-processing extensions involving left-invariant derivatives
{A1,..., Ag, Ads1, ... An} in G = R? x T where left-invariant derivatives coincide with left-invariant
vector fields given by

Ail, = (Lg)xAi = dR(A:)], , i=1,...,n=dim(G), forall g € G,

where x denotes the push-forward, and where dR(A;) denote the generator (17) of the left-invariant (!),
right regular representation R, relative to some choice of Lie algebra basis {A1,...Ad, Ady1,...,An}.
The key advantage is that this extended PDE-processing technique allows one to deal with complex-
structures requiring multiple frames per position.

Remark 14 (practical illustrations for G = SE(2))

See Figure 22 and Figure fig:comp on how Theorem 4 for our case of interest G = SE(2) (where our
score is an orientation score) enters practical image processing. Figure 22 illustrates the crucial identity
Wylly = L4 Wy,. However, the crucial idea that left-invariant score processing is a must from the application
point of view, is best seen in Figure 23 where we compare application of left-invariant derivatives

A1 = cos0 0y +sin0 0y, Az = —sin 0y + cos 0 9y, Az = O, (125)

to application of Cartesian derivatives 0., 0y, 0 to real parts of orientation scores Wy, f : SE(2) — C.
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Fig. 22 A roto-translation of the image corresponds to a shift-twist of the orientation score, both defined via a group
representations of SE(2) on the image and the orientation score. Shift-twist of images and orientation scores are denoted
respectively by the left-regular representations Uy and Lg. In this illustration of Wy, oldy = L4 0 Wy, we have set g = (0, 0),
with 0 increasing 6 from left to right.

4.4 Concise Overview of Image Processing Techniques via Invertible Orientation Scores

The orientation scores provide a full comprehensive overview of all local orientations present in the image,
and this can be exploited for many processing techniques (typically where the assignment of only one
orientation per spatial location is un-sufficient; i.e. where complex structures are involved, or where some
notion of contextual-alignment for a more robust processing).

In the remainder of this course we shall restrict ourselves on the following type of crossing-preserving
image processing operators in the orientation score domain:

— Nonlinear (adaptive) diffusions on invertible orientation scores for enhancement of elongated structures
or denoising. Recall the bottom figures in Figure 4. See the top figure in Figure 24.

3D: To stress the strength of the crossing-preserving diffusions via 3D invertible orientation scores, we
compare with (Gaussian) regularization acting directly in the image domain, see Figure 26. For a
fair comparison diffusion times are in both cases separately optimized for contrast to noise ratios.
For details see [48]. It is remarkable to see how stable vessel-widths stay under the data-adaptive
diffusions for a wide range of diffusion times, see Figure 27.

2D: To see the basic idea of the advantage of 2D-crossing-preserving diffusion see Figure 25. For a more
challenging case see the denoising example of a 2-photon microscopy containing collagen fibers at
http://bmia.bmt.tue.nl/people/RDuits/CEDOS-example.avi.

— Linear Diffusions combined with soft-thresholding of wavelet coefficients (via non-linear transformations
in co-domain) for line-amplification/enhancement. See [24,18].

— Wavefront propagation for connectivity quantification. See [28,11]. The basic idea is illustrated in
Figure 3. This is particularly interesting in Diffusion Weighted-MRI applications (where crossings fiber
structures are prominently present), see e.g.[60,63,58].

— Feature-analysis and biomarkers via locally adaptive frames [6, chapter 11].

— Tracking of elongated structures (vessels, fibers) in medical images. The key advantage to do tracking
via orientation scores is illustrated in Figure 4 (2nd row) as crossings ar manifestly disentangled in
the score allowing for decent tracking without weird corners and short-cuts at complex regions such as
crossings. For a first impression see also Figure 29 See Figure 28 where we track vessels in retinal images,
and show advantages of our approach. For many more test-cases we refer to [6,7,64] and extensions
that deal generically with bifurcations, cusps and spherical data see [28,47,7].
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f(z,y)

Orientation score

Cartesian derivative 0,

Left-invariant derivative As

”~

Fig. 23 In orientation scores a left-invariant derivative frame {41, A2, A3} should be used instead of the axes-aligned
frame {0y, 8y, 0} (illustrated in the top figure). The bottom three rows of figures compare different orientation layers of
the orientation score with the Cartesian derivative 0, and left-invariant derivative A>. Here we see that Az is invariant
under the orientation, i.e., its interpretation does not change.
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Application 1: Noise Reduction

