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ABSTRACT

This paper presents a novel approach towards two-dimensional (2D) image structures
modeling. To obtain more degrees of freedom, a 2D image signal is embedded into a
certain geometric algebra. Coupling methods of differential geometry, tensor algebra,
monogenic signal and quadrature filter, we can design a general model for 2D structures
as the monogenic extension of a curvature tensor. Based on it, a local representation for
the intrinsically two-dimensional (i2D) structure is derived as the monogenic curvature
signal. From it, independent features of local amplitude, phase and orientation are si-
multaneously extracted. Besides, a monogenic curvature scale-space can be built by
applying a Poisson kernel to the monogenic curvature signal. Compared with the other
related work, the remarkable advantage of our approach lies in the rotationally invari-
ant phase evaluation of 2D structures in a multi-scale framework, which delivers access
to phase-based processing in many computer vision tasks.
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1. INTRODUCTION

Model based image representation plays an important role in many computer vision
tasks such as object recognition, motion estimation, image retrieval, etc. Therefore, sig-
nal modeling for local structures is of high significance in image processing. There are
bulk of researches for intensity-based modeling, see [18, 27, 29, 12, 13]. However, those
approaches are not stable when the illumination varies. Therefore, that intensively in-
vestigated area of research is not adequate to model local structures. On the other hand,
phase information carries most essential structure information of the original signal
[34]. It is invariant with respect to illumination changes. Consequently, modeling of lo-
cal structures should take both the intensity and phase information into consideration.

In one dimensional (1D) signal processing, the analytic signal [20] is an important
complex valued model which can be used for speech recognition, seismic data analy-
sis, airfoil design and so on. The polar representation of the analytic signal yields the
local amplitude and local phase, which are measures of quantitative and qualitative
information of a signal, respectively. In 1D case, there exist four types of structures,
they are the peak, pit, decreasing slope and increasing slope. The local amplitude is in-
variant with respect to local structures and it indicates the energetic information of the
signal. The local phase allows to distinguish structures and it is invariant with respect
to the local amplitude. If the local structure varies, the local phase will correspondingly
change. Local amplitude and local phase are independent of each other and they fulfill
the properties of invariance and equivariance. Invariance means that a feature value is
not changed by a certain group acting on a signal. Opposite to invariance, equivariance
means there is a monotonic dependency of a feature value on the parameter of the group
action. If a set of features includes only invariant and equivariant features, it thus has
the property of invariance-equivariance. In addition to satisfying the requirement of
invariance and equivariance, if a set of features is at the same time a unique description
of the signal, it then performs a split of identity [21]. The split of identity indicates that
different features represent mutually different properties of the signal and the whole set
of features describes completely the signal. Hence, the analytic signal performs a split
of identity.

In 2D images, there exist infinite many types of structures. These can be classi-
tied with different features such as their intrinsic dimensions, the number and shape
of junctions, or the type of curvature in a differential geometric setting. According to
their intrinsic dimensionality, 2D images can locally belong to the intrinsically zero di-
mensional (i0D) signals which are constant signals, intrinsically one dimensional (i1D)
signals representing straight lines and edges and intrinsically two dimensional (i2D)
signals which do not belong to the above two cases. The i2D structures are composed
of curved edges and lines, junctions, corners and line ends, etc. Intrinsic dimensionality
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[40] is a local property of a multidimensional signal, which expresses the number of
degrees of freedom necessary to describe local structure. The term intrinsic dimension
used in image processing corresponds to the term codimension in mathematics. In [40],
a discrete concept of the intrinsic dimensionality has been proposed and it was later
extended to a continuous one by Kriiger and Felsberg [30]. The i1D and i2D structures
carry most of the important information of the image, therefore, correct characterization
of them has great significance for many computer vision applications.

Many approaches have been proposed for the signal representation of local image
structures. The structure tensor [18] and the boundary tensor [27] estimate the main ori-
entation and the energy of the i2D signal. However, the split of identity is lost, because
the phase is neglected. In [29], a nonlinear image operator for the detection of locally
i2D signals was proposed, but it captures no information about the phase. There are lots
of papers concerned with applications of the analytic signal for image analysis. But they
have serious problems in transferring that concept from 1D to 2D in a rotation-invariant
way. The partial Hilbert transform and the total Hilbert transform [22] provide some
representations of the phase in 2D. Unfortunately, they lack the property of rotation
invariance and are not adequate for detecting i2D features. Biillow and Sommer [6] pro-
posed the quaternionic analytic signal, which enables the evaluation of the i2D signal
phase, however, this approach also has the drawback of being not rotationally invari-
ant. For ilD signals, Felsberg and Sommer [14] proposed the monogenic signal as a
novel model. It is a rotationally invariant generalization of the analytic signal in 2D and
higher dimensions. In [28], the 3D monogenic signal has been used for image sequence
analysis. From the monogenic signal, the local amplitude and a local phase represen-
tation can be simultaneously extracted. They deliver an orthogonal decomposition of
the original signal into amplitude, phase and orientation. Thus, the monogenic signal
has the property of split of identity [14]. However, it captures no information of the i2D
part. A 2D phase model is proposed in [10], where the i2D signal is split into two per-
pendicularly superposed i1D signals and the corresponding two phases are evaluated.
The operator derived from that signal model takes advantage of spherical harmonics
up to order three. It delivers a new description of i2D structure by a so-called structure
multivector. Unfortunately, steering is needed and only i2D patterns superimposed by
two perpendicular i1D signals can be correctly handled. Quite another approach of lo-
cal signal analysis is based on differential geometry of curves and surfaces [25, 26]. The
main points of concern are some invariance properties of signal analysis and regional
symmetry with respect to certain combinations of Gaussian and mean curvatures of lo-
cal surface patterns in a Gaussian multi-scale framework [17, 16]. We will pick up the
differential geometry model of surfaces. But instead of a Gaussian blurring operator,
we will apply a Poisson blurring operator as a consequence of the algebraic embedding
we use.

Our purpose is to build a general model for all 2D structures without necessarily
delivering all parameters for describing the local structure. This model should contain
both the amplitude and phase information of 2D structures in a rotation-invariant man-
ner. In other words, the new model should be an extension of the analytic signal to
the 2D case. In this paper, we present a novel signal model which covers 2D structures
of all intrinsic dimensionalities. By embedding our problem into a certain geometric
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algebra, more degrees of freedom can be obtained to derive a complete representation
for the 2D structure. Based on the differential geometry, we are able to design that gen-
eral model for 2D structures in a rotation-invariant manner by coupling the methods
of tensor algebra, monogenic signal and quadrature filter. The proposed model can be
considered as the monogenic extension of a curvature tensor. From this model, a local
signal representation for i1D structures is obtained. It is exactly the monogenic signal
[14] as a special case of this general model. The local representation for i2D structures,
referred as the monogenic curvature signal, can also be derived based on the proposed
model.

From the monogenic curvature signal, three independent local features can be ex-
tracted. They are the amplitude, phase and orientation just like in the case of the mono-
genic signal. Hence, the monogenic curvature signal also performs the split of identity,
i.e., the invariance-equivariance property of signal decomposition. The energy output
(square of the amplitude) can be regarded as a junction strength for detecting the points
of interest. The estimated orientation represents the local main orientation of the struc-
ture and the phase feature can be used to classify some specific i2D structures.

The amplitude, orientation and phase are coupled to a scale concept in one single
framework which is called the monogenic curvature scale-space. The monogenic cur-
vature scale-space is the scale-space of the monogenic curvature signal. But instead of
considering that unifying framework, the orthogonal scale-spaces for amplitude, phase
and orientation can also be studied separately for local signal analysis. These features
are scale dependent, but they are still independent of each other at each scale space. The
monogenic curvature scale-space is completely different to the well-known Gaussian
curvature scale-space [33, 32]. Both the definition of curvature and the scale generating
operator are different. Compared with the related research work, our main contribution
is the derivation of a general signal model for 2D structures, which enables us to simul-
taneously extract local features in a multi-scale way. The remarkable advantage lies in
the possibility of evaluating the 2D structure phase information in a rotation-invariant
manner, which gives access to many phase-based processing in computer vision tasks.

The rest of this paper is organized as follows. Section 2 introduces the mathemati-
cal preliminaries, which includes geometric algebra, basis functions and the monogenic
scale-space. In Section 3, a brief introduction to the differential geometry is given and
the general signal model for 2D image structures is presented. Section 4 gives a de-
tailed interpretation of the monogenic curvature signal. Parity symmetry analysis of
the monogenic curvature signal is given in Section 5. In Section 6, we introduce the
monogenic curvature scale-space. Finally, we conclude this paper in Section 7.



2. MATHEMATICAL PRELIMINARIES

The way we intend to design a general model for 2D structures is a generalization of
the analytic signal. It cannot be realized in the domain of complex numbers. Instead, a
more powerful algebraic system should be taken into consideration. Geometric algebras
constitute a rich family of algebras as generalization of vector algebra [24]. Compared
with the classical framework of vector algebra, the geometric algebra makes available
a tremendous extension of modeling capabilities. By embedding our problem into a
certain geometric algebra, more degrees of freedom can be obtained, which makes it
possible to extract multiple features of 2D structure. For the problem we are concerned,
the 2D signal will be algebraically embedded into the Euclidean 3D space R®. Therefore,
in this section, we give a brief introduction to the geometric algebra over 3D Euclidean
space (R;3). For the detail information, please refer to [31, 1, 23].

