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Abstract This work covers a fundamental problem of local
phase based image analysis: the isotropic generalization of
the classical 1D analytic signal to two dimensions. The ana-
lytic signal enables the analysis of local phase and amplitude
information of 1D signals. Local phase, amplitude and ad-
ditional orientation information can be extracted by the 2D
monogenic signal with the restriction to intrinsically 1D sig-
nals. In case of 2D image signals the monogenic signal en-
ables the rotationally invariant analysis of lines and edges.
In this work we present the 2D analytic signal as a novel
generalization of both the analytic signal and the 2D mono-
genic signal. In case of 2D image signals the 2D analytic
signal enables the isotropic analysis of lines, edges, corners
and junctions in one unified framework. Furthermore, we
show that 2D signals are defined on a 3D projective sub-
space of the homogeneous conformal space which delivers
a descriptive geometric interpretation of signals providing
new insights on the relation of geometry and 2D image sig-
nals. Finally, we will introduce a novel algebraic signal rep-
resentation, which can be regarded as an alternative and fully
isomorphic representation to classical matrices and tensors.
We will show the solution of isotropic intrinsically 2D im-
age analysis without the need of steering techniques.
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1 Introduction

Low level two-dimensional image analysis is often the first
step of many computer vision tasks. Therefore, local signal
features with geometrical and structural information deter-
mine the quality of subsequent higher level processing steps.
It is important not to lose or to merge any of the original
signal information within the local neighborhood of the test
point. The constraints of local signal analysis are: to span an
orthogonal feature space (split of identity) and to be robust
against stochastic and deterministic deviations between the
actual signal and the assumed signal model. One of the fun-
damental problems in image analysis is a good signal repre-
sentation. Such a structural signal feature is the local phase
information which is robust with respect to noise, contrast
and illumination changes [9, 10, 18]. In case of image sig-
nals it is shown in [23] that the original signal can be recov-
ered to a fairly large extend by using only its phase infor-
mation while setting its amplitude information to unity. In
contrast to that, if only the amplitudes are obtained and the
phases are set to zero, the recovered image signal is com-
pletely indiscernible. Therefore, phase based signal process-
ing has found success in many applications, such as dispar-
ity estimation of stereo [10], matching [2], face recognition
[35], optical flow estimation [36], demodulation of fringe
patterns [21], and in medical image analysis [14, 15].

Many low-level approaches such as the SIFT features are
based on derivatives. In this work we will substitute those
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Fig. 1 Interference of two waves. From top to bottom: increasing fre-
quency. From left to right: increasing wave center distance. Signal
analysis task: at each location the two waves have to be separated from
each other
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derivatives by their analog components of the generalized
Hilbert transforms. In Fourier space F{f}(u) = f(u) [20] it
can be seen clearly that the derivative operator of order m,
Dn’h

F(Dul ) = Qr ui)™ f (u) (1)

with u € R? is closely related to the generalized Hilbert
transform operator

F{Hn{ 1) = Qr i)™ f (u) 2)

with u = ”Z—” This work is organized as follows: we will
generalize the analytic signal step by step. First we will
give an introduction to one-dimensional signal analysis with
the classical analytic signal which is a complex-valued sig-
nal extension. The analytic signal is based on the Hilbert
transform which will be generalized to multiple dimensions.
We will proceed with the 2D monogenic signal which is a
vector-valued signal representation, and defined on 2D do-
mains but restricted to intrinsically one-dimensional signals.
This drawback will be solved in this work. The 2D mono-
genic signal will be generalized to a certain subclass of 2D
signals by the so called isotropic 2D analytic signal, which
is a signal representation embedded in projective space. The
most generalized form will be given at the end of this work
by the so called signal multi-vector, which is a signal ex-
tension embedded in a subspace of the 32-dimensional con-
formal space. All signal analysis solutions presented in this
work are truly isotropic, i.e. no steering technique or explicit
Radon transform must be used. This advantage offers most
accuracy in less computational time since only a small filter
set must be applied to the original signal.

Applications of the results presented in this work are the
isotropic separation of superimposed structures as shown in
Fig. 1.

2 The Classical 1D Analytic Signal

To solve phase based 2D signal analysis problems, first
phase based 1D signal analysis has to be considered. From
Fourier analysis it is well known that each 1D signal f €
L?(R) N LY(R) can be approximated globally with infinite
small error by its Fourier series

f)=)"aycos(v(x +¢,)) 3)

with v as the frequency. Each frequency component with
its appropriated individual phase ¢, and amplitude a, can
be analyzed separately. This selected frequency of interest
carries the structural information of the signal and has to be
extracted from the original signal by applying a filter kernel
ps : R? > R before analysis. Therefore, the local 1D signal
model at the origin x = 0 in the applied local coordinate
system reads

e, s)=a(x,s)cosd(x,s) = (ps* f)(x) “

with * as the 1D convolution operator, and s > 0 as the scale
space parameter of a filter kernel p;, which will be specified
later. Since the local signal model is assumed to be an even
function, i.e.

cos(x) =cos(—x) VxeR, (®)]

it is called the even part f¢ of the analytic signal. By means
of convolution of the filtered original signal with the classi-
cal first order 1D Hilbert transform kernel

1
h(t) = — (6)

the corresponding odd part f“ can be calculated by

fo(x,s) =a(x,s)sing(x,s) = (h* ps* f)(x) )

and

(h % ps % £)(x) =P.V./ ps*Ple=1) ) @)
R TT

as the classical 1D Hilbert transform of the signal f in
scale space and P.V. as the Cauchy principal value. Since
the Hilbert transform of the original signal is locally an odd
function, i.e.

sin(x) = —sin(—x) Vx eR, )

itis called the odd part f° of the analytic signal. One impor-
tant local structural feature of the filtered signal is the local
phase ¢ (x, s) € [0, 27r) [19] because it is independent of the
local signal amplitude a(x, s) [13]. The local phase can be
determined by

fo(x,s)
fex,s)

¢(x,s) =arctan (10)
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Fig. 2 Illustration of the
original (thin plot) 1D signal
and its even f*¢ (thick plot) and
odd f (dashed plot) signal
parts in scale space (for the
frequency component v = 1 Hz)
with local structural amplitude
a(2,s) =1 and phase

¢(2,s) =2 at the test point

x = 2. It can be seen clearly that
the even signal part carries the
main structural information of
the original signal

and the local signal amplitude can be determined by

a(x. ) =/ (f(x, )P + (fo(x.5). (an

The local phase information is called structural signal infor-
mation. The vector valued signal extension

[fe(x,5), fOx, )" (12)

of a scalar valued one-dimensional signal f is called ana-
lytic signal, see Fig. 2. Note that originally the analytic sig-
nal has been defined as a complex valued signal with f¢ as
the real part and f as the imaginary part [11], i.e.

[ s) =[x, 9) +ifx, ). 13)

The 1D analytic signal has been used also in 2D signal
processing. This makes it necessary to extend the classi-
cal 1D Hilbert transform to multiple dimensions. There are
several approaches in the literature which lack the required
rotational invariance of the multidimensional Hilbert trans-
form, see [1, 16]. The partial Hilbert transform is such a
naive ansatz of applying the one-dimensional Hilbert trans-
form to two-dimensional signals f € L?(R?) N L' (R?)