Complex vasculature in
Abdominal aortic anatomy noisy 3D X-ray data Enhanced data

Coeliac trunk

Renal
arteries

Superior

Diffusions via
mes. artery

orientation scores

Application 2: Tubularity via Orientation Scores

Complex vasculature in
Brain conebeam CT data Geometric Features

Tubularity and
feature extraction

—>

Radiusmap
-'( 3
Yo
|
1

Orientationmap

Fig. 24 Applications of processing via 3D orientation scores. Top: We reduce noise in real medical image data (3D
rotational Xray) of the abdomen containing renal arteries by applying diffusions via 3D orientation scores. Bottom:
Geometrical features can be directly extracted from our tubularity measure via 3D orientation scores. We apply this
method to cone beam CT data of the brain. The picture of the brain (bottom left) was used with permission from Blausen
Medical inc., copyright 2016.
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CED: standard approach

original image

CED-OS: our approach

Fig. 25 Left-invariant processing via invertible orientation scores is the right approach to generically deal with crossings
and bifurcations. Left column: original images. Middle column: result of standard coherence enhancing diffusion applied
directly on the image (CED), cf. [76]. Right column: coherence enhancing diffusion via invertible orientation score cf. [37,
25]. Top row: 2-photon microscopy image of bone tissue. Middle row: collagen fibers of the heart. Bottom row: artificial

noisy interference pattern. CED-OS is capable of handling crossings and bifurcations, whereas CED produces spurious
artifacts at such junctions.
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CEDOS Gaussian

Fig. 26 Volume rendering of the diffusion output results for 3 noisy datasets visualized in the Philips viewer [67] using
default settings in both cases. For both cases we used optimized diffusion times w.r.t. contrast to noise ratios as explained
in [48].
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Fig. 27 Measurement of vessel radius in vessel cross-sections after different amounts of diffusion in a noisy dataset.
Left: 3D Visualization of the data with the select slices. Middle: Radii measurements for increasing diffusion time for
CEDOS. Right: Radii measurements for increasing diffusion time for Gaussian regularization. The detected vessel width
is not influenced by our regularization method which is the case for Gaussian regularization. Bottom: Cross-sections of

one vessel for increasing diffusion time with detected vessel edge position (green points) and search area for edge detection
(red circle).
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Riemannian via OS Sub-Riemannian via OS

Fig. 28 Some typical examples showing the benefit of vessel tracking in invertible orientation scores. When applying vessel-
tracking along globally optimal sub-Riemannian geodesics (with infinite spatial anisotropy in the left-invariant frame of
reference, recall Figure 23), in the orientation score domain results are better than the results obtained by globally optimal
(isotropic) sub-Riemannian geodesics. Details will follow in part IV of this course.
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Fig. 29 Illustration of vessel tracking in the domain of an orientation score, cf. [6].

Exercise-Mathematica 1. Some steps regarding hands-on experience of invertible orientation score pro-
cessing via our Lie Analysis package:

a.) Consider the Lie-Analysis package for latest version of Mathematica (version 11.0 or later), Wolfram
Resarch. It can be donwloaded from the web-address:

http://www.lieanalysis.nl/downloads

b.) If you are unfamiliar with Mathematica as a programming language, we recommend to first study the
general Mathematica tutorial at

http://www.wolfram.com /language/elementary-introduction/2nd-ed/

c.) You can install the Lie-Analysis package in the right folder on your computer, that is in the Mathe-
matica addons folder
(NB. this address is found by typing an input cell with $UserBaseDirectory or $AddOnsDirectory ).

d.) Consider the Help-index (this is automatically included when installing the Lie Analysis package).
Study the following items in the help-index:
— CakeWaveletStack
— OrientationScoreTransform
— InverseOrientationScoreTransform.
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e.) Study the tutorial "http://www. lieanalysis. nl/documentation/ ?ref=www. lieanalysis. nl/
reference/ tutorial/ProcessingOn2DImages. html"

You can run this tutorial yourself as follows:

— press F1 (this opens help index Mathematica),

— search for LieAnalysis,

— go to section tutorials,

— open processing on 2D images. Run the cells by pressing SHIFT-ENTER.

[.) Study the tutorial "http://www. lieanalysis. nl/documentation/ ?ref=www. lieanalysis. nl/
reference/ tutorial/ProcessingOn3DImages. html"
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A The closure of the distributional orientation score transform is an La-isometry on the
whole L2 (R?) space.

