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CLIFFORD BUNDLES: A COMMON FRAMEWORK FOR IMAGES,
VECTOR FIELDS AND ORTHONORMAL FRAME FIELDS
REGULARIZATION *

THOMAS BATARD f

Abstract. The aim of this paper is to present a new framework for regularization by diffusion.

The methods we develop in the sequel can be used to smooth multichannel images, multichannel
image sequences (videos), vector fields and orthonormal frame fields in any dimension.!
From a mathematical viewpoint, we deal with vector bundles over Riemannian manifolds and so-
called generalized Laplacians. Sections are regularized from heat equations associated to generalized
Laplacians, the solutions being approximated by convolutions with kernels. Then, the behaviour
of the diffusion is determined by the geometry of the vector bundle, i.e. by the metric of the base
manifold and by a connection on the vector bundle. For instance, the heat equation associated to the
Laplace-Beltrami operator can be considered from this point of view for applications to images and
videos regularization. The main topic of this paper is to show that this approach can be extended
in several ways to vector fields and orthonormal frame fields by considering the context of Clifford
algebras. We introduce Clifford-Beltrami and Clifford-Hodge operators as generalized Laplacians on
Clifford bundles over Riemannian manifolds. Laplace-Beltrami diffusion appears as a particular case
of diffusion for degree 0 sections (functions). Dealing with base manifolds of dimension 2, applications
to multichannel images, 2D vector fields and orientation fields regularization are presented.

Key words. regularization, heat equations, Clifford algebras, vector bundles, differential geom-
etry.

AMS subject classifications. 68U10-53CXX-15A66-58J35

1. Introduction. Most multichannel image regularization methods are based
on PDEs of the form

2

oI} %I}
aTt = Z fjkTatk + (parts of order < 1)
J,k=1
of initial condition I: (z1,22) —— (I'(z1,22), - ,I"(x1,22)) a n-channels image,

where f;;, are real functions. We refer to [28] for an overview on related works.
From a geometric viewpoint, the set of right terms, for ¢ = 1---n, may be viewed
as a second-order differential operator acting on sections of a vector bundle over a
Riemannian manifold called a generalized Laplacian H [4]. As a consequence, it
ensures existence and uniqueness of a kernel Ky(z,y, H), called the heat kernel of
H, generating the solution of the heat equation

ol

5 +HI;, =0 (1.1)
from a ’convolution’ with the initial condition I. A generalized Laplacian H on a
vector bundle F over a Riemannian manifold X is determined by three pieces of data:
the metric g of the base manifold X that determines the second order part, a con-
nection on E that determines the first order part, and a zero-order operator F' that
determines the zero order part. For instance, the so-called oriented Laplacians can
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2 T. BATARD

be viewed as generalized Laplacians [1]. Similarly, on the vector bundle C*°(X, g) of
smooth functions on a Riemannian manifold (X, g), there is a canonical generalized
Laplacian, the scalar Laplacian, which corresponds to the Laplace-Beltrami operator
up to a sign. Considering each component I* of a multichannel image as a function
over a well-chosen Riemannian manifold, the heat equation associated to the scalar
Laplacian leads to the Beltrami flow of Sochen et al. in the context of image regular-
ization [23],[25]. The aim of this paper is to extend the Beltrami flow on C*° (X, g) to
vector fields and oriented orthonormal frame fields (i.e. SO(n)-valued fields) on (X, g).

Regularization of non-scalar fields such as vector fields and manifold-valued fields
has been widely investigated in the last few years. Concerning vector fields, we may
refer to [9],[28], where the smoothing is made through the smoothing of a correspond-
ing multichannel image and where the anisotropy is controlled at each point by the
orientation of the vector field. More precisely, an oriented Laplacian is applied on each
component of the image. The regularization of SO(n)-valued fields has been treated
in [13] in the context of principal bundles using a geometric flow on the SO(n) group,
and in [29] using a minimization problem with orthogonal constraints. For n = 2, this
is the problem of orientations regularization, treated in [18],[22],[27]. More generally,
regularization of symmetric definite positive matrice fields were proposed in [14],[21]
and of Stiefel manifolds in [6],[11], all of them using geometric flows on manifolds.