(h* fo)(1)

F((t +1)cosb, (t +1)sinh) J
R T ’

=PV. (14)
with the partial two-dimensional function in direction 0 at
the origin of the applied local coordinate system reads

fo(t) = f(tcosb, Tsinb). (15)

In case the main orientation of the 2D signal is unknown, the
partial Hilbert transform has to be executed in all possible
directions. Of course, exact approaches must not try all of
these directions. One possible rotationally invariant gener-
alization of the one-dimensional Hilbert transform to higher
dimensions is the Riesz transform which will be called gen-
eralized Hilbert transform in the following.
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3 The Isotropic 2D Analytic Signal

Based on the results of Fourier theory and functional analy-
sis we assume that each 2D signal f € L?(R?*) N L' (R?) can
be locally modeled' by a superposition of arbitrarily orien-
tated one-dimensional cosine waves [34]

(ps % /)R =a(z,5) Y cos((z,00(2,9) +¢(z,5)  (16)

v=1

with z = (x,y), * as the convolution operator and the
orientation 0, (z, s) = [cos 6, (z, 5), sin 6, (z, s)]7 . Note that
each cosine wave is determined with the same amplitude
and phase information. This restriction will be generalized
within this work. The Poisson convolution kernel [8] reads

N

—_— 17
27 (s + [1z[1%)3/2 4

ps(2) =

see Fig. 4. For a certain scale space parameter s € R the
Poisson kernel acts as a low pass filter on the original sig-
nal f. The Poisson scale space is naturally related to the
generalized Hilbert transform by the Cauchy kernel [5].

To filter a frequency interval of interest, the difference of
Poisson (DoP) kernel will be used in practice

Psy.se (2) = Psy (2) — ps.(2) (18)

with s. > s > 0 and s, as the coarse scale parameter and s ¢
as the fine scale parameter. The filtered signal is defined by
convolution with the difference of Poisson kernel which will
be used to analyze the original signal with the DoP opera-
tor to consider only a small passband of the original signal
spectrum.

IThere is no method of signal analysis which is universal in respect
of any arbitrary local 2D structure. Hence, it is necessary to formulate
a model of local signal structure as basis of the analysis. The great
challenge is the search for a most general model which can cope with
as many as possible local signal structures.
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Fig. 3 From left to right: i0D signal, i1D signal with n =1 in (16)
to model straight lines and edges in scale space and two i2D signals
which consist of two superimposed i1D signals with n =2 in n (16) to
locally model junctions and corners in scale space

Without loss of generality the signal model in (16) de-
grades locally at the origin z = 0 of a local coordinate sys-
tem to

fr(z,$) =) a(z,s)cosp(z,5) (19)

v=1

In case of image analysis lines, edges, junctions and corners
can be modeled in this way. The signal processing task is
now to determine the local amplitude a(z, s), the local orien-
tation 6, (z, s) and the local phase ¢ (z, s) for a certain scale
space parameter s and a certain location z. This problem has
been already solved for one-dimensional signals by the clas-
sical analytic signal [11] by means of the Hilbert transform
[16] and for intrinsically one-dimensional [37] signals (i.e.
n =1 1in (16)) by the 2D monogenic signal [7] by means of
the generalized first order Hilbert transform.

This work shows that 2D signal processing can be re-
garded as an inverse problem [33] where higher order gen-
eralized 2D Hilbert transforms are applied to the original
signal f, here with the signal model in (16) restricted to
n < 3. 2D signals in scale space are classified into local re-
gions N C £2 of different intrinsic dimensions [37] (which
correspond to their codimension). The intrinsic dimension
expresses the number of degrees of freedom necessary to
describe local structure. Constant signals without any struc-
ture are of intrinsic dimension zero (i0D), arbitrary orien-
tated straight lines and edges are of intrinsic dimension one
(i1D), and all other possible patterns such as corners and
junctions are of intrinsic dimension two (i2D), see Fig. 3. In
general 12D signals can only be modeled by an infinite num-
ber of superimposed i1D signals. Therefore, it is essential to
assume a certain signal model or a set of certain models for
exact 12D signal analysis. Furthermore, the intrinsic dimen-
sion depends also on the scale space parameter s at which
the signal will be considered locally.

3.1 Related Work: The Monogenic Signal

Related work is the recently introduced monogenic signal
[7] which can be regarded as the Hilbert transform based
analogue to the derivative based gradient. The first order
generalized Hilbert transform kernel

h)(cl) 1
h(l)(Z) = |:h;1):| (x) = m |:);:| (20)

'R 4 4
- -

Fig. 4 From left to right: Poisson convolution kernel p(z, s) and con-

jugate Poisson convolution kernels qil) (z,s) and qﬁl) (z,s) in the spa-
tial domain for a certain scale space parameter s > 0

can be expressed in Poisson scale space by

) 1
*h
V=T (@@= @
qy Ps*hy

- H 1)
T 2m(s2 4 12132 v ]

The 2D monogenic signal can be defined as a vector valued
signal representation [f)(z,s), fx(z,$), fy(z, )17 where
the first order Hilbert transformed signal can be expressed
in Radon space [31] by the relation

Ix
M @

(1)
_ qx ('7S)*f
- [qﬁ”(-,s) . f} ©

—R! {(r, 6) > [‘;fjg} (h* fr(-.0,5)) (r)} @ (2

with the 2D Radon transform R{-}, its inverse R~!{-} and
the Hilbert transform kernel? 4. The Radon transformed sig-
nal (see Fig. 5) equals the line-integral

fr(2,0;5)
=R{ps * f}(,0)

:/(ps * f)(t(sin@, —cosB) +t(cosb, sind))dtr (23)
R

with 6 € [0, ) as the orientation, and ¢ € R as the mini-
mal distance of the line to the origin of the local coordinate

2Both the classical 1D Hilbert transform as well as all generalized
Hilbert transforms intrinsically always remain in one-dimension, i.e.
in this work the function f(#) = acos(¢) will be considered and its
Hilbert transform (f * h)(t) = asin(¢) with the property (f * h %
n(6) =—f@).
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Fig. 5 Top row from left to right: illustration of an intrinsically
1D signal in the spatial domain, in its corresponding Radon do-
main, and its geometric feature interpretation by spherical coordinates
@(z,s),¢(z,5),a(z,s)). Bottom row from left to right: two superim-
posed intrinsically 1D signals in the spatial domain modeling locally a

system. The main advantage of this expression in 2D Radon
space is the resulting system of equations [31]

Jx
[fy] @9

_ Z [coseu(za 5):| a(z,s)sing(z,s)
v=1

sinf, (z, s) 24
with the explicit formulation of the signal features. This sys-
tem of equations, together with (19), has to be solved for the
unknown signal model features. In case of i1D signals (i.e.
n =1 in (16)) this system of equations degrades to

Ip cosp(z,s)
frx | (z,8) =a(z,s) | sing(z,s)cosb(z,s)
fy sin¢(z, s)sinf(z, s)

(25)

which can now be solved for the 3D spherical coordinates,
see Fig. 5.