2.1 Geometric algebra of 3D Euclidean space R?

The Euclidean space R? is spanned by the orthonormal basis vectors {e;, s, e3}. The
geometric algebra of the 3D Euclidean space (R3) consists of 2* = 8§ basis elements,

Rg = span{l, ey, ey, €3, €23, €31, €12, €193 = I3} (2.1)

Here ey3, e3; and e;s are the unit bivectors and the element e;,3 is a unit trivector or
unit pseudoscalar. A general combination of these elements is called a multivector,
eg. M = a+ be; + cey + des + eeqs + fes; + geis + hl;. The basic product of the
geometric algebra is the geometric product. The geometric product of two multivectors
M, and M, is indicated by juxtaposition of M; and M, i.e. M;M,. The multiplication
results of the basis elements are shown in table 1. The geometric product of two vectors
X = 11€1 + T2ey and y = y;1€; + y2€, can be decomposed into their inner product (-) and
outer product (A),

Xy =X-y+XAy (2.2)

where the inner product of x and y is x -y = z1y1 + 22y, and the outer product is

XNy = (z1y2 — Tay1)ero.
Due to the orthogonality of basis vectors, their outer product is equivalent to their
geometric product.

e Ney =eje =e (23)
€y /\ €3 = ege3 = €93 (24)

es;/\e, =eze; = ez (2.5)
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The k-grade part of a multivector is obtained from the grade operator (/). A blade of
grade k, i.e. a k-blade By, is the outer product (A) of k£ independent vectors x4, ...,x; €
R3,

Bk:XI/\.../\XkI <X1...Xk>k (26)

Hence, (M), is the scalar part of M, (M), represents the vector part, (M), indicates the
bivector part and (M )3 is the trivector part, which commutes with every element of R;.
The dual of a multivector M is defined to be the product of M with the inverse of the
unit pseudoscalar I

M* = MI;' = —MI;, (2.7)

The modulus of a multivector is obtained by |M| = 1/ (M M)o, where M is the reverse

of a multivector defined as M = (M)o + (M), — (M)y — (M)5. The main automorphism
of Rj is the grade involution

o~

M = (M)o— (M)y + (M)y — (M)3 (2.8)

Combining the grade involution and reversion will yield the conjugation

o~

M=M= (M)y— (M), — (M)y+ (M) (2.9)

A versor is any multivector that can be expressed as the geometric product of invert-
ible vectors, for example,
U = xp..X9X3 (2.10)

where the choice of vectors is not unique, but there is a minimal number £ < n with
n denoting the dimension of the vector space. The parity of U is even (odd) for even
(odd) k. An even versor R is called a spinor if

RR = |RJ? (2.11)

where R indicates the reversion of the even versor R. In the case of |R|? = 1, the spinor
is called a rotor.
In R3, an even grade multivector is called a spinor,

S =a+ cey3+ fes + gen with 5SS = |S|? (2.12)

All spinors form a proper subalgebra of R, that is the even subalgebra R. A spinor
represents a scaling-rotation, i.e. S = rexp(6B), where B is a bivector indicating the
rotation plane, 0 is the rotation angle within that plane and r refers to the scaling factor.
There exist isomorphisms between the algebra of complex numbers and the subalgebras
of R3 , which are generated by {1, I3} or {1, %} with I%I being a normalized bivector. It
is shown in table 1 that the square of the bivectors or trivector equals -1, therefore, the
imaginary unit 7 of the complex numbers can be substituted by a bivector or a trivector,

yielding an algebra isomorphism.
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Tab. 2.1: The geometric product of basis elements of R3

1 €1 €2 €3 €923 €31 €12 I3
1 1 €1 €2 €3 €23 €31 €12 I3
€ € 1 €12 —€31 I3 —es3 €2 €23
€2 €2 —€12 1 €23 €3 I3 —€ €31
€3 €3 €31 —€23 1 —€2 €1 I3 €12
€23 €23 I3 —€3 €2 -1 —€12 €31 —€
€31 es31 es3 I3 —e e -1 —e3 —€y
P e —€y e I3 —e3] €23 -1 —e3
I3 I3 €23 €31 €12 —€ —€9 —€3 -1

2.2 Geometric embedding of the signal

The scalar-valued real 2D image signal f(z,y) will be embedded into Rj as a real-valued
vector field, i.e. f(z,y)e; = f(x) = f(ze; + yes + ze3), x € R? and z = 0. Thus, rotating
the signal f out of the e; axis results in a representation f); which contains additional
non-real components. Hence, f); takes the following form

fr(x) = fi(x)er + fa(x)es + f3(x)es (2.13)

This representation of a 2D signal is called a monogenic signal [14], as the rotation-
ally invariant generalization of the analytic signal. The vector-valued signal fy; in R
can be considered as the impulse response of a spinor S acting on the e basis vector,
i.e. fy; = e35. The transformation performed under the action of the spinor delivers
access to both the amplitude and phase information of the vector-valued signal f,; [39].
To make this clear, we will consider the spinor more in depth. The spinor can be rep-
resented in polar coordinates as an exponential form. Therefore, from the logarithm of
the spinor, two parts can be obtained. They are the scaling which corresponds to the
local amplitude and the rotation which corresponds to the local phase representation.
The R3-logarithm of a spinor S € R} takes the following form

log(5) = (1og(5))a + og(S))2 = log(1s)) + (ot atan (1221) 219

where atan is the arc tangent mapping for the interval [0, 7). The scalar part (log(.S))o =
log(|S|) illustrates the attenuation [15] as the logarithm of the local amplitude. Hence,
the local amplitude is obtained as the exponential of it

5] = exp(log]S]) = exp((log(5))o) (2.15)
The bivector part of log(S) indicates the local phase representation
(5)2 (|<5>2|)
arg(S) = (log(9))2 = atan 2.16
B(5) = (log($)2 = ptatan 12 2.16)

The algebraically embedded Fourier transform of a 2D signal f(x), see [10], is defined
as

G(u) = /io_ /io_ f(x)exp(—I327x - u)dxdy (2.17)
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Its corresponding inverse Fourier transform takes the following form

F(x) = /i / io_ G (wexp( 527 - u)dudy (2.18)

Hence, given a signal f(x) = fi(x)e; + fa(x)e2 + f3(x)es, its Fourier domain representa-
tion reads

F(u) = F{fi(x)e1 + fa(x)es + fas(x)es} = Fi(u)e; + Fa(u)ey + F3(u)e; (2.19)

where F indicates the Fourier transform and Fj, (k = 1, 2, 3) is the Fourier transform of
fx. For a spinor valued function i = hg + haseas + haiesr + hiseqy, its spectral domain
representation is given by

H(u) = Ho(u) + Haz(u)ess + Hzi(u)es + Hiz(u)ers (2.20)

where Hy(u) = F{ho}, Has(u) = F{he3} and so on.

2.3 Basis functions

In order to analyze 2D patterns, we choose 2D spherical harmonics as basis functions
according to the proposal in [10]. Actually, spherical harmonic is a general term which
denotes the harmonic oscillations on the unit sphere of a multi-dimensional Euclidean
space. However, in this paper, only the spherical harmonics of 2D space are employed,
they are also called circular harmonics. Due to the theory of Fourier series, one can
approximate any plane angular function (in L, sense) by using 2D spherical harmonics.
Since the angular behavior of a signal can be regarded as band limited, only spherical
harmonics of order zero to three are applied, otherwise, aliasing would occur on a dis-
crete grid around a location x. To build the signal model, we are more concerned of
the angular portions. Therefore, we use the polar representation of spherical harmonics
instead of the Cartesian form applied in [10].
In the frequency domain, a nth order spherical harmonic H, takes the following
form
H,(p,a) = Hy(p)Hp () = exp(naerz) = cos(na) + sin(na)e;s (2.21)

where p and a denote the polar coordinates in the Fourier domain and n refers to the
order of the spherical harmonic. It is obvious that the radial part of the spherical har-
monic equals one, i.e. H,(p) = 1. Every spherical harmonic consists of two orthogonal
components and the first order spherical harmonic is basically identical to the Riesz
kernel [14] which is well known in Clifford analysis as the multidimensional general-
ization of the Hilbert kernel. Since H,, is separable into radial variation and angular
variation, and its angular variation is harmonic, according to the theorem in [8] (page
262), its angular variation is preserved in the spatial domain while the radial function
is the Hankel transform of the radial variation in the frequency domain. Therefore, the
spatial domain representation of a nth order spherical harmonic h,, reads

ho(r, B) = e(I3)" hoy (1) hn(B) = ¢(I3)"hy,(r)[cos(nfB) + sin(nf)e;s] (2.22)
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Fig. 2.1: From left to right are spherical harmonic bandpasses of order 1 to 3 in the spa-
tial domain, every spherical harmonic consists of two orthogonal components.
White indicates positive one and black represents negative one.

where ¢ indicates a constant, » and  are the polar coordinates in the spatial domain,
h,(r) represents the radial part which is obtained by the nth order Hankel transform of
Ha(p)-

In practice, 2D spherical harmonics are normally considered only as angular parts
which should be combined with radial bandpass filters. In this paper, the difference of
Poisson (DOP) kernel [10] is employed as the radial bandpass filter, see also the next
section. As a result, local signal analysis can be realized in a multi-scale approach in the
monogenic scale-space [15]. The DOP is an isotropic bandpass filter which in spectral
domain takes the form

Hpop(p; s) = exp(—2mps1) — exp(—2mps2) (2.23)

where s; and s, represent the fine and coarse scales parameters, respectively. Therefore,
a nth order bandpass bounded spherical harmonic reads

Hy(p, o 5) = Hpop(p; $)Hn(c) (2.24)

Hence, H,(p, o;s) is separable into radial variation Hpop(p; s) and angular variation
H,(«). Since the angular portion is harmonic, according to the theorem stated in [8],
H,(p,a; s) is separable both in the spatial and spectral domains. Thereby, we are able
to obtain the spatial representation of the bandpass bounded spherical harmonic as
follows

FYHH,(p,a;8)} = c(I3)"hn(r; s)(cos(nB) + sin(nB)e) (2.25)

The angular variation is preserved and the radial function A,,(r; s) is the Hankel trans-
form of Hpop(p;s). Combined with the DOP bandpass filters, spherical harmonics of
order 1 to 3 in the spatial domain are illustrated in Fig. 2.1, where the fine scale is one
and the coarse scale takes two.