From the condition ¥ € L1 (R?) (L2(IR?) it follows that the function My, : R — Rt is a continuous function vanishing at
infinity. In fact this follows by [66, Thm. 7.5], Fubini’s theorem and compactness of SO(2). As a result, we can not take
the limit p — oo in the definition of proper wavelets, recall Definition .

Therefore we restricted ourselves, a priori, to bandlimited/disklimited images f, bounded by a fixed radius ¢ > 0 close
to the Nyquist frequency induced by the sampling rate. However, as we will show in this section such a restriction to band
limited images is not crucial (and in principle the invertibility of the orientation scores does not necessarily rely on finite
pixel sizes).

Akin to the unitary Fourier transform F : La(R?) — L2(R2?), whose kernel k(w,x) = e ™% is not square integrable,
we can allow non-square integrable kernels and rely on Gelfand-Triples [78] as we will explain next.

To this end we first drop the constraint ¥ € L;(R?) [ L2(R?%) by imposing % to be in a dual Sobolev-space:

¥ € H_;(R?) = H}(R?) = (D(Dg))*, (126)

where H; (R?) = D(Dg) = {f € L2(R?) |f admits generalized derivatives s.t. Dgf € Lo (R?) } (127)
equipped with inner product

C ')HI(R2) = (Dﬁ'7Dﬁ')L2(R2)
and where 8 : R2 — R is continuous, bounded from below, isotropic, and with differential operator

Dg=F"1BF.

Now Dg is an unbounded self adjoint, positive operator with bounded inverse. This means that Dg defines a so-called
Gelfand-Triple
H(R?) < Lo(R?) < H}(R?) = H_;(R?),

where H_(R?) is equipped with inner product
-1 -1
Co)u_ 2y = (D Dy )L, w2y

and where all embeddings are dense. Subsequently, we define the distributional orientation score transform!6

Wy )(9) = (w:Uy-1f),

for all f € H;(R2) and all g € SE(2), where we applied the notation (b, a) = b(a) for functional b acting on vector a. Note
that our non-distributional orientation score transform can be rewritten as

Wy £)(9) = Uy, f) = (¥, Ug [) = (b, Uy—1f).

Under a certain condition on 4, we show that operator 20 is an isometry from Hj(R?) (with La-norm) into La(SE(2)).
Therefore this operator is closable and its closure is an isometry. This bring us to the main result.

Theorem 5 Let ¢ € H_;(R?). If My,
B

subspace of Lo(SE(2)). Moreover, this operator is closable and its isometric closure is given by DgW

= B72 then W,, maps D(Dg) isometrically (w.r.t. La-norm) onto a closed

. 2
Dgldf .]LQ(]R)*)

L2 (SE(2)), where WD*H/; is the normed non-distributional orientation score transform, w.r.t. kernel Dglw € L2(R?).
B

Proof. First we provide some preliminaries. Operator Dg is an unbounded, self-adjoint (thereby closed) operator that is
bounded from below, with bounded inverse. Therefore, H;(R?) is again a Hilbert space:
Let (fn)nen be Cauchy in Hy(R2). Then (Dgfn)nen is Cauchy in Lo(R2). Because L2(R?) is complete we have
Dgfn — g in L2(R?). But then, since Dgl is bounded, f, is also Cauchy in L2(R2), so fn, — f in La(R?) to some
f € La(R?). Now Dg is self adjoint and therefore closed so f € D(Dg) and Dgf = g. So we have Dgfn — Dgf in
L2(R?), so fn — f in H7(R?), and f € H7(R?).
The space H_j(R?) is defined as the completion of Hj;(R?) and is equipped with inverse product (f,g)_;
= (Dﬁ_lf, DElg)Lz(Rz). This space is isomorphic to the dual space of H;(R?) under the pairing

(F, f) = (RT'F,Rf)1,(z2) (128)

for all F € H_;(R?) and f € H;(R?). In fact, all embeddings in H;(R?) > L2(R?) < H_;(R?) are dense. Now every
Lo (R?) element is the limit of H;(R?) elements, i.e., Hy(R?) is dense in Lz(R?). Furthermore, since DB_1 is bounded we

have H;(R?) = D5 (L2 (R?)).

16 The unitary representation U, naturally extends to Hj(R?) as the multiplier 8 in the Fourier domain is isotropic.



56 R. Duits, E.J. Bekkers

Now after these preliminaries, let us continue with the proof. Consider the associated normal orientation score transform

Wy : La(R?) — C7®)

with ¢ = Dgld; € L2(R2) associated to ¢ € H_;(R?). Then by Lemma 4 and Theorem 2, this transform is unitary.