In [6],19],[28],[29], the behaviour of the flow is determined by the field itself. In
[11],[13],[14],[21], it is determined by the choice of a Riemannian metric on the man-
ifold too. In this paper, we make use of an additional geometric structure, called
a connexion. Roughly speaking, a connection is a way to differentiate sections of a
vector bundle. An example of connexion is the Levi-Cevita connection on the tangent
bundle of a Riemannian manifold. By the use of heat equations on vector bundles in
this paper, the behaviour of the diffusion is completely determined by the geometry
of the vector bundle where the fields are considered as sections. By geometry of vec-
tor bundle, we mean a metric on the base manifold and a connection on the vector
bundle. More precisely, the metric of the base manifold determines the anisotropy of
the diffusion, whereas the connection determines the data averaged by the diffusion
by the use of the transport parallel map.

In this paper, we extend the Beltrami flow to vector fields and orthonormal frame
fields by extending the Laplace-Beltrami operator to vector fields and generators of
orthonormal frame fields, i.e. fields with values in the Lie algebra so(n) of SO(n).
For this, we consider Clifford bundles, that are vector bundles where the fibers are
endowed with a Clifford algebra structure. Clifford algebras framework [7],[16] finds
a wide range of applications in computer science [24]. Application of Clifford bundles
to image processing was introduced in [2] where the Di Zenzo’s gradient, devoted to
multichannel image segmentation, is generalized using covariant derivatives instead
of usual derivatives.

We show that Clifford bundles provide a common framework to treat functions, vec-
tor fields, orthonormal frame fields and their generators over manifolds. We also give
a general method to construct generalized Laplacians on Clifford bundles such that
the subsequent heat equation gives a tool to regularize functions, vector fields and
orthonormal frame fields. Even though we only treat the case of SO(n)-valued fields
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in this paper, we expect that the method we propose allows to treat and regularize
fields with values in connected components of much more Lie groups. Indeed, a lot of
Lie groups and their Lie algebras have representations in Clifford algebras [10],[16].

This paper is organized as follows. In Section 2, we treat the problem of approxima-
tions of heat equations solutions. We discuss both continuous and discrete settings.
We treat the particular case of the scalar Laplacian, and relate it with the Laplace-
Beltrami operator. In Section 3, we first introduce Clifford bundles, and show that
functions, vector fields and generators of orthonormal frame fields can be viewed as
sections of a Clifford bundle. Moreover, we show that rotation fields can be lifted
to sections of a Clifford bundle called spinor fields. Then, we show how to construct
generalized Laplacians leading to functions, vector fields and orthonormal frame fields
regularization from connections compatible with metrics of vector bundles. Dealing
with particular Clifford bundles, we construct Clifford-Beltrami and Clifford-Hodge
operators. In Section 4, we consider base manifolds of dimension 2. We compare
diffusions provided by Clifford-Beltrami and Clifford-Hodge flows in the context of
image processing with applications to image, 2D vector fields and orientation fields
regularization. The first Appendix is devoted to differential geometry of vector bun-
dles. We give definitions of notions used throughtout the paper. In the second one,
we introduce heat equations on vector bundles. In the last Appendix, we detail the
construction of Clifford algebras and give their main properties. We also explain how
orthogonal transformations can be represented in the Clifford algebras context using
the spinor group Spin(n).

2. Approximation of generalized heat equations solutions.

2.1. The continuous setting. Generally speaking, for arbitrary base manifold
(X, g) and vector bundle E, there is no explicit formula for the heat kernel Ky(z,y, H)
of a generalized Laplacian H on E. As a consequence, there is no explicit formulae
for solutions of the corresponding heat equation.

However, there exist kernels KN (z,y, H), for N € N, approximating the heat ker-
nel of H on normal neighborhoods of the base manifold, for small ¢. Based on these
results, solutions of generalized heat equations may be approximated for small ¢ by
the convolution of the initial condition with such kernels.

In this paper, we approximate the heat kernel of H by the kernel K?(z,y, H) de-
fined by

1 m/2 e B
() " e e, y)?) 7, 9) ()2

where m is the dimension of the base manifold X, and d stands for the geodesic dis-
tance on X related to the Levi-Cevita connection on (T'X,g). ¥ is a function such
that the term W(d(x,y)?) equals 1 if y is inside a normal neighborhood of z and 0
otherwise. Hence we may assume that y is inside a normal neighborhood of . The
map 7(x,%) is the parallel transport map on E related to the connection V¥ such that
H = AP + F (see Appendix B) along the unique geodesic joining y and x. Indeed, on
normal neighborhoods, there is a unique geodesic joining any point to the origin. At
last, J are the Jacobians of the coordinates changes from usual coordinates systems
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to normal coordinates systems.