It is obvious that the amplitude of the spherical harmonic equals always one, that is

|H2()| = /(cos(na))? + (sin(na))? = 1 (2.26)

If the coordinate system rotates with the angle ¢, spherical harmonics will rotate ac-
cordingly as
H) () = (cos(nby) cos(na) + sin(nby) sin(na)) + (2.27)
(—sin(nby) cos(na) + cos(nby) sin(na))eqs
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The amplitude of the rotated spherical harmonic is

|H? ()| = [(cos(nbly) cos(na) + sin(nby) sin(na))? + (2.28)
2 =1

(— sin(nby) cos(na) 4 cos(nfy) sin(na))?]

This results from the fact that no matter what angle the spherical harmonic rotates, its
amplitude is always one. Hence, the amplitude of any spherical harmonic is indepen-
dent of the angular argument. Therefore, using spherical harmonics as basis functions
gives access to a rotationally invariant signal representation.

2.4 The monogenic scale-space

In Section 2.2, we have briefly discussed the signal embedding. In that case, a 2D image
signal is embedded into 3D Euclidean space as a vector field f(x) = f(ze; + ye; + ze3)
with z = 0. The monogenic signal f,, [14] is thus obtained by rotating the signal f out of
the e3 basis vector. This signal representation consists of three components according to
Eq. (2.13). There, f5(x)es indicates the real component which is identical to the original
signal f(x), f1(x)e; and f»(x)e, are two non-real components that can be obtained from
the Riesz transform of the original signal.

Letx = ze;+ye, and u = ue; +ve, be the Cartesian coordinates of the spatial domain
and the Fourier domain, respectively. The convolution kernel of the Riesz transform is
given by

Xes

x Y
h — _ — 2.29
#(x) 27r|x|3e31 - 27r|x|3e23 om x| (229
and its frequency domain representation reads
U,
Hp(u) = HIQ (2.30)

In terms of polar coordinates, the spatial and spectral domain representations of the
Riesz kernel take the following forms

hR(Ta 6) =

(— cos(B)esr + sin(B)eqs) (2.31)

27r?
Hg(p,a) = — cos(a)eq + sin(a)ey (2.32)

The Riesz kernel consists of two bivector valued components and it is basically identical
to the first order spherical harmonic. Combining the signal and its Riesz transformed
result yields the monogenic signal

fur(x) = £(x) + (hg * £)(x) (2.33)

The real part f(x) is also called the even component of the monogenic signal. The odd
component of the monogenic signal, called the figure flow, is defined as (hy * f)(x),
which is in quadrature phase relation to the even part.
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In the light of the discussion in Section 2.2, f);(x) can be regarded as the impulse
response of a spinor S acting on the e; basis vector. Therefore, the logarithm of this
spinor gives access to both the amplitude and phase information of the original signal.
The spinor field which maps the e3 basis vector to the vector valued signal f);(x) is
esfy(x). Hence, according to Eq. (2.15) and Eq. (2.16), the local amplitude and local
phase representation of the monogenic signal are obtained as follows

An(x) = |far(x)| = exp(loglesfr (x)[) = exp((log(esfar(x)))o) (2.34)
_ o (s, — esfr(@)z - (eafa (%))
Py (x) = (log(esfn (x)))2 |<e3fM(x)>2\ata ( (eaar ()0 > (2.35)

It is also possible to extend the monogenic signal to higher dimensions, see [39, 28].
Hence, the monogenic signal can be regarded as a generalization of the analytic signal
in 2D and higher dimensions. The monogenic signal is a novel model for i1D signals,
however, it delivers no information about the i2D parts of the 2D image.

Up to now, we only considered the 2D image signal f(x) = f(ze; + ye; + ze3) with
z = 0. If we investigate the case for the half space z > 0, this signal will become a
smoothed version of the original signal (2 = 0). Hence, 2 is regarded as a scale parame-
ter. Applying a Poisson kernel to the original signal results in a smoothed signal which,
for all scale parameters s, results in a Poisson scale-space [15],

p(x;s) = (£ hp)(x) (2.36)

where s denotes the scale parameter, p(x; s) is the Poisson scale-space and hp indicates
the scalar valued Poisson kernel defined as

S

and
F{hp(x)} = exp(—2r|u|s) (2.38)

Here F refers to the Fourier transform. The harmonic conjugate of the Poisson scale-
space reads

q(x;s) = (f x hg)(x) (2.39)

where h denotes the bivector valued conjugate Poisson kernel which takes the follow-
ing forms

Tres Yyeas Xes3

ho(x) = ha1(x) + hax(%) = =5 s + Skt sea)? ~ 2n(x £ e 220
and
F{ho(x)} = %I2lexp(—27r|u|s) (2.41)

Fig. 2.2 illustrates the Poisson kernel and its harmonic conjugates. Combining the
Poisson scale-space with its harmonic conjugates yields the monogenic scale-space [15],
which can be visualized as shown in Fig. 2.3. When the scale parameter is set to zero, the
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Fig. 2.2: From left to right: the Poisson kernel (hp) and the two components of the con-
jugate Poisson kernel (hg; and h(s). Note that the two components of the con-
jugate Poisson kernel constitute one single isotropic operator.

OnOgenic scale-space

monogenic signa]

Fig. 2.3: The structure of the monogenic scale-space [15].

monogenic signal is obtained. From an alternative point of view, the monogenic scale-
space can also be built by the monogenic signals at all scales, where the monogenic
signals are formed by the smoothed image signals and their Riesz transformed results,
i.e. the figure flows. In the monogenic scale-space, the figure flow and the smoothed
signal are in quadrature phase relation at each scale. As in the case of the well known
difference of Gaussian (DOG) bandpass filter, it is also possible to build up two band-
pass filters in the presented framework. They are the difference of Poisson (DOP) filter
and the difference of conjugate Poisson (DOCP) filter. Since the DOCP consists of two
components, DOP and DOCP together form a Riesz triplet [10].

In the monogenic scale-space, expressions for the local amplitude A (x; s) and local
phase ®(x; s) have to be generalized accordingly as

Al 8) = Vp( 97 + (ki 5P 2.42)
X;8) = Mam an lax; s)]
2% 8) = [ a)) (p<x; s>) 24)

The monogenic scale-space is an interesting alternative to the Gaussian scale-space.
The unique advantage of the monogenic scale-space, compared with that of the Gaus-
sian scale-space, is the figure flow being in quadrature phase relation to the image at
each scale. Therefore, the monogenic scale-space is superior to the Gaussian scale-space
if a quadrature relation concept is required [15].



3. SIGNAL MODELING FOR
TWO-DIMENSIONAL IMAGE
STRUCTURES

So far, we understood that the monogenic signal is derived from the monogenic exten-
sion of a scalar field. However, it is restricted to model only the i1D signals because
only a minimum of information, i.e. the scalar value f(x), is taken into consideration.
If 2D images are interpreted as surfaces in R?, the first and second order fundamental
theorems of differential geometry would deliver the most general local signal model in
the classic framework. We will associate a curvature tensor instead of a scalar value to
a location of interest. This results in a useful signal model for 2D image structures. For
the moment we are neglecting the metric tensor. Hence, our operators for local signal
analysis will be rotation invariant.

The proposed model can be regarded as the monogenic extension of the curvature
tensor. Motivated from the differential geometry, this curvature tensor can be con-
structed. Therefore, a brief introduction to the differential geometry is given.

3.1 Basic concepts of differential geometry

Differential geometry [7] is a well known methodology in the disciplines like physics,
mechanical engineering and topography. Classical differential geometry deals with the
mathematical description of curves and surfaces. In image processing field, Koenderink
and van Doorn [25, 26] have introduced methods from differential geometry to analyze
the local properties of signals. In such case, two dimensional intensity data can be
represented as surfaces in 3D Euclidean space. Such surfaces in geometrical terms can
be written as Monge patches of the form

x +f(x) = ve; +yes + f(z,y)es (3.1)

This notation of a surface is the most simple one for considerations in the framework of
differential geometry because it enables to express the mentioned tensors with entries
built from first and second order differentials of the image functions. In the following,
we will introduce basic concepts of differential geometry and the general 2D signal
model in an algebraic framework with more powerful geometric meanings than Rj.
Because we are interested in a tensor representation of the image signal, our model will
thus be represented in the matrix geometric algebra M (2, R3) which results from the
tensor product Rs x Ra.
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The matrix geometric algebra M (2,Rs), see [38], is the geometric algebra of 2 x 2
matrices with entities in R3. For example, a general element p in this matrix geometric
algebra can be written as

a b
=t 1] (62
where p € M(2,R;) and a, b, ¢, d € R;. Addition and multiplication of matrices in
M (2, R3) is the usual matrix addition and multiplication. The trace of this representation
is
a b
trace,,(p) = trace L d} =a+d (3.3)

and the corresponding determinant reads
dety(p) = dety {Ccl Z] = aadd + bbce — (@bdc + ¢dba) (3.4)

where @, b, ¢ and d are the conjugations of a, b, c and d, respectively, see Eq. (2.9).
The primary first order differential quantity for an image, represented by the vector
tield £, is the gradient defined as

0 0
Vf = 61%1‘1(% y)es + e2a—yf(957 y)es = fre13 + fyeas (3.5)

For second order geometry, the matrix of second order derivatives or Hessian H is
given by

92 5? 0 8
HM _ 8_:%2 8x(29yf _ ela_axfmel?) e2a_fx613‘| _ |: fa:a:e3 —fxyelgg (36)
8§6xf g_y?f el%fye% e28_yfy623 f:cy8123 fyye3

The Hessian matrix is related to the curvature tensor, which describes the local devia-
tion of the signal f from the tangent plane of the surface.