0(z,s) = arctan %, (26)

Ses) — e JR@)+ s o
’ fp(z.s) '

a(2,5) = /2@ 9) + 2@ 5) + f2(.5). (28)
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Test point (t=0)

,  Apex angle

Orientation 0 f.(t,0)

Apex :3.ng,lti:1-E

junction. In their corresponding Radon space the two signals are sep-
arated from each other into two individual i1D signal slices. The cor-
responding geometric feature interpretation corresponds to the sum of
two vectors with spherical coordinates (6,(z, ), ¢ (2, 5), ay(z, s)) for
vef(l,2}

The phase vector ®,p(z, s) € R? of the monogenic signal is
defined by

(29)

Dop(z,5) = |:£xi| (2)=¢(z,9) |:COSQ(Z,s)i|
y

sinf(z, §)

consisting of the local main orientation 0(z, s) and the local
i1D phase ¢ (z, s). The original filtered signal can be recon-
structed from the amplitude and phase information by using
the definition of the signal model

fo(z,s) =a(z,s)cosd(z,s) +c(z) (30
up to the unknown signals offset c(z) € R for all points with
intrinsic dimension one. Since the 2D monogenic signal is
strictly limited to the class of 11D signals, the aim of this
work is to find and solve an appropriate geometrical inter-
pretation for i1D and i2D signals in one single framework.

3.2 Second Order Hilbert Transforms

In case of 12D signals (i.e. n > 1 in (16)) the resulting sys-
tem of equations constructed solely by the first order gener-
alized Hilbert transform in 2D Radon space is not sufficient
for the solution of all signal features. Therefore, we have to
make use of the higher order generalized Hilbert transforms,
such as the second order Hilbert transform kernels [31] (see
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Fig. 6)

@, S)_3S||Z||2—|—2s3—2(||z||2+52)3/2 . a1
7% 2z (IR + 52)32 y¥

(proof: Appendix A) with z = (x, y) and

2 1 1
%7 hY 5D % py
q@ . 5) = qg) (z,8) = hﬁl)*hgl)*ps (@ (32
2 1 1
% hY x b s p

to determine the second order generalized Hilbert trans-
formed signal which can be also expressed in Radon space
by

Srx
fxy (z,5)
fyy

43 . 9) x f
= a3 C.9*f | @
a5 C.s)* f
cos? 6
sinf cosf
sin? 6

=R t,0)—~ ft,0:5) Y (). (33)

Analogously to the first order Hilbert transform the follow-
ing additional system of equations results from the second
order Hilbert transformed signal

Srx
fxy (z, )
fyy

n
v=1

Now a suitable signal structure is required which embeds
the original signal extended by the first order and the second
order generalized Hilbert transforms in one unified signal
representation. This signal representation must be superior
for the feature interpretation. Since the signal features are
of geometric nature, we are now introducing a geometric
algebra signal representation.

cos20,(z, s)
%sin(ZQv(z,s)) a(z,s)cosg(z,s). (34)
sin® 60,(z,5)

3.3 From Tensors to Multi-Vectors

For complete signal analysis problems the original signal
has to be extended by the generalized Hilbert transforms.
The resulting signal representation can be complex valued,
quaternionic valued or tensor valued. When using gener-
alized Hilbert transforms of order two and three or even
higher, the extended signal is tensor-valued or matrix-valued

b4
ooﬂ -

Fig. 6 From left to right: second order Hilbert transform convolution

kernels in the spatial domain qg) (z,5), q,g) (z,s) and q;?v) (z,s) for a

certain scale space parameter s > 0

with multi-vector-valued entries. To analyze such signals
geometrically, the matrix or tensor forms have to be mapped
to a multi-vector. Such multi-vectors can be interpreted in a
geometric way. The objective of the section is to introduce
an isomorphic mapping from tensor and matrices to multi-
vectors.

The structures of matrix algebra and geometric algebra
[17] are completely compatible and in many ways compli-
mentary, each having their own advantages and disadvan-
tages. In this section we present a detailed study of the hy-
brid 2 x 2 matrix geometric algebra (HMGA) [27]

My My

( 3) { |:M21 My

} ‘M, € (GAg} (35)
with elements in the 8-dimensional geometric algebra GAj
of Euclidean space. The resulting hybrid structure, which
is isomorphic to the geometric algebra GA4 1 of de Sitter
space, combines the simplicity of 2 x 2 matrices and the
clear geometric interpretation of the elements of GA, which
will be used in this work for signal analysis.

MQ2,GA3) =GA4 ;. (36)

It is well known that the geometric algebra GA4; con-
tains the 3-dimensional projective, and the conformal space,
together with the horosphere of 3-dimensional Euclidean
space which has attracted the attention of computer scien-
tists and engineers as well as mathematicians and physi-
cists [25].

In this section we present a novel, fully isomorphic
and alternative algebraic representation to tensor and ma-
trix structures, called multi-vector representation, which is
very suitable for signal interpretation. It has been shown
that the monogenic signal can be analyzed as a vector in
Euclidean space. Now a generalized concept of the mono-
genic signal representation will be presented by analyz-
ing not a vector but a so called multi-vector in confor-
mal space. According to [27] each Clifford number valued
matrix 7T(z,s) € M(2, GA3) with GA3 = GA(R?) can be
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mapped to a multi-vector m(z,s) € GA41 of the Clifford
algebra [4] GA41 = GA(R*!) with the set of generating
basis vectors

B={ey,ez,e3,e,}U{e_} (37)

which results in the total number of |28 || = 32 basis multi-
vectors with 28 as the powerset of the set B. The basis vec-
tors have the properties

ef:e%:e%zeizl, e’ =—1 (38)
and
ee;=—eje;, i,je{l,2,3,+ -}, i#]. 39)

We will use the abbreviation
€ij = ¢€j€; (40)
and in general for the totally ordered set /

e/ =eji,. i, forl=1{i,ia,...,in}e25. (41)
The scalar numbers R will be represented by the empty set
I = () with the basis multi-vector ez = 1. Note that the ba-
sis vector e extends the three dimensional Euclidean space
spanned by {ej, e>, e3} to the conformal space and e_ ex-
tends the conformal space to the homogeneous conformal
space. In literature the homogeneous conformal space will
be often abbreviated by conformal space. Since we use the
Clifford algebra for geometric interpretation, Clifford alge-
bra can be called geometric algebra [17]. As a direct result
of [27] each Clifford valued 2 x 2-matrix of the form

T T

T@s)= |:T21 Ty

i| (z,5) € M(2,GA3) (42)

can be mapped to its corresponding multi-vector m =
¢(T(z,s)) € GA4;1 in (homogeneous) conformal space
[25, 30, 32] by the following isomorphism

@o(T) =Tiuy + Tpurey + Toju_eq + Thu— (43)
with
T3 = (Tij)o — (Tijh + (Tij)a — (Tij)3 (44)

as the inversion of the multi-vector
3

Tj =) (Tij), € GAs (45)
v=0

for i, j € {1, 2} with the grade n projector (-), [25]

(mbn =Y myes (46)

1e2B
1l=n

@ Springer

of the multi-vector

m= Zm1e1 € GA41, mjeR 47)
Ie2B
and
Ll (48)
TR T
_l 1 49)
== T
1
uyey = §[€+ —e_]=—ey, (50)
e —l[e +e]—1e (&2))
U— tT e TEI=R6

This results in the general isomorphism
1 *
o(T(z,5)) = E[T” (z,8) + Tr5(z, )]
l *
+ E[TZI(Z’ $) + Ta(z, s)]et
1 *
+ E[TM(Z’ s) —Ta(z, s)]e-

1
3G s - T35 (2. 8)]e4—. (52)

Since the matrix 7'(z, s) is isomorphic to the multi-vector
m(z, s), the algebra is called a hybrid matrix geometric al-
gebra (HMGA).