Hence, we approximate the solution e~ of the heat equation du,/dt + Hu; = 0, of
initial condition uy = u, at x € X by kdu(zx) = (1/4nt)™/2x

/ N G (A2, y)) 7 y) uy) S y) " dy
X

Remark: Whereas the heat kernel Ky (z,y, H) of a generalized Laplacian H is unique,
there is no one-one correspondance between H and the kernel K?(z,y, H) approxi-
mating its heat kernel. Indeed, K?(z,y, H) only depends of the Riemannian metric
g on X and the connection V¥ on E such that H = AP + F. Then given F| a
zero-order operator on F and the generalized Laplacian H; = AF + Fy, we have

K?(x,y,H) = Kg<x7y7H1)

2.2. The discrete setting. For the purpose of applications to image process-
ing, we discretize the computation of kYu. We proceed by discrete convolutions with
masks.

Considering the standard Laplacian A on R?, the gaussian kernel Gy(x,y) is the
heat kernel K;(z,y,A) of A. This means that the solution u; of the heat equation
Ouy /Ot = Awuy of initial condition uy = w is given by the convolution of w with the
Gaussian kernel

4t

e uta) = (g7) [ ) dy

The Gaussian kernel has an infinite support and satisfies the property

1 ) la—yl? /4t
— vy dy =1
(47Tt /]Rze y

In practice, the discrete Gaussian kernel is truncated such that G¢((7,7), (k,1)) =0
if the pixel (k,1) is outside a given neighborhood N, ;) of the pixel (i,7) (e.g. 5 x5
neighborhood), and normalized inside J\/'(Z-J-)7 i.e.

(1/4xt) e @D~k /4t

Gel(0,9), (k1)) = Son,, (1/4mt) e~ lGD—(mmll?/a

Hence, the discrete approximation of e~*“u at a pixel (i,7) is given by the discrete

convolution of u with such a mask. More precisely, we have

(e Pu)(i, )~ Y. Gil(i,g),(k, 1)) ulk,1)

(kvl)eN(i,j)

More generally, the kernel

1

Q) = (47 ) € WA, ) T (2, 9)
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on (X, g) may be viewed as the Riemannian counterpart of the Gaussian kernel on
R2. Indeed, dealing with normal coordinates around a point z, they take both the

form
1 2
=) o llyliF /4t
(471'15) €

where y are the normal coordinates of y.

Based on this observation, we propose to adapt the above method, devoted to com-
pute a discrete approximation of e~**u on R?, in order to compute more generally a
discrete approximation of kYu on (X, g) of dimension 2. This generalization requires
the construction of discrete geodesic curves and normal neighborhoods.

For this, we use the following definitions and results on differential geometry of man-
ifolds (see Appendix A and [15] for more details).

1. Let X be a manifold equipped with a connection V on its tangent bundle T'X.
The curve v on X is said to be autoparallel if it satisfies V¥ = 0.

2. Normal neighborhoods may be characterized as neighborhoods where each point
is joined to the origin by a unique autoparallel curve.

3. Dealing with a Riemannian manifold X equipped with the Levi-Cevita connec-
tion on its tangent bundle, an autoparallel curve on X is called a geodesic.

Then we construct geodesic curves from (i,j) and a normal neighborhood V; jy of
(i,7) as follows.

Let us first fix a neighborhood N, ;) of the pixel (i,j) (e.g. the 5 x 5 neighbor-
hood of (i,5)). For each p,q € {—1,0,1} such that (p,q) # (0,0), we construct the
geodesic vy such that v(0) = (4,4) and %(0) = (p, q) by solving a discrete counterpart
of the parallel transport of 4 along ~ related to the Levi-Cevita connection on TX.
Then, we state that a point (k,[) € Mi,j) belongs to V; j if it belongs to a unique
geodesic from (7, j) and if it does not follow a point on this geodesic that belongs to
several geodesics from (i, j).