According to the derivative theorem of Fourier theory [35, 2], in the spectral domain,
the second order derivative of f with respect to the z axis is given by

1 + cos(2a)

F{fwes} = —4n?p? cos*(a)F = —4xn?p? 5

F (3.7)

where F denotes the Fourier transform of the original signal f = f(z,y)es;. Analogously,
the other second order derivatives are obtained as

in(2
F{foyer23} = —47%p? cos(a) sin(a)e s F = —4772p28m<Ta)e12F (3.8)
1-— 2

F{f,e3} = —4r*p*sin*(a)F = —47‘(‘2,02MF (3.9)

vy 2

Hence, in the spectral domain, the Hessian matrix reads

42,2 14cos(2a) 2 92sin(2a)

F{Hy} = 4rip? =22 F  (Artp? =5 Fens (3.10)

(_471_2p2 sin(22oz) F)e12 —47T2p2 17(:025(204) F
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Tab. 3.1: Surface type classification based on Gaussian curvature and mean curvature

Surface type M (Mean Curvature) K (Gaussian Curvature)
Elliptic (i2D) K>0
Hyperbolic (i2D) K <0
Parabolic (i1D) |M| #0 K=0
Planar (i0D) M| =0 K=0

According to Eq. (3.4), the determinant of the Hessian in this algebraic framework
is obtained as

detar(Har) = [(frres) (fres) — (= fayerzs) (foyeros)]” = [foafyy — 12 (3.11)

This determinant is identical to the square of the classic Hessian determinant in the
vector algebra. In general, the determinant computation of the algebra M (2,R3) can
not be reduced to the original definition in the vector algebra. However, in the current
case, due to the particular basis elements, the original definition of the determinant
can still be used, see Appendix for details. Hence, the determinant of the Hessian is
reformulated as

detr(Hy) = (fzxe?))(fyyeB) - (_fasy6123)(fxye123) = Jealyy — foy = AMA (3.12)

where \; and )\, are two eigenvalues of the real valued Hessian matrix, which represent
the principal curvatures. Thus, the Gaussian curvature K can be defined as

or

The mean curvature ), obtained from the trace of the algebraically embedded Hessian
matrix, takes the following form

1 1 1
M = Stracen (Hy) = 5(fra€s + fyyes) = 5 (M + do)ey (3.15)

Hence, both the Gaussian curvature and the mean curvature give rise to a rotation in-
variant local analysis of second order features. Combining the Gaussian curvature and
mean curvature, a complete classification of the local structure into the types i2D (ellip-
tic and hyperbolic regions), i1D (parabolic region) and i0D (planar region) in principle
can be done, see table 3.1.

3.2 Monogenic extension of the curvature tensor

In order to build a general model for 2D structures with phase information contained,
we follow the ideas of deriving the analytic or monogenic signal from a real valued
1D or 2D image signal. The holomorphic (1D) or monogenic (2D) completion of the
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signal results in an additional component which is in quadrature phase relation to the
original signal. For a 2D image, every image point is now associated with a curvature
tensor which is related to the Hessian matrix. It is necessary to find a conjugate matrix
with quadrature phase relationship to the curvature tensor. In the following, we will
introduce the general signal model based on 2D spherical harmonics.

As analyzed before, the Hessian matrix contains curvature information. Based on it,
i0D, i1D and i2D structures can be easily separated. It is obvious that angular parts of
the derivatives are related to spherical harmonics of even orders 0 and 2, see equations
(3.7) to (3.10). These harmonics represent the even information of 2D structures. There-
fore, we are motivated to construct a tensor 7,, which is related to the Hessian matrix,
for the signal modeling. We will call T, as the curvature tensor, although it is different to
the curvature tensor of the second fundamental form of the differential geometry. This
curvature tensor indicates the even information of 2D structures and is obtained from
a tensor-valued filter H, in the frequency domain, i.e. T, = F ! {H, x, F}, where F~!
means the inverse Fourier transform and x. indicates the geometric product between
all elements of H. and F. Since the original 2D signal f(z,y) is embedded as an e3-
valued signal, the tensor-valued filter H., called the even Hessian operator, thus takes
the following form

_ 1 [Ho+(Hy)y —(Ha),

o= { L <H2>J (3.16)
1] 1+4+cos(2a) —sin(Ra)err | cos?(a)  —3sin(2a)er,
~ 2| sin2a)e;  1—cos(2a) | | 1sin(2a)er sin?(a)

The entities of H, are obtained from Eq. (3.10). For the convenience of analysis, the
radial factors are ignored.

In this filter, the two elements cos?(«) and sin?(«) can be considered as two angular
windowing functions which are the same as those of the orientation tensor in [21]. From
them, two perpendicular i1D components of the 2D image, oriented along the e; and e,
coordinates, can be obtained. The other component of the filter is also the combination
of two angular windowing functions, i.e. 1 sin(2a) = 1(cos?(a — Z) —sin*(a — §)). These
two angular windowing functions yield again two i1D components of the 2D image,
which are oriented along the diagonals of the plane spanned by e, and e,. These four
angular windowing functions, shown in Fig. 3.1, can also be considered as four dif-
ferently oriented filters, which are basis functions to steer a detector for i1D structures
[19]. They make sure that i1D components along different orientations are extracted,
see Fig. 3.2. Consequently, the even Hessian operator H, enables the extraction of four
differently oriented i1D components of the 2D image. Hence, the superimpose of these
four basis i1D signals will result in a rotation-invariant extraction of any arbitrary i1D
signal.

The Riesz transform [14] is able to evaluate the corresponding conjugate information
of the i1D signal, which is in quadrature phase relation with the i1D signal. Therefore,
the odd representation of the curvature tensor, called the conjugate curvature tensor 75,
is obtained by employing the first order spherical harmonic %, to elements of 7., which
equals the Riesz transform of the curvature tensor 7.. Besides, the conjugate curvature
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- My

Fig. 3.1: From left to right are the angular windowing functions of cos?(a), sin*(«),
cos?(a — %) and sin*(a — I). White indicates positive one and black represents

N

Fig. 3.2: From left to right are the test image, i1D signals result from the angular win-

dowing functions of cos?(a), cos?(a — F), sin?() and sin*(«c — %), respectively.

tensor T, results also from a tensor-valued filter H,, called the odd Hessian operator.
T,=hy* T, =F '{H, x, F} (3.17)

where *, represents the convolution of all elements of 7. with h;. The odd Hessian
operator H, equals the Riesz transform of the even Hessian operator, i.e. H, = H; % H..
In the spectral domain, the odd Hessian operator thus takes the following form

_ |Hou Hoio L (Hi(Hy+ <H2>0) Hy(— (Ha),)

Ho = {H H] =3 [ Hi((H3),)  Hy(Ho — (H),) (3.18)
with
Hy1 = (cos(a) + sin(a)egs)(cos*(a)) (3.19)
= i [(3 cos(a) + cos(3ar)) + (sin(a) + sin(3a))ess]

Hypn = —Hyo = (cos(a) + sin(a)en)(% sin(2a)e;s) (3.20)

= [(cos(ar) — cos(3a)) + (sin(a) + sin(3a))eqz]
Hyy = (cos(a) +sin(a)eis)(sin(a)) (3.21)

=S

[(cos(ar) — cos(3a)) + (3sin(a) — sin(3a))eqs]

It is obvious that this tensor-valued filter consists of odd order spherical harmonics.
Hence, the Riesz transform of the curvature tensor 7, gives its corresponding odd rep-
resentation 7,. Combing the curvature tensor and its conjugate representation forms
the general signal model of local 2D image structures,

T(x) = To(x) + To(x) (3.22)
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This signal model can also be regarded as the monogenic extension of the curvature
tensor. Hence, it is called the monogenic curvature tensor.

In fact, the monogenic curvature tensor is an element of M (2, R;) with monogenic
entries. This representation is much more powerful than the monogenic signal. There
for each pixel a real signal is extended to a Clifford valued signal. In our case, a Clifford
valued tensor representation is gained with quadrature relations in each element of the
tensor. There are different ways of evaluating the monogenic curvature tensor. One
way is to evaluate the quadrature relationship of the tensor pair (7, T;) separately, the
other way is to evaluate the quadrature relation of the elements of T' = T, + T,,. We will
present in this paper the first way.