The second order partial derivatives of the Hesse matrix
of the signal f will be substituted by the second order gen-
eralized Hilbert transforms, see (33), in their corresponding
directions

Sax fxy
fxy fyy

which will be called the even tensor 7°(z, s), see Fig. 7. The
resulting isomorphic multi-vector signal representation® in
conformal space reads

TC(z,s) = [ ] (z,5) e M(2,R) (53)

P(T%(z,9) = fo(z,5) + f+(z, et + fr—(z, )er—  (54)

with
1 1
folz,s) = E[fxx(Z, 8)+ fyy(z )= Efp(z, 5), (55)
f+(z, S):fxy(Z, s), (56)
1
fr—(z,8) = E[fxx(z, s) — fyy(z,8)] (57)

30ne of the reviewers notes the relation to the 2-tensor decom-
Jax fxy _ futfiyrl o

. Fry f\t\‘] - 2 |:O l:| +
]+ Bty il 1]

il

position in irreducible components by [
Jax—fyy=2ifxy [71 —i
4 -

—i 1
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with fo(z, s) as the scalar part, f(z,s) as the vector part
and f4_(z,s) as the so called bivector part of the multi-
vector. This multi-vector valued signal representation is con-
structed by a set of three convolution kernels, see Fig. 8.
With the first and second order generalized Hilbert trans-
forms the monogenic signal can now be generalized to the
novel 2D analytic signal. Motivated by the important equa-
tions (1) and (2), analogous to the Hesse matrix* the second
order partial derivatives will be substituted by the second
order Hilbert transformed signals in the corresponding di-
rections. This matrix valued signal representation 7¢ can be
mapped to a multi-vector valued signal representation by the
isomorphism ¢ [31], see Fig. 8.

3.4 Signal Interpretation in Projective Space

The local features which determine the signal (16) for the
restriction to n = 2 and equal amplitude and equal phase in
scale space will be separated into geometrical features and
structural features. The geometrical features are the main
orientation and the rotationally invariant apex angle. The
main orientation can be determined by

_ b1z, 5) +62(z,5)
B 2

1 Sf+(z,5)
= —arctan —————.
2 f4—(z,9)

In contrast to the monogenic signal the main orientation [26]
can be evaluated also at phase positions ¢ (z, s) = kxr for all
k € Z where the orientation of the monogenic signal

1 f y (Z S )

501z, 5) + 62(z, )] = arctan ———— (59)
2 f X (Z ’ N )

is not defined. The apex angle «(z, s) (also known as open-
ing angle or angle of intersection) can be determined by

Om(z,5)

(58)

a(z,s)

=101(z,5) — 62(z, 5)|

ARG+ @)

= arccos

| fo(z, )]
VB~ 1) + 2@ s)]
= arcsin
| fo(z, )]
2(2,9) = [f2(z,8) + f?_(z,9)]
= arctan \/fo ©° ARGRUE f (60)

e+ @y

4The first and second order partial derivatives of the Weingarten ma-
R : 2 52 52 . . . .
trix [% % 3‘972, ;Tv ;7]T will be substituted by their corresponding

generalized Hilbert transforms.

Fig. 7 Illustration of the even tensor 7¢ which consists of the second
order generalized Hilbert transformed signal

p(T°) = . + ep + He_q = | #F

Fig. 8 Illustration of the isomorphism from the even tensor 7 struc-
ture to the multi-vector expression

which delivers in combination with 6,,(z, s) the individual
orientations 6 (z, s) and 6, (z, s). The apex angle’ is a very
important rotationally invariant local feature for example it
is zero iff the underlying structure is of intrinsic dimension
one. The geometric interpretation of the main orientation
and the apex angle results from the signal fy(z,s) which
is embedded in 3D space spanned by the representations de-
fined by (55)—(57) as a vector

[0,0, fo(z,)]" e R3. (61)

This 3D vector will be rotated by the Euler angles

(@(2,5), 26, (2, 5)) € [0, %] x [0, 27]. (62)

see Fig. 9. By means of the apex angle o(z, s), a so called
homogeneous signal component f;, of the signal f, in 3D
projective space [25] spanned by the vectors fx, f) and fj
can now be introduced by

fh(Z,S)=\/w €10, 1]. 63)

In the following a natural relation of the vector valued 2D
analytic signal representation and the projective space will
be shown. By means of the homogeneous signal component
the model based signal features can now be determined. Let
be

fe@s) = f @9 fr(z9) (64)

SNote that the apex angle of phase based image analysis corresponds to
the shape feature of the orthogonal version of the second order deriva-
tives [3] although they are not equal.

@ Springer



140

J Math Imaging Vis (2010) 37: 132-150

Fig. 9 Left figure: the underlying 2D space is spanned by the conju-
gate signal components fy and f, and the additional coordinate of the
3D projective space is given by the homogeneous signal component fj.

and

Frzs) = f;, @9 fy(z,9) (65)

the normalized signal components of the Hilbert trans-
formed signal. The local main orientation of the signal can
be determined by

0 (z, s) = arctan M (66)

fx(Z’s)

which corresponds to (26). The structural signal features are
the local phase and the local amplitude. The phase of i1D
and 12D signals can be evaluated by

U2 + (e )P
fp(Z7 S)
fHz.9) + f2z.s)

= arctan (67)
fo(z,8) fu(z,8)

w hich is the generalization of (27) for i1D and i2D signals
in one unified framework. The local amplitude for i1D and
i2D signals can be determined by

¢(z,s) = arctan

az,s) = %\/ Reo+(Ren) +(Aen) 68

and the local attenuation is given by log a, which is the gen-
eralization of (28) for 11D and i2D signals in one unified
framework. The phase and the amplitude can be determined
by the first order generalized Hilbert transform and the geo-
metric information given by the apex angle and the main
orientation can be determined by the second order gener-
alized Hilbert transform. In the case of pure i1D signals the
apex angle is zero, i.e. fj,(z,s) = 1. In this case the formulas
of the phase and amplitude reduce to those known from the
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£ =0t i0D

Right figure: illustration of all intrinsic dimensions in one continuous
space. The 10D signals are on a point of singularity, the i1D signals can
be represented by a 2D plane and the i2D signals exist in a 3D volume

monogenic signal. The advantage of this approach is that it
can automatically distinguish between i1D and i2D signals
and it can be applied to all kinds of local intrinsic dimension
without any previous knowledge about the original signal.
In the case of 2D image signals, this approach is designed
for an isotropic analysis of lines, edges, corners and junc-
tions in one framework. Note that this analysis is restricted
by the assumed signal model. We will overcome these re-
strictions in the next section. The important generalization
from i1D signal analysis to true 2D signal analysis is, that in
contrast to the 2D monogenic signal, here the 2D conjugate
Poisson components [ f5, fy]T are in a natural way located
in the higher dimensional 3D projective space [ fx, fy, fil?
with f;, as the additional homogeneous signal component,
see Fig. 9. Signal analysis with respect to the local spec-
tral representations amplitude and phase naturally reduces
now to the normalization of the homogeneous component
to fn(z,s) = 1. This can be easily done by multiplying the
conjugate Poisson signal components f, and f) by fh_l. In
other words: the 2D space spanned by the signal components
fx and fy is extended by the homogeneous signal compo-
nent fj,.