Hence, we truncate Q:((%,5), (k,1)) in such a way that Q:((7,4), (k,1)) = 0 if (k1)
is outside V; j), and we normalize it inside V; j), i.e.
(1/47-(t) efd((ifj)f(k’l))Q/zlt

Qt((zaj)a (kvl)) = EV(~ A>(1/47Tt) e—d((4,5)—(m,n))? /4t

Therefore, the discrete approximation of kfu at a pixel (i, j) is given by the discrete
convolution of the map

(k, 1) — 7((6, ), (K, 1)) u(k, 1)

with a such a mask. More precisely, we have

kpui,g) =~ Y Qul(6, ), (k1) 7((0, 5), (k. 1)u(k, D)

(k,l)EV(i,j)
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Remark: Let us consider the operator kfu associated to the kernel K} (x,y, H) ap-
proximating the heat kernel of H. In the continuous setting, we have

17.L xr) = 1.’]5' u
(kb)) /XKt( y. HYu(y)dy

= (%ﬂt)/x e @D A (d(x,y)?) (7 (2, y) + 181 (2, y, H)) uly) I (x,y) "% dy

In the discrete setting, we obtain

ku(i,g) = Y Qul(i,5), (k, D) [7((, 5),(k, 1) + ¢ ®1((7, ), (k, 1), H)] u(k, 1)

(k,DEV(,5)
Considering the neighborhood V; ; := {(i, j)} of the pixel (i, j), we have
ki, 5) = (i ) + t ©1((i, ), (i, ). H) u(i, )
Moreover, we have ®;((i,§), (1,5), H) = —JY? o H o J=Y2((i,5), (4,7)).
From the property

J(x,y) =1+ O(|ly||?) where y are the normal coordinates of y around z,

(see [4] Chapter 1), we can assume in the discrete setting that J = 1 near the diagonal.
Therefore, it gives ®1((¢,7), (¢,5), H) = —H, and

Elu(i,g) ~u(i,§) — t Hu(i, §) (2.1)
Finally, we obtain the Euler scheme of the PDE

ou
87;+Hut:0, Ug = U

2.3. Example: the scalar/Beltrami Laplacian. The Laplace-Beltrami op-
erator can be viewed as a generalized Laplacian called the scalar Laplacian.

DEFINITION 2.1. Let E be a vector bundle of rank 1 over a Riemannian manifold
(X,g), endowed with the connection V¥ = d +w with w = 0. The scalar Laplacian is

the connection Laplacian on E associated to the connection VF.

In local frames 0; := 0/0z; of TX and e; of F, it is defined by
Afer) == g7 (08 - Y T, )f ex (2.2)
i k

where f € C*°(X), and [}¥ are the symbols of the Levi-Cevita connection of (T'X, g)
with respect to the frame 0;.

In the following Proposition, we determine the parallel transport map on E related
to the connection V.
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PROPOSITION 2.2. Let (X,g), E and V¥ of Definition 2.1, v be a C' curve in
X such that v(0) = y. The parallel transport Y along ~ of the vector Yo = Yie1(y) is

Y(t) =Yer(v(1)).

Proof. The parallel transport of ¥y along v is the solution Y (t) = Y (t)e1 (y(t))
of the differential equation

Vf Y(t)=0
(2.3)
Y(0)=Y
WY = VP )
oY
= W(t) e1(v(1))
Finally, we obtain an ordinary differential equation
oyt
Z— (t) =
5 () 0
Yio) = Y

from which we deduce the solution of (2.3). O

In other words, the parallel transport has no effect on coordinates. As a consequence,
the kernel K?(z,y,A) equals

L™ ey
— THEYIE 2.4
(&) e (@) (24
on normal neighborhoods of z, where Id(z,y): E, — E, acts as the Identity map
on coordinates.

The Laplace-Beltrami operator A, is the differential operator of order 2 acting on
smooth functions on a Riemannian manifold (X, ¢g), and defined by

8y() = 7 2 0, 0ud)

Considering the set C°°(X) of smooth functions on X as a trivial vector bundle of
rank 1 over (X, g) endowed with the connection V¥ determined by the 1-form w = 0,
we have

Ay =—-A
This makes the PDE’s 0f/0t = Ay f and Ofe; /0t + A fer = 0 be equivalent.

The PDE 0f/0t = A, f appears in the Beltrami framework in the context of im-
age regularization [23],[25]. In [23], the solution is approximated by an Euler scheme
of the form (2.1), whereas in [25] the solution is approximated by the convolution of
the initial condition with a kernel of the form (2.4).
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3. Clifford bundles over Riemannian manifolds: a common framework
to regularize functions, vector fields, and oriented orthonormal frame fields.