This transform maps ]LQ(R2) onto the unique reproducing kernel subspace (C?;E(Q), with reproducing kernel K(g,h) =

(Z/{gz;,l/{hzﬁ). In fact we have

W12 sme) = [ [ IFWf(w,0)2d0 M (w)dw = [ |f(x)[? dx,
C R2 §1 v R2

for all f € La(R?). Therefore DgWy = DBWDEWJ is an isometry from Lo (R2) into La(SE(2)) if MD1;1¢ =

52MD—1’¢ = 1), and moreover if f € D(Dg) = H;(R?) we have (using Eq. (128) and Dglly = UyDp) that
B

B2 (since

(DBWDglwf)(g) = (WDgleﬁf)(g) = (unglszﬁf)]Lz(]R2) = (Dﬁ_lszBugflf)]LQ(Rz)
= (W Uyr ) = Wy )o),

for all g € SE(2) and for all f € H;(R?).

Now Hilbert space Hy (R?2) is dense in L2 (R?) and DgWp-1,, = 2, maps H(R?) (with Lo-norm) isometrically
BTl (R?)

into L2(SE(2)). So Wy, is closable as it admits the closed extension DgW as an extension.

-1
s ¥
O

Remark 15 (Conclusion) By the result of the previous theorem, v € H_7(R2) with MD711/) =32
distributional wavelets. When insisting on an La-isometric mapping between image and scgre one has to fall back on these
kind of wavelets. In case of cake wavelets (proper wavelets of class I [18, Ch. 4.6.1]), when ¢ — oo such wavelets typically
become oriented §-distributions.

In case of proper wavelets of class II [18, Ch. 4.6.2] (including the kernel proposed by Kalitzin [52]) such wavelets
concentrate around and explode along the x-axis when N — oo, [18, Fig. 4.11 and Ch. 7.3]. In both cases the limits do
not exists in La-sense, but they do exist both pointwise and in H_ ;-sense. See also the exercise below.

We conclude from the results in this section that the orientation score framework does not insist on images to be
bandlimited, and remains valid regardless the sampling size/rate.

can be called proper

Exercise 19 (the distributional orientation score transform via Kalitzin’s 2D-wavelet)

a.) Show that the following series converges pointwise in C

2|2

1.2 1 ()" - : 1, .2
w(x,x):fz e o, withz=2a +iz“€C. (129)
g n=0

Vnl!

Show that Fiy(w) = w(R%w) for all w = (w!,w?) € R2.

Show that the series (129) converges uniformly on compact sets, both in the spatial and Fourier domain.
Show that the series does not converge in La-sense.

Show that both M, = 1 and deduce that ¢ is a proper distributional wavelet, but not a proper wavelet.
Show that ¢ does not have the fast reconstruction property (recall Definition 13).

Show that

m -0 &0 T

$(r,0) = (8m) T/ + O(r~2).
(hint: For details see [18, ch:7.3]).
h.) Show that ¥ € (H4(R?))* = H~4(R?).
) Choose B(w) = (1 + ||wl||?) and show that 20, maps H*(R?) onto a closed subspace of La(SE(2)).
j.) Determine the closure of 20,,.

. e

B Separate Storage of the Low-frequency Components: Stability of the Vector-valued
Transform

In practice we are not interested in the zero and lowest frequency components since they represent average value and
global variations which appear at scales much larger than the structures of interest. We are however interested in storing
this data for reconstruction. Therefore we perform an additional splitting of our proper wavelets into two parts

=10 +1v1, with do =G5, = (1—Gs,)Y, (130)
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¥ with radial part g(p)
L

amplitude
o
W

2Wers Nyquist

0 i — —
T, — O =70N
radius p v
(in Fourier Domain)

Fig. 30 Radial function g of 1[1, see Eq. (66) and radial functions of zﬁo and zﬁl after splitting. The parameter « controls
the inflection point of the error function, here v = 0.85 relative to the Nyquest frequency oas. The steepness of the decay
when approaching px is controlled by the parameter o.,y. At what frequency the splitting of 9 in g and % is done is

controlled by parameter o, = /25, > 0 which is here set relatively large for illustration purposes.

with Gaussian window in the Fourier domain given by

Gy, (w) = emsrllel’®, (131)

which is one at ||w|| = 0 and decreases when moving to higher frequencies. After splitting, 19 contains the average and low
frequency components and 1 the higher frequencies relevant for further processing. In this case we construct two scores.
One for the high-frequency components