Analogously, the 2D phase vector @,p(z,s) of the 2D
monogenic signal can now be generalized to the 3D phase
vector ®@3p(z,s) € R? of the 2D analytic signal, which is
defined as

P3p(z,5) = (z,5)

SIS
~

cosf(z,s)
sinf(z, s) cosa(z, s) (69)
sinf(z, s)sina(z, s)

=¢(z,9)

consisting of the rotationally invariant local apex angle «,
the local main orientation 6 and the local i1D/i2D phase ¢.
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In the case of an i1D signal where the apex angle is zero, the = 2a(z,5)sing(z, s) cos 01(z,8) — 0a(z, 5) (75)
3D phase vector naturally reduces to the phase vector of the 2
2D monogenic signal. from which follows for the main orientation
3.4.1 Proof Outline 0(z.5) = 01(z,5) ;Qz(z, ) (76)
Due to the previous results of the first and second order that
generalized Hilbert transform expressed in Radon space the
proofs can now be done by trigonometric calculations using c0sO(z. 5) = Sx(z,8) a7
the known local signal components \/fxz(z’ s) + fy2 (2, 5)
f :
f); sinf(z,s) = & 5) . (78)
fo |G JRGES+ )
f{:r_ Furthermore
=a(z,s) \/fi(Z’ )+ f2_(z5)
[cosB1(z,s) 4+ cosBa(z,s)]sing(z,s)
[sin6; (z, 5) + sin6a(z, s)]sin (2, 5) =a(z,5)cos$(z, 5) cos(B1(z, 5) — 62(z, 5)) (79)
X cos¢p(z,s) .
f hich follows for th 1 ,s) that
%[sin(zel (z,5)) + sin(202(z, 5))] cos  (z, 5) rom which follows for the apex angle «(z, s) thai
i
5[cos(201(z, s)) + cos(262(z, s))]cosp(z, s)
s ¢ cosalz S)=\'/[f+(z,S)TjL [f+(z,S)}2 (80)
70 ’ fo(z.s) fo(zs)
consisting of five linear independent components which re- ;4
sult from the signal intelligence in Radon space. From which
follows that 2 2
sina(z,s)z\/l—[f+(z’s)i| —[f+‘(z’s)} . @D
fo(z,s) fo(z,$)

fi(z,8) =a(z,5)cosp(z, )
x cos(01(z,s) — 02(z,5))
x sin(01(z, s) + 02(z, 5)), (71
J+-(z,8) =al(z,s)cos¢(z, )
x cos(01(z,s) — 02(z, 5))
x cos(01(z, s) + 62(z, ), (72)

fx(z,8) =2a(z,s)sing(z, s)
q 01(z,5) — (2, 8)
2
cos 01(z, ) ;r@z(z,S)’
fy(z,s) =2a(z,s)sind(z, 5)
S 01(z,8) —6(z, )
2
« sin 01(z, ) ;92(1,8)

X CO

(73)

X CO

(74)

and

4(2,5) =/ 2z 9) + f2(z. )

Note that the relation to the Radon transform is required
solely for interpretation and theoretical results. Neither the
Radon transform nor its inverse are ever applied to the sig-
nal in practice. Instead, the generalized Hilbert transformed
signal components will be determined by 2D convolutions
with the generalized Hilbert transform kernels in the spatial
domain.

4 The Signal Multi-Vector

We will now present the general solution for isotropic sig-
nal analysis in two dimensions. The first step of low level
signal analysis is the designation of a reasonable signal
model. Based on the fact that signals f € L2(2)NLY(2)
with £ € R? can be decomposed into their correspond-
ing Fourier series, we assume that each frequency compo-
nent of the original image signal consists locally of a su-
perposition of intrinsically 1D (i1D) [37] signals f,(z,s)
with z = (x, y) € R? and s > 0, see (82). Each of them is
determined by its individual amplitude a,(z, s) € R, phase
¢v(z, ) €10, ), and orientation 6, (z, s) € [0, 7).
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Fig. 10 Left figure: geometric interpretation of the main orientation
Om(z,s) and the apex angle «(z,s). The 2D analytic signal strictly
separates the structural and the geometrical information given by the
first and the second order Hilbert transform respectively. Right figure:

4.1 Local Signal Modeling in Scale Space

Applying the Poisson filter kernel p; to the original signal
f results in the smoothed local signal model

(ps % /)@ = ay(z,$)cos((z,00(z,9)) + du (2, ) (82)

v=1

with 0, (z, s) = [cos8,(z, s), sin0,(z, s)]7 as the oriented
normal, and (-, -) as the inner product. This powerful local
signal model allows modeling any texture or structure such
as lines, edges, corners, and junctions in scale space as will
be explicitly shows in Sect. 4.3. After having specified the
signal model, the mathematical task is the exact retrieval of
the signal parameters (6, (z, s), ¢, (2, s), a,(z, s)) for every
position z € §2 and for every scale space parameter s > 0. In
the following

f5(z,8) =ay(z,s)cospy(z, 5) (83)

will be called the even signal part. Furthermore and without
loss of generality, at the origin z = 0 in the applied local
coordinate system, the assumed signal model (82) results in

fr@9) =(psx N@ =) avz,s)cosdy(z,5).  (84)

v=1

Since the geometrical information 6, (z, s) is not coded in
the signal value f,(z,s), an appropriate signal extension is
necessary. Normally, this will be done by calculating higher
order derivatives of the signal, e.g. the SIFT features [22].
Instead, in this work the components of the higher order gen-
eralized Hilbert transforms will be used.

4.2 Signal Extension

The problem, which has to be solved now, is the search
for all unknown structural parameters a,(z,s) € R and
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geometric interpretation of phase ¢ (z, s), amplitude a(z, s) and main
orientation 6,,(z, s) in projective space of i1D and i2D signals in one
unified framework

¢v(z,s) € [0,7) and the unknown geometric parameters
0,(z,s) € [0, ). Although the most general formulas will
be provided in this work, we will restrict the signal model
(82) to n < 3, since by this restriction most signal struc-
tures can be modeled [6]. As the signal parameters are un-
known, we have to solve a nontrivial inverse problem. This
can only be done by extending the original signal represen-
tation to result in a system of equations, which includes all
unknown signal parameters. This will be done by the gener-
alized Hilbert transforms of higher orders. Our restriction of
the signal model to two superimposed arbitrary i1D signals
results in six degrees of freedom, which require generalized
Hilbert transforms up to order three. The first order gener-
alized Hilbert transform convolution kernels for any dimen-
sion read [4]

2

Apttlz|Im+t
Zm

D (z) = , zeR” (85)

with the area of the unit sphere §” in R"*!

m+1
22

reety

Apy1 = (86)