3.3 Local representations for i1D and i2D image structures

Analogous with the real valued differential geometry approach, in our Clifford valued
approach 2D image structures can be classified by computing the Gaussian curvature
and the mean curvature of the tensor pair 7. and 7,, see also table 3.1. Since the non-
zero Gaussian curvature indicates the existence of i2D structure, the even and odd parts
of i2D structures are correspondingly obtained according to Eq. (3.13). The even part of
i2D structures reads

d. = detg(T.)es = (Te1Tto2 — Tr12Teo1)es (3.23)

() () (). ()
(e g () ()

= Ae3

where T,;;, i,j = 1,2 are the corresponding components of the curvature tensor T..
Because dety(T) is scalar valued, similar as the monogenic signal, the even part of i2D
structures is embedded as the e; component in the 3D Euclidean space. The odd part of
i2D structures is given by

d, = eidetr(T,) =e1(To11Ta0 — Th12To21) (3.24)
- F! {el KHI(HO ;F <H2>0>F) X (Hl(HO ; <H2>O)F) (3.25)
B (H1(<52>2)F> . (—H1(§H2>2)F> 1}
= Be; + Ces

where T,,;;, i, j = 1,2 are the corresponding components of the conjugate curvature ten-
sor T,. Because detp(7,) is spinor valued, i.e. detz(7;,) € span{l,e;2}, by multiplying
the e, basis vector from the left, d, takes a vector valued representation. A local rep-
resentation for i2D structures is obtained by combining the even and odd parts of i2D
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structures. This local representation for i2D structures is called the monogenic curva-
ture signal ! and it takes the following form

figD = Cle + do = Ae3 + Be1 + Ceg (326)

The original signal f(x), x € R? is thus mapped to f3p(x),x € R? as a local representa-
tion of i2D signals. The monogenic curvature signal can be considered as a monogenic
representation of the Gaussian curvature in real valued differential geometry.

The parabolic and planar surface patches, corresponding to i1D and i0D structures,
have zero Gaussian curvatures. In order to separate them with each other, the trace
of the tensor pair 7. and 7, is computed. Non-zero trace illustrates the existence of
i1D structure. Therefore, the combination of traces of 7. and 7, can be considered as
the local representation of i1D structures. According to the combination and certain
embedding, this representation is obtained as

fip = trace(T,) + trace(T,)e, = F ! {trace(H, x, F) + trace(H, x, F)e,}
= F '{[trace(H.) + (—ey)trace(H,)|F} (3.27)

with

trace(H.) + (—ep)trace(H,) = 1+ (—e2)H; =1+ (—ey)(cos(a) + sin(a)e;s)
1+ cos(a)(—ez2) +sin(a)e; =1+ Hp (3.28)

where Hp, refers to the Riesz kernel in the spectral domain, see Eq. (2.32). Plugging Eq.
(3.28) into Eq. (3.27), we will get the i1D structure representation as

fip = JF '{[trace(H.) + (—ey)trace(H,)|F} (3.29)
F YA+ Hp)F} =f+hpxf = f(x)es + fi(x)e; + f2(x)ey

where hp, is the spatial representation of the Riesz kernel and f refers to the e; valued
original signal. The obtained Eq. (3.29) is identical to Eq. (2.13), which indicates that the
local representation for i1D structures, obtained from the general signal model, is the
combination of the original signal and its Riesz transform. This means that the derived
i1D structure representation is just the monogenic signal as proposed in [14]. Hence,
the proposed signal model includes the monogenic signal as a special case, which is a
monogenic measure of the mean curvature. In addition to this, it constitutes also the
local representation for i2D structure. Therefore, the signal model is a general represen-
tation for 2D structures of any intrinsic dimension.

'In a strict sense, the derived local representation for i2D structures is not a monogenic function.
However, besides the determinant computation, all properties of the monogenic function are preserved.
Hence, this local representation is called the monogenic curvature signal.



4. INTERPRETATION OF THE MONOGENIC
CURVATURE SIGNAL

Because the monogenic signal has been discussed in [14] in detail, we are more inter-
ested in the interpretation of the i2D structure representation, i.e. the monogenic curva-
ture signal.

4.1 Geometric model and feature extraction

In the light of the introduction in Section 2.1, local features of the monogenic curvature
signal can be defined using the logarithm of R3. The spinor field which maps the e;
basis vector to the monogenic curvature signal f;,p is given by esfiyp. According to Eq.
(2.15) and Eq. (2.16), the local amplitude A(x) and local phase representation ¢(x) are
obtained as

A(x) = [fi2p(x)| = exp(log(|esfizp(x)])) = exp((log(esfip(x)))o) (4.1)
B(x) = arg(fian(x)) = (log(esfian(x)))s = %atan <%) (4.2)

where arg(-) denotes the argument of the expression and atan(-) € [0, 7). As the bivector
part of the logarithm of the spinor field esf;2p, this local phase representation describes
a rotation from the ez axis by a phase angle ¢ in the oriented complex plane spanned
by fiop and es, ie. fizp A es. The orientation of this phase plane indicates the local
main orientation. Therefore, the local phase representation of the monogenic curvature
signal combines local phase and local orientation of i2D structures, just as in the case of
the monogenic signal for i1D structures. Since the local phase representation ®(x) is a
bivector, its dual in Rj is a rotation vector that can be defined as

r(x) = (®(x))" = (log (esfiap(x))), (4.3)

The rotation vector r is orthogonal to the local orientation. The length of the rotation
vector |r| indicates the phase angle ¢ of the i2D structure and its direction illustrates the
rotation axis. According to the proposed algebraic embedding, a geometric model for
the monogenic curvature signal can be visualized as shown in figure 4.1. The geometric
model is an ellipsoid, which looks very similar to that of the monogenic signal. How-
ever, each axis encodes totally different meaning. The even part of the i2D structure
is encoded within the e3 axis, and the odd part is encoded within the e; and e, axes.
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Fig. 4.1: The geometric model for the monogenic curvature signal. Here, Ae; indicates
the even information of the i2D structure, Be; and Ce, are the two components
of the odd part. The phase is represented by ¢, 20 denotes the main orientation
in terms of double angle representation, r indicates the rotation vector.

The angle ¢ represents the phase and 20 is the main orientation in a double angle repre-
sentation form. The rotation vector r lies in the plane orthogonal to e;. Combining the
local amplitude and local phase representation, the monogenic curvature signal for i2D
structures can be reconstructed as

er'QD = |f1'2D]exp (arg (fZQD)) (44)

Having a definition for the i2D local phase, we recognize that the local phase repre-
sentation contains additional geometric information, i.e. local orientation. Since local
amplitude, local phase and local orientation are orthogonal to each other, the mono-
genic curvature signal performs a split of identity.

From an alternative point of view, local amplitude, phase and orientation can also
be obtained according to the relationship of the even and odd components in spherical
coordinates. The local amplitude is computed as

Ifiop| = VA2 + B2 + C? (4.5)

The local main orientation is given by

1 T
6= §a’ca112(B7 C) RS (—5, E] (4.6)
where atan2(-) € (—m, 7]. And the local phase reads
¢ = atan2 (sign(Be; + Cey)|Be; + Cesl|, A) v € (—m, 4.7)

Fig. 4.2 illustrates bandpassed local features extracted from the monogenic curva-
ture signal. A synthetic image which consists of a superposition of an angular and a
radial modulation is used as the test image. The blobs in this test image are considered
as i2D structures. The energy output of the monogenic curvature signal, i.e. d2 + d?,
can be regarded as i2D structure strength to detect points of interest. Besides, it also il-
lustrates the rotation invariance property of the monogenic curvature signal. The even
and odd outputs also indicate the existence of i2D structures. Local main orientation
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and the energy output of the monogenic curvature signal. Middle row: even

Interpretation of the monogenic curvature signal
Fig. 4.2: Bandpassed local features. Top row: from left to right are the original image

4.

and odd parts of the monogenic curvature signal. Bottom row: the estimated

main orientation and phase.
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)

Fig. 4.3: Top row: test image, the energy of the monogenic signal and its phase. Bottom
row: Energy and phase of the monogenic curvature signal.

ﬁ |

Fig. 4.4: Top row: test image, the energy of the monogenic signal and its phase. Bottom
row: Energy and phase of the monogenic curvature signal.

of the monogenic curvature signal denotes the main orientation of the i2D structure.
Its minor orientation is simply perpendicular to the main orientation. Local phase con-
tains the structure information. At the positions where the main orientation and the
minor orientation wrap form zero to 7, the estimated phase is inverted. This is called
the orientation-phase wrapping.

To show the difference between the monogenic signal and the monogenic curvature
signal, some experimental results are given in Fig. 4.3 and Fig. 4.4. Two patterns as
the line and edge like intersection are employed as test images. Local energy output
and phase information from the monogenic signal and the monogenic curvature signal
are extracted, respectively. These results indicate that the monogenic signal enables the
feature estimation of i1D signals, however, it delivers no information for the i2D part of
the original signal. The monogenic curvature signal is in contrast gives access to local
feature evaluation of i2D structures.



4. Interpretation of the monogenic curvature signal 25

4.2 Properties of the monogenic curvature signal

According to Eq. (3.23), in the spectral domain, the even part of the monogenic curva-
ture signal d. can be interpreted as

F{de} = F{detr(T)es} = (Hei (o) Hpop(p; )F) * (Heaz() Hpopr(p; s)F)
—(Hez(a)Hpop(p; 8)F) * (Hea1 () Hpop(p; s)F))es  (4.8)

where H,;;(a), 7,7 = 1,2 are the corresponding components in the tensor-valued even
Hessian operator H.. Only if Eq. (4.8) delivers a non-zero output, the existence of i2D
structures is indicated. For i0D and il1D structures, the result of Eq. (4.8) is zero. The
i1D signals in the frequency domain are straight lines through the origin, therefore, the
two dimensional convolutions in Eq. (4.8) can be reduced to 1D convolutions along the
properly oriented axis, indicated by the fixed angle . Then, Eq. (4.8) can be rewritten
as

F{de} = ([Henr(ao) Heaz(a)] [(Hpor(p; 8)F) * (Hpopr(p; s)F)] —
[Her2(co) Hea1 (o)) [(Hpor (p; $)F) * (Hpor(p; s)F)])es (4.9)

To ensure F{d.} to be zero for an i1D signal, the condition should be
Hey (o) Heaa (o) = Heia(g) Hear (o) (4.10)

Hence, Eq. (4.10) makes sure that the even part is selective to the i2D structures and
it was called the compensation equation in [41]. In the case of monogenic curvature
signal, for its even part, we have

1
He11 () Hepa () = cos? (o) sin?(ag) = 1 sin(2ayg) (4.11)
1. 1. 1.
Heia (o) Her (o) = 3 sm(2a0)§ sin(2ap) = 1 sin(2ap) (4.12)
Therefore, the compensation Eq. (4.10) is satisfied and can be rewritten as
1 1
cos?(ag) sin?(ap) = 5 sin(2a0)§ sin(2ay) (4.13)

This equation decides that the even part of the monogenic curvature signal is selective
to the i2D structure and the i1D structure can be suppressed.