We, [fD(x,n) = (1,0 % f) (%), (132)

and one for the low-frequency components

Wao [N, m) = (0.0 * f)(x). (133)

The vector transformation is then defined as
Wy lf] = Wey [, W, 1)) (134)

For this transformation we have exact reconstruction formula

F) = Wy ' Wy, ()

B _ (135)
S [M¢1f[;< o [ s W 1) + (o 5 W 1)) do(n)” )
with ) )
My (w) = /Sd_1 1&0,1’)("-’)‘ + ‘il,n(w)) do(n) (136)

Again, M,, quantifies the stability of the transformation. The additional splitting in low and high frequencies effectively

causes a splitting in the radial function, see Fig. 30 where we used the relatively simple error function (66) as a point of
departure.

The next lemma shows us that the stability of the vector-valued orientation score transform is maintained after
performing the additional splitting.

Lemma 7 Let ¢ € La(R%) MLy (R?) such that
EI]\/I>0,6>OVLJEBQ : 0<6 < Mw(w) <M < oo. (137)
holds and with 1/3(«0) € RT. Then the condition number of Wy, : L§ (RY) — ]Lg(]Rd x S?=1Y is given by

2=

lcond(Wy)[? = Wy l*|W,, 5 (138)

The condition number of W, : LE(RY) — L§(R? x S9=1) obtained from Wy, by performing an additional splitting in low
and high frequency components is given by

_ 2M
|cond(W,,)[* = HHKIIQIIEJII2 = (139)

therefore guaranteing stability is maintained after performing the splitting.
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Proof. First, we find the condition number of W,, which is given by

11y W £l

Wy e, 'fE;ngd) T, (140)

[cond(Wy)|2 = sup
fELS (RT)

For the first factor in Eq. (140) we find

2

[FiS I 7 £IIE, Jea |(f(@)|? dw 1
su v Fe— | = su iy = SU u , 141
f€L§FR4> Wy Fll, fengRa) IFwy 7112, femgl()R3> f f [n (@) 2] 7 (@) ]2 dw do(n) uegg M, (@) (141)
which can be done similarly for the second factor now resulting in SUP,epB, My (w). Then we obtain
1 M
condWy)|? = sup ——— - sup My (w — 142
condOV) P = sup s sup Mu(w) = (142)
Similarly the condition number of W, is given by
|condW,,)|? = sup 1 sup My (w). (143)
- weB, My(w) weB, LA
Then we express My, in My, (keeping in mind ’L/AJ > 0) of the original wavelet
My (w) :/d . Po.n(w ‘ ‘¢1n ) do(n)
5 (144)
/d [, (w) + d1n(w)| do(n) - /2 20, (@) 1 m(w)do(n) = My (w) — I(w).
Sa— S
So it remains to quantify I(w). For a wavelet splitting according to (130) we have
L (130) -
I= [ 2fomdindo(n) =" [ 2(Gs,dn)(l—Gs,)indo(n) =2(Gs, (1 - Gs,)) My
Sd—1 Sd—1 145
= (145)
My (@) = (1= 2(Gs, @) (1 = Gs, (@))) ) My ().
And since 5 <1—2z(1—2)) <1 for 0 <z <1 we have for My, satisfying (137) the following bounds on My:
0<0/2< My(w) <M <oo, forallw=DB,, (146)
therefore guaranteing stability after the splitting (130). O

If Ny ~ 1Bg 4» this vector transformation also allows for an approximate reconstruction by integration over orientations:

160~ [ Welflxm) da(a) (147)

= [ el o) + [ Wy ) n) do(w)

Sd—1

Ly [£1()

and since we are only interested in processing Wy, [f] (the higher frequencies) and not Wy, [f] (the average and global
variations) we do not have to seperate the orientations in Wy, [f] and directly calculate Ly, [f] via

me@ﬂ%ﬁﬁhwﬂ%=éwwmwm (148)

For a design with Ny, = 1p, o, we have

fx) = /SH W, [£](x, m) do(n) + (Gs, * £) (). (149)
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C The Bochner-Hecke Theorem and the Spectral Decomposition of the Hankel Transform

In this section we formulate the Bochner-Hecke theorem and then we present the basics that are needed in the analytic
expansion of proper wavelets in the harmonic oscillator basis in Subsection 3.2. In fact, the basics in this appendix will
provide analytic expressions for both ¢ : R — C and for My, : R? — Rt in Subsection 3.2.