3.1. Clifford bundles: a common framework to treat functions, vector
fields and oriented orthonormal frame fields on manifolds. In this section,
we show that we can consider functions, vector fields and generators of rotation fields
on a manifold X as sections of a trivial Clifford bundle CI(E, h) over X. Moreover,
we can also lift rotation fields to sections of CI(E, h) called spinor fields.

DErFINITION 3.1 (Clifford bundle). Let E be a vector bundle of rank n over a
manifold X, and equipped with a metric h. The Clifford bundle CI(E, h) of (E,h) is
the quotient bundle

CU(E, h) = T(E)/I(E7 h)

where T (E) is the bundle whose fiber at x € X is the tensor algebra of E, and I(E, h)
is the bundle whose fiber at x € X is the two-sided ideal I(E,, h,) in T (E,), generated
by elements v @ v + hy(v,v) for v € E,.

We obtain a bundle of rank 2" over X whose fibers are endowed with a Clifford
algebra structure, and the fiberwise multiplication in CI(E, h) gives an algebra struc-
ture to the space I'(CI(E, h)) of sections of CI(E, h).

More precisely, let (e, ,e,) be a local oriented orthonormal frame field of (E, h)
on Q C X. Then, any section s of CI(E, h) takes the form

s=s591+ E Siy-ig €iy " " Cip,
k=1
i1 <<t

on €, for some functions sg, $;,...;, € C*°(Q).
Ezample: Let X be a manifold of dimension m endowed with a metric g on its
tangent bundle TX. The couple (T'X, g) induces a Clifford bundle CI(T'X, g) over X

of rank 2™.

The graduation on Clifford algebras carry over Clifford bundles. We denote by
T'(CI(E, h)) the set of sections s of CI(E, h) such that s(z) is a k-vector Vo € X.

Let z € X. From the embeddings of R and E, into the Clifford algebra Cl(Eg, h(x)),
both functions on X and sections of F may be viewed as sections of the Clifford
bundle CI(E, h). More precisely, we have the identifications

C>(X)~T(CI(E, h)y) T'(E) ~T(CI(E,h)1)

Let us denote by T'(P SO(E, h)) the set of smooth oriented orthonormal frame fields
of (E,h). On a local trivialization U of (E, h), we have the identifications

L(PSO(Ey, hy)) = C=(U,SO(n))  T(CUE|y, hy)2) =~ C=(U,s0(n))

the latter arising from the Lie algebra isomorphism spin(n) ~ so(n). We call such
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fields generators of oriented orthonormal frame fields.

From these identifications, functions, vector fields and generators of rotation fields
on X may be viewed as sections of a trivial Clifford bundle CI(E,h) ~ X x R, 0,
respectively of degree 0,1,2.

Indeed, a vector-valued function v: X — R"™ of components (vq,---,v,) may be
viewed as a section V' of the trivial vector bundle (E, | [|2) = X x R™ of the form

V() = (z, (vi(2), - va()))

and consequently as a section of the trivial Clifford bundle CI(E, || [|l2) =X x R, o of
the form

V(SC) = (:ZZ, (Oavl(x)a T 7Un(x)7 0,--- 70))

This construction may be generalized endowing the vector bundle E of a definite
metric h, in such a way that v may be viewed as a section V of a trivial vector bundle
(E,h) ~ X x R™. Let (e1, - ,e,) be an oriented orthonormal frame field of F with
respect to h, and ¢ be the global trivialization of (F, k) such that

V(z) =Vi(z)er(z) + - + Val@)en(z) = (x, (01 (2), -, vn(2)))

where (Vi(x),---,Vy(z)) are the components of the vector (v1(z),--- ,v,(x)) in the
basis (e1(x), -, en(x)). As a consequence, v may be viewed as a section of the trivial
Clifford bundle CI(E, h) ~ X x R,, ¢ of global trivialization ®, of the form

V(z) = Vi(z)er(z) + -+ Va(z)en(r) = @(z, (0,v1(2), - -, va(2),0,---,0))

Then, we treat the case of rotation fields and their generators. Let r: X — SO(n) be
a rotation field on X, considered as a section of the principal bundle X x SO(n) over
X. From the covering £: Spin(n) — SO(n), r may be lifted to a spinor field s, i.e. a
section of the principal bundle X x Spin(n). By the embedding of Spin(n) into R,, o,
we have X x Spin(n) C X x R,, . Hence we can consider s as a section of the trivial
Clifford bundle X x R,, 9. Moreover, from the Lie algebra isomorphism so(n) ~ R%,o,
we can consider generators of rotation fields on X as sections § of X x R, g of the
form

§(x) = (2, ai;() eie;)

i<j

for some functions a;;, where e;e; € RZ are induced by an orthonormal basis
n

(e1,---,en) of (R™, [|[]2).