Analogously, the odd part of the monogenic curvature signal d, in the Fourier do-
main reads

F{d,} = Fleidetr(T,)} = ei((Hon () Hpor(p; 8)F) * (Hee2(a) Hpopr(p; s)F)
—(Ho2(a)Hpop(p; $)F) * (Hea1(a) Hpop(p; $)F))  (4.14)

In order to make sure F{d,} is zero for an i1D signal, the compensation equation for the
odd part of the monogenic curvature signal with the following form should be satisfied

Hon (Oéo)Ho22(Oéo) = Hol2(a0)H021 (Oéo) (4-15)
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where H,;;,1,j = 1,2 indicates the corresponding components in the tensor-valued odd
Hessian operator H,. Hence, we are able to obtain

Holl(Oéo)HOQQ(Oéo) = COS(QOC()) [COS2<OZ()> Sin2(060)} + (416)

sin(2ayp) [cos®(ap) sin®(ap)] e1a

Holg(Ozo)Hogl (Oéo) = COS(QO(()) |:% SiH(QOéo)% sin(?ag)} + (417)
sin(2ay) B sin(2a0)% sin(2a0)} el

It is obvious that the compensation Eq. (4.15) is satisfied and the odd part of the mono-
genic curvature signal does only respond to i2D structures. Consequently, the mono-
genic curvature signal is regarded as local representation of i2D structures.

Since the odd part of the monogenic curvature signal has two components, the com-
pensation of the odd part can in accordance be split into two parts, that is

cos(2a0)[cos? () sin®(a)] = cos(2ap) [% sin(QOco)% sin(2ap), (4.18)

sin(2ay) [cos? (ap) sin?(ap)]ern = sin(2a0)[§ sin(2a0)§ sin(2ayp)]ers (4.19)

These two parts, which are derived from detr(7,) = T,11T022 — Tt12T021, determine the
two components of the odd part Be; and Ce,, respectively. Comparing the compensa-
tion equations (4.13),(4.18) and (4.19), it is shown that the determinant of the conjugate
curvature tensor 7, is obtained from the curvature tensor 7. by convolving it with the
second order spherical harmonic, that is

detR(To) = h2 * detR(Te) (420)

Therefore, the odd part of the monogenic curvature signal d, can be derived from the
even part d. by employing the second order spherical harmonic operator, which means

er’QD = det(Te)eg + eldet(To) = de + do = de + (elhgeg) * de = Ae3 + Be1 + 062 (421)

The angle between Be; and C'e; indicates the local main orientation in a double angle
representation just as in the case of the structure tensor [18, 21]. It is introduced in
Section 2.3 that the odd part of the monogenic signal is obtained from the even part by
employing the Riesz transform, which is basically equivalent to the first order spherical
harmonic. In case of the monogenic curvature signal, we have comparable relations
between the even and odd parts. Only the second order spherical harmonic occurs as a
new operator which is another generalization of the Hilbert transform. This enables us
to state that the Riesz transform is able to generalize the Hilbert transform with respect
toilD signals and the derived generalized Hilbert transform (the second order spherical
harmonic) realizes the same with respect to i2D signals. This is valid for any dimension
of the signal. Furthermore, this gives rise to the conjecture that a third order spherical
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harmonic will be responsible for generalizing the Hilbert transform in the case of i3D
signals in the 3D case. Recently, several types of generalized Hilbert transforms have
been derived in [4, 3]. Indeed, the second order spherical harmonic belongs to one of
the considered types.

According to the Parseval theorem, the energy of the odd and even parts of the
monogenic curvature signal are related by

By = ((erhes) #d.)* = [ [ fertzesD, Pdpdo (422)
— // | cos(2a)ers + sin(2a)eys|*|D.|*dpdo
= //(COSZ<2C(> + sin®*(2a))|D.|*dpda = E,

where D, represents the Fourier transform of d.. It can be shown that the energy of the
odd part equals that of the even part. Hence, the amplitudes of even and odd part are
equivalent, i.e. |d.| = |d,|.

As a good local representation for the i2D signal, it requires that the monogenic
curvature signal has the property of rotation invariance. To analyze this property, we
should start from Eq. (3.13). Hence, the Gaussian curvature of the Hessian matrix can
be rewritten as

K = fmzefﬂfyye?)_(_fmyel23)(fxye123) (4.23)
= [fees + fuyes)? = ((fuves = fyyes)? + ()]
= Jlafy -2

where Af is the Laplacian of the signal and ¢ indicates the eccentricity. Because Eq.
(4.23) must be zero for the i0D and i1D signals, the compensation equation of it now
changes as

(cos?(ar) + sin?(a))? = cos?(2a) + sin*(2a) (4.24)

Since i0D and i1D structures are suppressed, what left is the i2D structure. Hence,
spherical harmonics which serve as the angular portions, decide the rotation invariance
of the i2D structure output. As stated in Section 2.1, the amplitude of the nth order
spherical harmonic is rotationally invariant. Thus, the filter response from a nth order
spherical harmonic has the property of rotation invariance. Therefore, the left and right
sides of Eq. (4.24) determine two isotropic operations. The Gaussian curvature of the
Hessian thus can be considered as the difference of two isotropic operation outputs,
which proves that the property of rotation invariance is fulfilled.

A similar analysis applies to the even part of the monogenic curvature signal, that is

d. = (TellTe22—T612T521)83 (4-25)

1
= 1 [(Tell + Tos2)” — (Ter1 — Tean)” + T812T621))i| e3
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The compensation for d. now takes the same form as the compensation Eq. (4.24).
Therefore, d. is rotationally invariant. According to equations (4.21) and (4.22), the odd
part is obtained by convolving the even part with the second order spherical harmonic
and the energy of them are equivalent, therefore, the amplitude of the odd part d, is
also rotationally invariant.

Hence, we can conclude the properties of the monogenic curvature signal as follows

It enables the simultaneous estimation of local amplitude, local main orientation
and local phase of i2D structures.

It is rotationally invariant and no steering is needed.

The odd part is transformed from the even part by the second order spherical
harmonic, i.e. d, = (e1hqe3) * d..

The energy of the even part is equal to that of the odd part, i.e. d? = d2.

Since the local amplitude and local phase representation are independent of each
other, the monogenic curvature signal fulfills the split of identity.



5. PARITY SYMMETRY ANALYSIS

5.1 Preliminaries

Parity symmetry, as an important local feature of qualitative signal analysis, is strongly
related to the local phase of the signal [39]. In image processing, parity symmetry is a
cue for the line-like or edge-like quality of a local image structure. Parity refers to the
invariance of a process with respect to a reflection operation. It is well known that any
real signal f : R” — R at any location x € R" can be decomposed into an even and odd
part,ie. f(x) = fe(x)+ f,(x) [21]. A real signal has even symmetry if f(—x) = f(x) and
odd symmetry if f(—x) = — f(x) for all x € R™.

In 1D, the local phase of a signal is defined as the angular part of its analytic signal.
If the local energy is zero, no phase analysis is available. Once the local energy exceeds
a certain threshold, the parity symmetry would then enable a local structure analysis.
The relation between the local structure and local phase is illustrated in Fig. 5.1. At
a signal position with locally even symmetry, only the real valued even part of the
quadrature filter matches. Thus, the phase is 0 for a peak like signal and 7 for a dip like
signal. A similar reflection reveals the odd case for edge like signals. Only the odd, and
thus the imaginary, filter component matches the signal. Therefore, the signal structure
has a phase of 7 for decreasing slope and —7 for increasing slope. For ilD signals,
the monogenic phase also indicates the even and odd symmetry as line and edge like
structures in a rotation-invariant manner. The line-like structure is even symmetric with
respect to its orientation vector, hence, the odd output of the monogenic signal is zero.
The edge-like structure is pure odd symmetric with respect to its orientation vector,
therefore, no even output from the monogenic signal exists.

A phase concept of i2D signals has been investigated by Biilow and Sommer [6, 5].

Fig. 5.1: The relation between the local signal structure and local phase in 1D case.
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Fig. 5.2: Four components of the quaternionic Gabor filter.

In this approach, a two-dimensional signal is split into even and odd parts along the
r-axis and along the y-axis, i.e. f = f,.. + f,. + f., + f,,. Here, f.. denotes the part of f that
is even with respect to z and y, f,. represents the part which is odd with respect to = and
even with respect to y and so on. These four symmetries are obtained by convolving
the signal with four components of a quaternionic Gabor filter which are shown in Fig.
5.2. Those four components have the even-even, odd-even, even-odd and odd-odd
symmetries with respect to the coordinates. The estimated phase information can, to
some extent, illustrate the intrinsic dimensionality of local structures. Unfortunately,
this approach has the drawback of being not rotation invariant.