For two-dimensional signals (m = 2) the generalized Hilbert
transform kernels read

h 1 [x
[h@} © = 20 [y] &7

which are the analogues to the first order partial derivatives.
Since we have to analyze the original signal in scale space,
it will be of advantage to provide one unified convolution
kernel, which consists of the Poisson kernel and the gener-
alized Hilbert transform kernel of order n. The generalized
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Fig. 11 Illustration from left to right of the convolution kernels in the

spatial domain for a certain scale space parameter s > 0. Top row: Pois-
son kernel py. Second row: first order kernels q)(cl) and q;I). Third row:
second order kernels q,ﬁ) , qg) and q)%), Bottom row: third order ker-

3 3 3 3
nels q,gx)x, q;(cx)y’ %(cy?v and ‘A{v?v

Hilbert transform kernels of order (i + j) in Poisson scale
space reads

qili;rf)(z, s)=(hDsx...xnD *hgl) Kook hy) * Pg)(2)
N—— e
i j

(88)

which are shown in Fig. 11. The first order and second order
generalized Hilbert transform kernels have been already de-
rived for the 2D analytic signal. The third order generalized
Hilbert transform kernels read
3
ik
3)
T | (2, 9)
o
dyyy
_ 4522 + 311zl + 3llzl* - 8s(s* + l1z1H)?

21 )|z)18(s2 + l1z]12)3/2

(proof: Appendix B). The value of the (i 4 j)th order Hilbert
transformed signal in Poisson scale space will be derived by
convolution in the spatial domain

xiyJ

Fuyi@s) = (a3 9% £) @ (39)

Note that for all equations and without loss of generality z
always denotes the position relatively to the test point.

4.3 Signal Intelligence in Radon Space

After extending the original signal by the generalized
Hilbert transform the resulting signal representation must
be interpreted. This can be done in Radon space [31]. The
original signal f transformed into Radon space reads

fr(t507s) ZR{pS *f}(t79)

2/1;2(Ps * f)(2)8((z, 00) —1) dz (90)

with 6 € [0, ) as the orientation, o9 = [cos@, sin@]” the
oriented normal vector, ¢ € R as the minimal distance of the
parameterized line to the origin of the local coordinate sys-
tem of the test point, and § as the Dirac distribution, see
Figs. 5 and 12. The corresponding inverse Radon transform
R~!{-} exists, and can be simplified to the following relation
for a finite number n € N of superimposed 11D signals

1 D f(t,0;
RSN =5 f PV. f ElAGLLIY
2= Joepo,m) teR

0 (Z,09>—t

__Liw/ o et 00is)
27T2 v:l ’ ’ teR t

1 & 19
=—— Y PV. — — f(t, 6, 5)dt
2 ; /,ER wt Btfr( vi$)

1 &3
=L o 0 fr (.00, $) () o

with £ as the first order one-dimensional Hilbert transform
kernel at position z = 0 for the origin of the applied local co-
ordinate system, see Fig. 13. The (i + j)th order generalized
Hilbert transformed signal can be expressed in Radon space,
which delivers a system of equations including all unknown
signal parameters. This system of equations can be solved,
which was up to now only possible for n = 1 in (82) [6]. The
Hilbert transformed signal can be expressed by

Friyi(z,8)
=R"! [(z, 9) > cos' 0sin/ (T « f,(: 6, s))(t)] ).
(92)

The proof can be done by means of the Fourier slice theorem
[31]

Fu{fr (. 0:9)}(p) = Faips * fH(pcosO, psind) 93)
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Fig. 12 Top row: illustration of all elements of the powerset of three
superimposed intrinsically 1D signals in the spatial domain. From left
to right: one constant signal (i0D), three i1D signals with orientation
45°,90° and 135° followed by four i2D signals which consist of super-

Fig. 13 For each distance
parameter ¢ and for all
orientations §—except for the
main orientation 6,,—the
line-integral on all function
values in the signal domain is
the same, i.e. f,(t1,60;s) =
fr(t2,6;5) Vi, 0 eR

VO €[0,27) \ {6}

ling-integral

with F,,, as the m-dimensional Fourier transform. The clas-
sical one dimensional Hilbert transform kernel 4 [16] of or-
der m reads

8(1), m mod 4=0
1

(m) _ P mmod4=1

PEO=1"50 mmoda=2 'K 4
-1, mmod4=3

with § as the Dirac distribution, which is the algebraically
neutral element of the convolution. Finally, the (i 4+ j)th
Hilbert transformed signal results in

fxiyj (z,8) = Zcosi 0, (z, s) sin’ 0, (2, s)fvi+j)(z, s) (95)

v=1

because of the property

%[(h*fr("99s))(t)]= (h*%fr(-ﬁ,S))(t) (96)

and the linearity of the inverse Radon transform [31]. The
odd signal part

£z, 8) = (hV % £2(, ) (v (z,9))
=ay(z, ) singy(z, s) C)

results from the even signal part

fi(z,8) = ay(z, s)cos dy(z, ) (98)
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imposed i1D signals. In case of i2D signals the single orientations can
hardly be separated in the spatial domain. This can be done much eas-
ier in their corresponding Radon domain which is shown in the bottom
row

fr(tZ 3 9)

by the classical 1D Hilbert transform and

fve(z,s)s mmod4 =0

(m) ) foz,s), mmod4=1

fm ) = —f(z,s), mmod4=2" ©9)
—f2(z,s), mmod4=3

In case of the zeroth order Hilbert transform (i.e. i + j = 0),
this results in the local signal value f,(z,s). According to
(95), the first and second order generalized Hilbert trans-
formed signal determines the following system of linear
equations

fe _ N [eost@ 9] Lo
[fj (z,8) = 2 [Sinev(“)] fo(z,5) (100)
and

Sfrx n cos? 0,(z,5)

foy [ @9)=)" | cosby(z,s)sinby(z,5) | £z, 5)

fyy v=1 sin? 6, (z, 5)

(101)

from which the signal value can be reconstructed by
Fr@) =Y (29 = fux (@ 9) + fry 2 9). (102)

v=1
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With (95), the third order Hilbert transformed signal deter-  and the isomorphisms
mines the following system of linear equations . .

i=es, j= e, k=ey (110)

fxxx ) 0053 91} (Z, S)
Srxy _ cos26,(z, s)sin 6, (z, s) "
Fayy @9= X_: cos0,(z, 5) sin? 6, (z, 5) 1o (2. 8)
Fyyy - sin® 6, (z, 5)
(103)

from which the first order generalized Hilbert transform can
be reconstructed by

|:fx] (z,5) = |:fxxx(Zs s) + fxyy(Z: S):|
fy ’ fxxy(Z,S)‘f‘fyyy(Z,s) ’

Due to the important relation of the Radon transform to the
generalized Hilbert transform of any order, it is possible to
result in a system of equations which can now be solved for
the unknown signal parameters. Please note that neither the
Radon transform nor its inverse are ever applied to the sig-
nal in practise. This is a very important advantage compared
to the wavelet transforms, e.g. Ridgelet wavelet transforms
[24]. Those approaches try out only a finite number of di-
rections by the discrete Radon transform [24], which suf-
fers from numerical problems. The resulting disadvantages
are inaccuracy, problems resulting from aliasing effects, and
higher computational time complexities.