If we denote by exp the exponential map of Spin(n), the section s given by

s(x) = (x,exp(d_ aij(x) eie )
i<j
is a lifting of the rotation field r, i.e. we have

r(z) = (z,& o eap(D_ aij(x) eie;))

i<j
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Let us detail the construction of the section s. From the matrix representation of
SO(n), we can construct generators of rotations r(z),z € X, by the computation of
log o r(x) where log: SO(n) — so(n) is the logarithm map of the Lie group SO(n).
It gives a field of antisymmetric matrices on X. Then the Lie algebra isomorphism
so(n) — R2 ; maps

logor(z) = Z 2a;i(x)E;j to Z a;j(x) ee;

i<j i<j

We identify the last expression with the section

() = (2, ai(@) eiey))

1<j

of X x Rn,0~

Remark: For n > 3, the lifting of the rotation field r to a spinor field s is not unique,
due to the 2-sheeted covering Spin(n) — SO(n). Moreover, as the exponential map
of the group SO(n) is not injective for any n, the field § generating the field r is not
unique.

Ezxample: The case n = 2.

The lifting of a rotation field r to a spinor field s is unique from the isomorphism
SO(2) ~ Spin(2). Indeed, the field @ lifts to cos(d) + sin(f)ejes. For any k € Z, the
field

5= (0+2km)eres

is a generator of the field 6.

At last, any scalar field f: X — R may be viewed as a section F of a trivial vector
bundle CI(E,h) ~ X x R,, ¢ of the form

F(z) = f(x)1(x)

In this paper, we are interested in the regularization of functions, vector fields and
rotation fields over manifolds. By the above constructions, we can apply the context
of heat equations on Clifford bundles to regularize these fields. By this approach, we
can control the anisotropy of the regularization by the choice of a Riemannian metric
of the base manifold X and the data we regularize by the choice of a connection on
the Clifford bundle CI(E, h), for a well-chosen metric h.

Through the regularization of sections of degree 0, resp. 1, we can regularize func-
tions and vector fields over X. We propose to regularize rotation fields through the
regularization of their generators, i.e. sections of degree 2 of CI(E, || ||2) = X X R, 0.
Indeed, as mentioned above, we can construct a generator § € I'(CI(E, | ||2)2) of a
rotation field 7 on X. The regularization of 5 provides sections 5;;>¢ of the form

Si(x) = (m,Zaij(t,a:)eiej)
i<j
Then computing

ri(@) = (z,§ 0 eap() | aij(t, x)eie;))

i<j
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we obtain rotation fields 7 +>¢ on X regularizing the initial field r.

Finally, this general method only requires that the regularization process preserves the
structure of function, vector field and generator of rotation field. Hence we are looking
for heat equations preserving the graduation of Clifford bundles. More precisely, we
are looking for PDEs of the form

Js
87;+H3t20

where H is a generalized Laplacian on CI(E, h) preserving the graduation, i.e.
H:T(CIE,h)) — T(CUE,h)L).

In the sequel, we show that such differential operators can be constructed from con-
nections preserving the graduation. These connections can be constructed from con-
nections on E compatible the metric h.

3.2. Connections preserving the graduation. Let FE be a vector bundle of
rank n equipped with a metric A over a manifold X.

PROPOSITION 3.2. A connection VE on E compatible with the metric h induces
a connection VC on the Clifford bundle CI(E,h) preserving the graduation, i.e. a
connection satisfying Vk € {0---n}

VEo e I(T*X @ CI(E, b)) if €T (CIE,h))

Proof. Any connection V¥ on E may be extended in a unique way to a connection
V on T (E) by linearity and postulation of the Leibniz rule.
For U e I(TX) and V € T'(E), we have

V,(VaV-—hV,V)) = %[(VUVH/) ®(V,V+V)— h(vUV+V,vUV+V)]

—%[(VUV ~V)&(V,V =V) = h(T,V = V.5,V = V)]

(3.1)
We prove (3.1) by developping both right and left terms of the equality.