5.2 Parity symmetry of the monogenic curvature signal

The monogenic curvature signal also enables the rotation invariant extraction of a phase
for i2D signals. The presented phase interpretation strongly depends on the way the
monogenic curvature tensor is analyzed. Here, we study only the relations between
its even and odd components. The parity symmetry involved in our case can be ana-
lyzed from the even and odd parts of the monogenic curvature signal, respectively. As
indicated in Section 3, the even part is computed as,

d. = (Te11Te2s — TeroTeo1)es = A1 o€ (5.1)

According to [10], the eigenvalues \; and \; can be considered as a cosQ—decomposition
of the local amplitude. Hence, these two eigenvalues can be obtained from two angular
windowing functions, which are oriented along the principal axes. This means that \,
is obtained by convolving the signal with cos?(3 — ) and ), is the output of convolving
the signal with cos?(3 — (6 + %)) = sin®(3 — 6,). Here, 6, refers to the local main orien-
tation. These two angular windowing functions are even with respect to the principal
axes oriented along 0, and 6, + 7, respectively, see Fig.3.1. Thus, d. has the even-even
symmetry with respect to the principal axes.
The odd part of the monogenic curvature signal is computed as

d, = e1(To11Tva2 — To12T001) = (e1hoes) xd. = Bey + Cey 5.2)

According to the analysis in Section 4.2, the two components of d, are obtained from
the second order spherical harmonic transform. Therefore, the symmetry of the odd
part can be determined by the second order spherical harmonic. As visualized in Fig.
5.3, the two components of the second order spherical harmonic are odd-odd symmet-
ric with respect to ey, e; axes and the diagonals of the plane e; A e;, respectively. These
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Fig. 5.3: Two orthogonal components of the second order spherical harmonic.

Fig. 5.4: Some i2D Structures: from left to right are the line-like intersection, edge-like
intersection and a mixture of them.

two components together decide the local main orientation. Thus, the principal axes are
oriented along the local main orientation and its perpendicular orientation. Therefore,
the odd part of the monogenic curvature signal, which is the vector sum of Be; and
Ce;, has an odd-odd symmetry with respect to the principal axes. Hereby, we under-
stand that the parity symmetry for i2D structures, in the presented way of analyzing the
monogenic curvature tensor, is even-even and odd-odd symmetric with respect to the
principal axes. At those i2D neighborhoods, even and odd outputs of the monogenic
curvature signal are quite similar like the first and fourth components of the quater-
nionic analytic signal. But, in contrast to the quaternionic analytic signal, the parity
symmetry in the current case is related to the principal axes instead of the original z, y
coordinates and therefore the rotation invariance is preserved.

Unlike the i1D signals, i2D signals have more degrees of freedom. There is no gen-
eral way to completely specify the parity symmetry of an arbitrary i2D structure by
applying a pre-defined phase model. Because the odd part of the monogenic curvature
signal has only odd-odd symmetry with respect to the principal axes, the derived phase
information can only be used to classify some specific i2D structures, even though the
monogenic curvature signal is a general local representation for all i2D structures. It
can be assumed that a component wise evaluation of the monogenic curvature tensor
will result in a more detailed specification of the parity symmetry.

For any superimposed i2D signals, as shown in Fig. 5.4, there exist patterns such
as the line-like intersection, the edge-like intersection and a mixture of them. The lo-
cal neighborhood where two lines/edges intersect is considered as the i2D structure. It
corresponds to elliptic or hyperbolic region with positive or negative Gaussian curva-
ture, see also table 3.1. Therefore, for the i2D neighborhood where two lines intersect,
it belongs to the elliptic region which denotes local extrema. Hence, the even output of
the monogenic curvature signal is positive, i.e. d. > 0. According to the introduction
in Section 5.1, line-like structure has no odd output. Thus, for the line-like intersection
structure, the odd output would vanish, i.e. d, = 0. In this case, the estimated local
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Fig. 5.5: Local phase and corresponding i2D structures. The horizontal axis is the real
axis, the vertical axis indicates the imaginary axis.

phase has a value of zero
¢ = atan2(d,,d.) =0 (5.3)

Edge-like intersection structures are saddle points which correspond to hyperbolic
regions. Therefore, the monogenic curvature signal in such case has negative even out-
puts, i.e. d. < 0. It is described in Section 5.1 that edge-like structures have odd out-
puts. Hence, due to the intersection of edges, the monogenic curvature signal has not
only even but also non-zero odd outputs. As mentioned in Section 4.2, the energy of the
even part is identical to that of the odd part. Thereby, the amplitude of the even output
equals that of the odd part, i.e. |d.| = |d,|. Hence, the absolute phase value |¢| reads

o = atan2(|d,|,d.) = ?jf (5.4)
The sign of the phase depends on the direction of d,, see Eq. (4.7).

The i2D structure which is the mixture of the line-like and edge-like intersection,
has also a positive even output since it corresponds to the local extrema. Due to the
edge-like intersection, its odd output is also non-zero. Therefore, the even part of the
monogenic curvature signal is positive, i.e. d. > 0. And the odd part of it is also equiv-
alent to the even part, i.e. |d.| = |d,|. Thereby, for the mixture pattern, its local phase
absolute value is obtained as

¢l = atan2(ld,| d.) = 7 (55)

Its sign also relies on the direction of d,.

Consequently, some specific structures can be classified on the basis of the newly
developed phase information. On the oriented complex plane, shown in Fig. 5.5, phase
values clearly denote what kind of structure it is. The local phase is able to distinguish
between line-like, edge-like intersection structures and the mixture pattern of them.

The two superimposed i1D signals are not necessarily to be perpendicular to each
other. This is a meaningful extension of the structure multivector model as proposed
in [10]. If the phase has a value of zero, the corresponding structure is indicating line-
like intersection. A phase absolute value of 2% or Z implies that the corresponding local
structure is edge-like intersection or a mixture pattern.
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Fig. 5.6: Top row: two test images. Bottom row: corresponding phases of the two test
images.

Fig. 5.6 illustrates the evaluated phase information for two superimposed patterns
with flexible opening angles. In the case of very bright blobs, they can be regarded as
line-like intersections, hence, their phases take zero values. For those blobs which are
a bit darker than the bright blobs, they indicate edge-like intersections with phases of
3% or —3%. It can be assumed that an extensive analysis of the inner structure of the
monogenic curvature tensor will yield more degrees of freedom. Thus, more phase

angles will be obtained which can further help specifying i2D patterns.



6. MONOGENIC CURVATURE SCALE-SPACE

In Section 2.2, the way to embed a 2D signal into a 3D space has been introduced. So far,
we discussed only the case with z = 0 for our general model. The half space z > 0 for the
monogenic signal is the monogenic scale-space [15] which has already been investigated
in detail. Now, we will sketch in this section the monogenic curvature signal in the
half space z > 0. Similar as in the case of the monogenic signal, = works as a scale
parameter. By applying Poisson filtering to the monogenic curvature signal results in
a monogenic curvature scale-space which enables the multi-scale processing of local
structures. Since the monogenic curvature signal consists of even and odd parts, the
monogenic curvature scale-space can also be formed by the Poisson curvature scale-
space and the conjugate curvature scale-space as illustrated in Fig. 6.1.

Combining the Poisson kernel with 2D spherical harmonics forms damped spherical
harmonics which are basis functions to build the monogenic curvature scale-space. An
nth order damped spherical harmonic in the frequency domain is given by

H,(p,a;s) = exp(naeis)exp(—2mps) (6.1)

where p, o indicates the spectral domain polar coordinates, s denotes the scale parame-
ter. When s equals zero, the first order damped spherical harmonic is basically identical
to the Riesz kernel. Let 7, 3 be the polar coordinates in the spatial domain, the Poisson
scale-space d.(r, 3;s) can thus be obtained from the curvature tensor 7.(r, 3;s). This
curvature tensor results from a scale dependent tensor valued filter which in the Fourier
domain reads

Ho(p, a; s) + (Ha(p, a; 5))o —(Hz(p, a5 8))2
(Ha(p, a3 8))a Ho(p, o;8) — (Ha(p, a3 8))o

H(p,a;s) = { (6.2)

 scale

Fig. 6.1: The monogenic curvature scale-space.
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By computing the Gaussian curvature of T,(r, 3; s), the Poisson curvature scale-space is
obtained as

d. (7’, 67 8) = detR (Te (Tv 57 8))63 (63)
= (Tenr(r, B; $)Teaa(r, 85 8) — Tera(r, B s)Tean (1, B; 5) )es
= A(Ta ﬁa 8)63
The monogenic extension of the curvature tensor in the scale-space results in its conju-

gate part, i.e. T,(r, f; s). In this case, the conjugate part can be considered as the result
of applying the conjugate Poisson filtering to the curvature tensor

T,(r, B;8) = ha(r, B; 8) %, T.(r, B; 5) (6.4)

where hy(r, 3;s) indicates the conjugate Poisson kernel in the spatial domain. As an
alternative, 7,(r, 3; s) can also be obtained from a scale dependent tensor valued filter
H,(p,a;s), that is

To(r, B;s) = F ' {Hy(p,;5) x- F(p,a)} (6.5)
= F ' {Hi(pa;s) x; He(p, a:8) X F(p,a)}

Hence, the filter H,(p, a; s) results from the conjugate Poisson filtering of the filter H.(p, a; s),

Holl(pya;s) HolQ(paa; 8) (6 6)

Ho(p,Oé;S) = Hl X7 (p,Ck;S)H€<,0,0é;8) = H021(p o 5) H022(p [ S)

with
Hoi(p, a;5) = Hi(p, a; s)(Ho(p, a; s) + (Ha(p, @; 5))o) (6.7)
Hya(p, a;8) = —Hoia(p, o5 8) = Hi(p, o5 8)(—(Hz(p, @; 5))2) (6.8)
Hooa(p, o) = Hi(p, i s)(Ho(p, a; ) — (Ha(p, a; 5))o) (6.9)

Hence, the conjugate Poisson curvature scale-space can be written as

d,(r,B;s) = eidetgr(T,(r,[3;s)) (6.10)
= el(Toll(ra B; 3)T022(7", B;s) — Tora(r, B; 3)T021(7"7 B;5))
= B(r,p;s)e; + C(r, B;s)es

Combining the Poisson curvature scale-space and the conjugate Poisson curvature scale-
space, the monogenic curvature scale-space can be obtained, which in terms of Carte-
sian coordinates is given as

£50(x;s) = de(x;5) + do(x; 5) (6.11)

According to the analysis in Section 2.1, local amplitude and local phase representation
of the monogenic curvature scale-space are extracted as

A(x; s) = [fiap (% 8)| = exp(log(|fizp (x; 5)[)) = exp((log(esfirn (x;5)))o) (6.12)
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Fig. 6.2: Top row: local energies extracted at three scales in the monogenic curvature
scale-space. Bottom row: local phases evaluated at three scales.