(104)

4.4 Algebraic Signal Representation

We will now take full advantage of the results of Sect. 3.3.
For the sake of simplicity, we will restrict this work to the
algebra of quaternions Hl, which are sufficient for construct-
ing the signal tensor. Loosely spoken, simply consider the
tensor-valued signal extension as a real-valued 2 x 2 x 3 ar-
ray. According to [27], an isomorphic mapping

0 :MQ2,GA3) > GA4 (105)
from the quaternion-valued tensor

T=Te+T;i+Ty”j (106)
to the quaternion-valued vector

p(T)=@(T) +o(I) i+ o(Ty) 107
is possible. With the set of basis elements

{1,i,j,k} (108)
of the quaternions (H, 4, o) with

H={qs +qii+q;i+ak : q5.qi. ;. gk € R} (109)

with i o j =k, the signal tensor for n < 3 in (82) can be de-
fined by the generalized Hilbert transforms of second order
(T*°) and third order (T} and TV" )

T = [fxx fxy] + |:fxxx fxx)v]i

Jay Sy Jaxy Sy
T¢ T?
Jaxy fxyy:| :
+ , 111
[f wy Sy ! (1
| —
Ty
see Fig. 14. By introducing the abbreviations
.f_(z7 S) = fxx(za S) - fyy(Z, S)
= Zcos(29u(z, ) [z, 8), (112)
v=1
Sfe @8) = frxx(2,8) — fayy(2,8), (113)
Iy @ 8) = faxy(2,8) — fyyy(z, 5) (114)

the quaternion-valued matrix 7 can be mapped by the iso-
morphism ¢, with the same treatment like in (52), to a
quaternion-valued multi-vector representation [31] in con-
formal space GA4 1 [25]

(T (z,5))
=@(T°(z,9) + 9(T{ (2, )i+ o(Ty (2, 9))]

B [fp(z,S)
- 2

fx(z,9)
+[ :

+ fay(z, 5)eq + @e‘l’}

+ fxxy(Z, s)ey + We+j|i
Iy (z.5)

2

+ [@ + foy(z, 8)ep +

m_} (115)
which will be called signal multi-vector, see Fig. 15. Com-
pare the signal multi-vector with the structure multi-vector

[6], and the more common Weyl-projection operator [29] in-
duced by

(HOUps L HD s DLH P £Y) . (116)
Compared to the structure multi-vector the signal multi-

vector has less restrictions concerning the signal model. And
compared to the Weyl-projection® the signal multi-vector is

SWe thank one of the reviewers for the hint that the proposed multi-
vector structure has some similarities, but delivers a different result,
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Fig. 14 Tllustration of the convolution kernels in the spatial domain of the quaternion-valued matrix signal representation 7

ixf

e -

Fig. 15 Illustration of the convolution kernels in the spatial domain of
the signal multi-vector ¢ (7") which is defined in (115)

an alternative signal representation. The signal multi-vector
delivers the complete geometrical and structural information
of the assumed signal model (82). In [3] the geometrical sig-
nal features have been retrieved by higher order derivatives
in the traditional matrix expression. This is generalized by
¢(T) in a more natural embedding.

4.5 Geometry from the Signal Multi-Vector

The hardest challenge in signal analysis is to obtain exact
geometrical signal features such as the orientations 6,(z, s).
The most important relations are

Srxy(z,8) cos01/2(z,5)
et[ fup (2.5 sinfy2(z.9)

sin(26,/1(z, 8)) = det Dy)2 "
and
fx @)
Lo 29 cos6y/2(2.5)
det[ f;;z,s) sin91/2(2’5)
cos(2602/1(z, ) = e

det D12

with the application of the Weyl-projection operator on tensor-field
representations of an image for detecting orientational symmetries.
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with the matrix

fx (ZZ,S)

Dip=| fGs
2

which follow from (103) of the third order generalized

Hilbert transform and (100) of the first order generalized

Hilbert transform for n = 2 (note that the derivation is not
trivial). From the fact that

c0591/2(z,s):| (119)

sin/2(z, s)

sin?(262/1(z, 5)) + cos?*(262/1(z, 5)) = 1, (120)

the nonlinear part of the inverse problem follows in form of
a quadratic equation

Y™ (2,9)8i0% 6,(2,5) + (2, 5) $in(26, (2, 5)) = B(z, 9),
(121)
since two unknown orientations have to satisfy the equation.

With the known values given by the geometric product o of
the two odd parts

9(T{(z,5)) o p(T{(z,5)) € GA41, (122)
9(T{(z,5)) o (1) (z,5)) € GA4 1, (123)
9(Ty(z,9) o ¢(T)(z,5) € GA4 (124)

the following elements are being constructed by the geomet-
ric product of the corresponding Clifford algebra

2 — 2
6(m)=[@} — [ G )—[@} (125)

fre o] B [fy‘gvs)r, (126)

2 :| _fx2yy(Z!s)
fx(z.5) fy(z,5)

Bz, s) =[

a(z,s) = 2 > = faxy (2, 8) fayy (2, 5)
S @) fy_(Z,S). (127)
2 2
Let be
vz, 8)=B(z,5) +8(z,5), (128)
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Table 1 Evolution of the classical analytic signal with z = (x, y) and 0, = [cos0,, sin 6,17

Signal Model Domain Algebra Geometry
1D Analytic Signal f(x,s)=a(x,s)cos(x + ¢(x,s)) 1D C Euclidean space
2D Monogenic Signal f(z,s)=a(z,s)cos((z,0) + ¢(z,5)) ilD R3 Euclidean space
2D Analytic Signal f(z,8)=al(z,s) Z%:l cos({z, 0v(z,8)) + @ (2, 5)) ilDUi2D GA4, Projective space
Signal Multi-Vector f(z,8)= ZZ:I a,(z,s)cos({z,0,) + ¢y(z,5)) 2D HMGA Conformal space

vy (z.5) =B(z,5) = 8(z.9). (129)

Due to the elements being constructed by the geometric
product the main orientation can be derived by

2 9
01(z. 5) + 62z, 5) = arctan -2 &) (130)
Y~ (z,5)
as well as the apex angle
161(z, 5) — 02(z, 5)|
2 — I}
— aretan Va2(z,5) — B(z,9)8(z, 5) 131

yt(z,s)

from which the single orientations 6,,(z) can be obtained.

Although Clifford algebra is not necessary for the solu-
tion presented in this work, the application of the geometric
product delivers easily a compact access to the geometric
features hidden in the chosen signal representation.

4.6 Structure from the Signal Multi-Vector

The phase and the amplitude represent the structural signal
features, which can be calculated by solving a linear system
of equations by Cramer’s rule for 2 x 2 matrices. The even
and odd signal parts can be written as

[ff(z,s)]_ L[5 5in26, (2. 5)) — fuy (2. 5)
f5(z.9) for(@,8) — 229 6in(26, (2, 5))

ez, 8)
(132)

which has been derived by the second order generalized
Hilbert transform in (101) with

c“(z,8) =sin(0(z, 5) — 62(z, 5))

x cos(01(z,s) +62(z,5)) (133)

and
[ff’(z, S)}
15 (z,8)
_ 1
C(z,9)

[fy(z, 5)cosba(z,s) — fx(z,8)sinb(z,s)

Fo(zas)5ind1 (2, 8) — fo(z,8) cos b1 (2, s>] (134)

which has been derived by the first order generalized Hilbert
transform in (100) respectively with

c’(z,s) =sin(01(z, 5) — 02(z, 8)). (135)

By means of the even and odd signal parts, finally structural
signal features such as the phases and the amplitudes can be
derived as

¢, (z, s) = arctan J}i‘éz: j; (136)
and
ay(z, s) Z\/(ff(zﬁs))z-f-(fv”(z,s))z (137)

for v € {1, 2}. Interestingly, this solution corresponds for
each signal component to the classical 1D analytic signal
[11], please refer to (10) and (11).