Theorem 6 Let H be a harmonic homogeneous polynomial of degree m in d variables. Let F' be an element of
La2((0,7); r@+2m=1dr) then the Fourier transform of their direct product (r,x) ~— F(r)H(x), which is in L2(R%), is
given by:

(=)™ H(w)

o—g

d—2
(rp) 2 +de;2+m(pr)F(T)rd+2m_1dr:
<—nm1ﬂw»f‘%?+m>thz+mT%9*”F]ua,
2

where p = ||wl|| and the Ha—2 ,  the Hankel Transform given by:
2

+

8

(a2, ®)0) = [ (0r)/26(r) a2, (pr) dr ;6 € La((0,00)) - (150)

o

The proof can be found in [31]pp.24-25. The Hankel Transform H,, p = %—l—m, is a unitary map on L2 ((0, c0), dr)
and has a complete set of orthonormal eigen functions {E}} given by

1
2 ! 2 T2
v B80) = (o) e F LG =012 >0, (151)
n+p

where L,SLI'L)(T) is the n-th generalized Laguerrre polynomial of type p > —1,

—a,r n
LWey =" ( d ) (e "r"TE) P >0,

n! dr

OO
with corresponding eigenvalues (—1)": (Hu¢) = > (=1)™ (BN, #)1,((0,00),dr) Fn - The functions EJ; are also eigen func-

tions of the operator

with eigen value 4n + 2, cf.[30]p.79, which coincides with the fact that the Harmonic oscillator ||x||2 — A commutes with
Fourier transform.
These results gives us:
— For d = 2, we have L2 (R?) = La(S?) ® L2((0, c0);rdr) and a Fourier invariant orthonormal base is given by {Yi, ®
h;n}mEZ,neNu{O}a where
hy =r= V2B (r) (152)

and Yy, (¢) = \/%eimd’. It now follows by the Bochner-Hecke Theorem that:

F(Ym @) = F(rmYm @ M) = (= 1) (=)™ (Y @ A7), (153)

— For d = 3, we have L2(R?) = L2(S!) @L2((0,00);rdr). All I homogeneous harmonic polynomials are spanned by
{X = ,,,l)/lm(97 ¢)}l=0...oo sm=—1,...,0- Define

1+ 1
gh(r)=r By 2(r) ,r >0 (154)
then g}, € L2((0,00);rdr) are eigen functions of p_l?{%errl with corresponding eigenvalues (—1)™. Therefore it
follows by the Bochner-Hecke Theorem that

FO"@gn) =@ ()" (Y ©4,) - (155)

D Steerable Orientation Score Transform

In this manuscript we often rely on spherical harmonic decomposition of the angular part of proper wavelets in spatial
and Fourier domain. As the choice of radial basis does not affect steerable filter [39,38,65] properties, we simply write
{gl,(r)}22, for a radial orthonormal basis for Lo(R*,72dr) associated to each 2l + 1-dimensional SO(3)-irreducible sub-
space indexed by [. Then by the celebrated Bochner-Hecke theorem of the previous section this induces a corresponding
orthonormal radial basis {g,(p)}3%, in the Fourier domain which can be obtained by a Hankel-type of transform. We
expand our wavelets in spherical harmonics ¥;” and ball-coordinates (cf. (93)) accordingly:

o0
P(x) = > al gL (r) V,°(0,¢), with x = (rcos ¢ sin6,r cos ¢ sin, r cos0),

n=0
) = (156)
P(w) = 3 algh(p) Y2 (9,¢), with w = (pcosy sin¥, pcos ¢ sind, pcosd).

n=0
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Remark 16 Tn Section 3.3, we consider the modified Zernike basis in which case g, and g, are given by respectively by
(100) and (98), whereas for the harmonic oscillator basis one has g}, = i!(—1)"1!gl, given respectively by (92) and (94).

We obtain steerability via finite series truncation at n = N and [ = L. Then we rotate the steerable kernels via the
Wigner-D functions Dé m (7, 8,0) € R and one obtains the following steerable implementations of orientation scores:

r - 0
> apr Dl (7,8,0) - ((gh ® V) f)(x) =
m=-1 (157)

N L 1 - S
S % X af Dy (,8,0)- F 1 [he P f| (x)
n=01=0m=-1

U(x,n) = .

M=z
M-

n

where n = (cos~ysin 3, sin vy sin 3, cos 6)T, * denotes correlation, the overline denotes complex conjugation and with
function product (3}, ® Y;™)(x) = g4 (r) Y;™(0, ¢).
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