D(x:5) = arg (Eyp(x: 5)) = (log (esfap (x: 5))), (6.13)
As the dual of the local phase representation, the local rotation vector is defined as
r(x;s) = arg (fop(x;5))" = (log (esfiyp(x;5))), (6.14)

The length of the rotation vector r(x; s) indicates the angle of phase at a certain scale,
and it is also perpendicular to the local orientation. Fig. 6.2 illustrates local energies and
local phases extracted at three scales in the monogenic curvature scale-space. All the
extracted features are scale dependent, however, local amplitude, phase and orientation
are still independent of each other at each scale. Hence, the split of identity is still
preserved in the monogenic curvature scale-space. For the feature extraction of the
bandpassed version in the monogenic curvature scale-space, one may refer to Fig. 4.2.

Since the monogenic curvature signal is derived from the Gaussian curvature, the
scale-space representation of the monogenic curvature signal is sensitive to the curva-
ture of local structures at the chosen scale. A similar concept is the Gaussian curvature
scale-space [33], which is also suitable for recovering invariant geometric features of a
signal at multiple scales. However, it applies a Gaussian smoothing kernel instead of
a Poisson kernel and it has a totally different curvature definition. Hence, the unique
advantage of the monogenic curvature scale-space is the odd part being in quadrature
phase relation to the even part at each scale. Besides, local amplitude, phase and orien-
tation, which are unified with the scale concept, can be simultaneously estimated. These
advantages give access to a multi-scale phase-based processing in many computer vi-
sion tasks.



7. CONCLUSIONS

A general signal model for 2D image structures is proposed in this paper. In order to
obtain more degrees of freedoms for modeling, a 2D signal is embedded into a certain
geometric algebra of the Euclidean 3D space. Coupling methods of tensor algebra, dif-
ferential geometry, monogenic signal and quadrature filter, we are able to design a cur-
vature tensor and its monogenic extension. The monogenic extension of the curvature
tensor contains rich information for 2D structures as the generalization of the analytic
signal to 2D case. Therefore, it is regarded as the general model for 2D image structures.
Based on it, local representations for i1D and i2D structures are obtained as the mono-
genic signal and the monogenic curvature signal by computing the mean and Gaussian
curvatures of the general model. Hence, the monogenic signal for i1D structures can be
considered as a special case of the proposed general model.

From the monogenic curvature signal, three features can be extracted. They are the
local amplitude, local phase and local orientation. These features are independent of
each other, hence, the monogenic curvature signal performs a split of identity. The local
amplitude derived from that model represents the energetic information and it indicates
the existence of i2D structures. Structure information of i2D structures is contained in
the local phase, and some specific types of i2D structures can be classified by the local
phase. Local orientation denotes the main orientation and it illustrates the geometric in-
formation of i2D structures. Compared with other approaches for the i2D structure rep-
resentation, the monogenic curvature signal has remarkable advantage of simultaneous
estimation of local amplitude, local phase and local orientation in a rotation-invariant
manner.

A monogenic curvature scale-space is built by applying the Poisson kernel to the
monogenic curvature signal. The local amplitude, local phase and local orientation are
scale dependent, but they are still independent of each other at every scale. In contrast
to the Gaussian curvature scale-space, not only the energetic but also the structure and
geometric information can be extracted at the same time in a multi-scale way. This
advantage delivers access to various applications of the monogenic curvature signal in
computer vision tasks.
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.1 Eigenvalues of commutative hypercomplex matrices

Commutative hypercomplex algebras (HCA) are the hypercomplex algebras which
have similar construction rules as the Clifford algebra but with commutative multi-
plication rules.

In [9], Davenport proposed the four dimensional commutative hypercomplex alge-
bras (HCA,). It was shown that HCA, is isomorphic to the tensor product of the com-
plex algebra C or the Cartesian product of C2. Later on, Felsberg et al. [11] extended the
HCA to any 2" dimensions and proved that the 2"-dimensional HCA are isomorphic to
C*""'. In signal processing, the four dimensional commutative hypercomplex algebras
are also called the reduced biquaternions [37, 36].

A four dimensional commutative hypercomplex number is defined as

z =21+ 2l + 235 + 24k = (21 + 220) + (23 + 241) ] (1
where i, j, k are unit basis which obey the following rules,
ij=ji=k jk=kj=iik=ki=—j,i?=k=-1,j=1 (.2)

In contrast to the definition in [9], only the square of j is chosen to be positive one,
which results in more simple computations.
According to the above rules, z can be reformulated as

o= {(a ) i+ )} {#}%—{(21—23)—1—2'(@—24)} [1%] (3)
= eri
with
§ = (n1+23) +i(z2+2) (4)
n = (12:_;23)—1-2'(22—,24) (.5)
no= 3 (6)
no= 127 (7)

Correspondingly, a four dimensional commutative hypercomplex matrix Muca,
can be represented as the linear composition of two complex matrices with the follow-
ing form

MHCA4 = Mg?”l + MnTQ (8)

For an nxn matrix Myca,, there are n eigenvalues of each of the corresponding complex
matrices. Hence, there are n? eigenvalues for this matrix Mgca,-

In the following, we restrict ourselves to the eigenvalues computation of a 2 x 2
matrix. Let A\¢i, Ao, A1 and A, be the eigenvalues of complex matrices M, and M,
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respectively, then the eigenvalues of the commutative hypercomplex matrix are given
by
A= dari + A (.9)
Ao = Aari+ Apra
A3 = gl + A
A = Aari+ Apra

For example, given an 2 x 2 matrix Muca,
1 1 1 0 0] . 1 s 1
MHCA4 = |;7 ]{3:| = |i0 0‘| + |i1 Z} ] = |:1 J T+ |:_1 —Z:| o = MgT’l —|—M,77"2 (10)
The eigenvalues of matrices M, and M, are respectively obtained as follows
A1 =0, Ao =140, A =0, \jp=1—1 (.11)

Hence, according to Eq. (.9), the four eigenvalues of the commutative hypercomplex
matrix read

1—2 1-—1 1+7 140

1 2 J A3 2+2

2 2

i M=1+k (12)

.2 Eigenvalue computation of the Hessian matrix

According to the definition of a 4D commutative hypercomplex number, we can identify
its unit basis 7, j and k with the following basis elements in R3

i—ep j—ey k— e (.13)
The property of the unit basis based on the chosen elements can be checked as follows
P2 = (e12) = K = (ens)® = —1 J° = (eg)” =1 (14)

ij =epes=ji=ezep =€z =~

Jk =esejn3 = kj = ejpze3 =ejp =1

1k = ejpeqo3 = ki = ejg3e19 = —€3 = —J

Hence, the Hessian matrix in the algebraically extended framework can be considered
as a commutative hypercomplex matrix, that is

_ f:):a:eB _fxyelQB o .f:c:(;] _fxyk
HM N |:f:py6123 fyye3 :| n [fxyk fyyj :| (15)

The above equation can further be written as

fxw] _f:ryk _ 00 fmx —fxyi .
[fxyk’ foi } a [0 o} * [fxyi Fo ]J (.16)
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Two corresponding complex matrices M, and M, are obtained as follows

Mﬁ B |:f5’5yZ fyy :| M’? B |:_fxyi _fyy:| (17)

The eigenvalues of M, read
/\51 =1m /\52 =n (18)

These two eigenvalues are equivalent to those of the real valued Hessian matrix Hp,
that is

H= Bﬁy ‘]’Zyﬂ with  detg(H) = mn (19)

Accordingly, eigenvalues of M, are given by

/\771 = —N )\”72 = —m (20)

Combining the eigenvalues of the two matrices M, and M,, the four eigenvalues of the
algebraically extended Hessian matrix are

m-n m+n m—-—m m-+m
A = PYE | =mj 21
1 s Ty A 5t I=mi (.21)
n—n mn+n. . n—m mn+m.
Az = 5 Ty = Ay = 5ty (:22)

Hence, the determinant of the Hessian in the extended algebraic framework reads

detar(Hyr) = [(frves)(fupes) — (= foyeros) (foyeron)]” = [foafoy — £2]
= )\1)\2/\3A4 = (mn)2 = (detR(HM))2 (23)

It can be concluded that the determinant computation of the Hessian in this framework

can be reduced to the determinant definition as the one in the vector algebra.
The corresponding trace of the Hessian equals half of the sum of eigenvalues

1
tracen;(Hur) = fov€s + fyy€3 = 5()\1 +X+A3+ M) =(m+n)j=(m+n)es (.24)
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