5 Conclusion

We have solved a fundamental problem of isotropic 2D sig-
nal analysis by introducing a novel algebraic image sig-
nal representation, which can be used for interpretation and
powerful feature extraction without steering. All results can
be proved by real-valued trigonometric calculations which
can be avoided by basic calculations in geometric algebra
using the geometric product. Our novel approach can be de-
scribed for arbitrary signal models by the following general
steps

1. Signal modeling in scale space and signal extension by
the generalized Hilbert transform. The order of the re-
quired generalized Hilbert transforms correlates to the
complexity n of the signal model in (82).

2. Retrieving the explicit system of equations including all
unknown signal parameters (6,, ¢, a,) by the relation of
the generalized Hilbert transform to the Radon transform.

3. Algebraic signal representation in tensor form and subse-
quent mapping by the isomorphism ¢ to its correspond-
ing signal multi-vector.
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4. Geometric interpretation of the signal multi-vector by
solving the nonlinear part of the inverse problem.

5. Structural multi-vector-valued signal interpretation by
solving the linear part of the inverse problem.

The message of this contribution is that truly isotropic sig-
nal analysis is possible which offers best accuracy in less
computational time complexity. Future work will contain
the generalization of the signal multi-vector to multidimen-
sional signal domains to enable also isotropic motion track-
ing in computer vision applications, as well as providing the
basic theory for truly isotropic wavelet analysis [28]. The
evolution of the generalization of the analytic signal can be
seen in Table 1.
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Appendix A: Spatial Second Order Generalized Hilbert
Transform Kernels in Poisson Scale Space

Proof To calculate the convolution in frequency space,
the Fourier transforms F{-}(u) of the convolution kernels
h® (z) and p(z, s) are considered. According to the convo-
lution theorem, the convolution in the spatial domain cor-
responds to a multiplication in Fourier space. The Fourier
transform of 4 (z) results in the multiplier

Fh®)(u) = _% (138)
with

u=uj+iuy eC (139)
and the conjugate

u=u; —iun. (140)

The Fourier transform of the Poisson convolution kernel
p(z, s) is obtained as
F{p}u; s) = e 27 lulls (141)

By representing the frequency domain in polar coordinates,
with

u =r[cosfd +isind] (142)
and
z=x 41y =k[cos¢ +isin¢], (143)

@ Springer

the frequency transfer functions of these kernels read

—i6

FINOY) =~ =~ (144)
e

and

Flpshuw) =e 2", (145)

Using the polar coordinate representation of the inverse two-
dimensional Fourier transform to obtain the spatial domain
representation of the kernels yields

(ps *h)(2)

— f—l{_e—2ﬂrse—i29}(z)

00 2 . .
=2 / / _e—2nrxe—129€1271kr cos(@—(p)r do dr
r=0J6=0

oo 21
. [ f _e—2nrs
r=0J6=0

« efi2(9+<ﬂ)ei2nkr cos(97tp+<p)r 4o dr

. 00
— —27‘[6‘_12('0/ e—2ﬂrs
r=0

2
x |:/ e—1206—1271kr0059 d@] rdr
6=0

=5 Qrkr)

o0
= —27‘[67]2(/)/ e 2 2wkr)r dr (146)
r=0
where J; is a Bessel function of the first kind and sec-
ond order. In the following the abbreviations o = 27s and
B = 2wk will be used. J> can be written according to the
recurrence relation for Bessel functions as

2
L Qrkr) = J(Br) = Ejl (Br) — Jo(Br) (147)
since the recurrence relation reads
2w—1)
Jy(x) = TJvfl(x) — Jy—2(x). (148)

These results lead to
(' % ps)(2)
. oo
= —2me 12 / e~ J,(2wkr)r dr
r=0
. o0 2
= —2713_12“’/ e~ —Ji(Br)rdr
r=0 ﬁr
. o0
-{-27‘[6712('0/ e % Jo(Br)rdr
r=0

T2 [®
= —2ne'2‘p|:g e %" J\(Br)dr
r=0
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- /00 e “"Jo(Br)r dri|.

=0

(149)

According to common integral tables [12] one obtains the
evaluation of the two Bessel integrals as

2Va? + p% —a]

2 o0
_ —ar] d — 150
5 nenar =20 (>0
since
[e¢] 2 2 v
/ e g (Bry dr = YO TP ol (151)
r=0 ﬂ”\/m
and
o 3
/ e g prrdr— —2Q) @
r=0 VT2 4427 (@2 +p2)2
(152)
since F(%) = @ and
[ele} v 3
/ = g By g = G TOF 23). (153)
r=0 ﬁ(a2+ﬂ2)v+§

Plugging these results in the equations above results in

(h® % ps)(2)

o
= —2ge 12 f e~ J,(2wkr)r dr
r=0

3
_ 525 +311z1) — 2% + 2112

3 ()c2 — 2ixy — yz)
2 ||zl|4(s2 + |1z]1%) 2

(154)
with
- 92
e — [oi9)? = [i]
Izl
Gt oy 5 155
B P e P2 (159

These results lead to the three different 2D convolution ker-
nels in the spatial domain of the second order generalized
Hilbert transform in Poisson scale space

3 2493 (212 523 | X
_ 3slizll” + 257 = 2()z1” + 57 v |, 56

79 (z.s) 3
27 || zl*(llzl|? + 52)2 2

Appendix B: Appendix: Spatial Third Order
Generalized Hilbert Transform Kernels in
Poisson Scale Space

Proof The Fourier transform of the convolution kernel
R (x, y) results in the multiplier
FhDYu) = -, (157)

In the same way as for the second order Hilbert transform
we now compute the representation of the third order Hilbert
transform in monogenic scale space.

h® % ps)(2)

— f—l{_e—27{rse—i39}(z)

oo 2w . X
=27 / / _e—anse—BQelZﬂkr cos(@—(p)r do dr
r=0J6=0

oo p2m
=2 / / _e—2nrs
r=0J6=0

« 6713(9+¢7)el271kr cos(9ﬂp+<p)r 4o dr

. 00
— _Zne—ﬁgo/ e—2nrs
r=0

4
x |:/ 6713667127rkrc050 d9j| rdr
6=0

=J3(2mkr)
= 2713 / : e 32mkr)r dr (158)
with
J3Q2rkr) = J3(Br) = %Jz(ﬂr) = Ji(Br) (159)
and with
/:) e I, (Bryr’ dr = % (160)

The 2D convolution kernels in the spatial domain of the third
order Hilbert transform in monogenic scale space read

g%z, s)

_ 452Q2s% +301zl1) + 3lzl? — 85 (5% + (1217
27 210G + [1211%)*/

x [V, (161)

d
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