For the right term we obtain
V,VeV+VeV,V-2nV,V,V)
Developping the left term we have
V, VoV -hV,V)=V,VV+VaV,V-d,hV,V)

However, by definition of a connexion compatible with the metric of a vector bundle,
we have for any U € I(TX) and W, Z € T'(E)

Then, taking W = Z =V, it gives
d, h(V.V) = 21(Y, V. V')
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and the equality (3.1) is proved.

As the right term of (3.1) belongs to I'(I(E,h)), it proves that V preserves the
[(I(E, h)).

We deduce that V induces a connection V¢ on CI(E, h). Indeed, for a,b € T(T(E))
in the same equivalence class (denoted by a = b), we have V,b = V, (a + I) for
some Iy € I(I(E,h)). Hence V,b = V,a + I, for some Iy € I'(I(E,h)). Therefore

—

V(a) = V(b), and V¢ is well-defined.

Let p,1 € T(CI(E, h)). By definition, there exist a,b € I'(7 (E)) such that ¢ = @ and
1 = b. Then,

Ve (py) = b)

a>m V)

Vo
V(

)®b+a®vw)

(a
( )b—l—aV()
= V90 + oV (1Y)

from which follows that V¢ preserves the graduation. 0

V(a) @t
=V

Remark: Dealing with the tangent bundle (T'X,g) of a Riemannian manifold, the
Levi-Cevita connection V on (T'X, g) is compatible with g. It follows that V induces
a connection V¢ on CI(TX, g) preserving the graduation [5].

As a consequence, from a connection compatible with the metric h on E and a
zero-order operator F' on CIl(E,h) preserving the graduation, we can construct a
generalized Laplacian H on CI(FE, h) preserving the graduation, by the formula (see
Appendix B)

H=A°+F

where A is the connection Laplacian related to the connection V¢ on CI(E,h) in-
duced by the connection VF.

By this method, we construct in the sequel two generalized Laplacians on Clifford
bundles preserving the graduation, and restricting to the Laplace-Beltrami on func-
tions (i.e. sections of degree 0), called Clifford-Beltrami and Clifford-Hodge operators.

3.3. The Clifford-Beltrami operator. Let X be a manifold of dimension m,
endowed with a Riemannian metric g on its tangent bundle TX. Over the Rieman-
nian manifold (X, g), we consider the vector bundle TX endowed with the metric §
given by the identity matrix I,, in local frames (0/0z1, -+ ,9/0x,,) induced by local
coordinates system (x1,- - ,Zy,) on X. The vector bundle (T'X, §) over X induces a
Clifford bundle CI(T'X, §) over X. A local section s of CI(T'X, g) is of the form

s=s501+ Z Siyeiy 0/0x1 -+ 0/ 0xy,

k=1---m
i1 <--<ip
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for some functions so, si...;, € C*°(X).

The Levi-Cevita connection V on (T'X, g) is determined by w = 0 by construction of
g. From Section 3.2, it induces an algebra connection V¢ on CI(T X, §) satisfying

VCs =dsygl+ Z ds;y...i,, 0/0x1---0/0xy,
A

In fact, V¢ corresponds in this particular case to the differentation of components on
I(CUTX,q)).

Then we construct the connection Laplacian A¢ on CI(TX,§) related to V¢. Tt
takes the form

AY(s) = —Dgsol— > Agsi,..i, 0/0xy -+ 0/Omy
k=1--m
i <o <ig
It consists in the action of minus the Laplace-Beltrami operator related to g on each
component of a section. In this paper, we call this operator the Clifford-Beltrami
operator.

As the Clifford-Beltrami operator is a generalized Laplacian, we may consider the
corresponding heat equation, whose solution are provided by the convolution of the
initial conditions with the heat kernel K;(x,y, AY) of AC.

DEFINITION 3.3. Let s € I'(CI(TX, §)). The Clifford-Beltrami flow of s is
the solution s; >0 of the heat equation
85,5

a*‘ACSt:Oa Sp =S

Then, as the Clifford-Beltrami operator preserves the graduation on CI(T X, g), it pre-
serves the structures of function, vector field and generator of orthonormal frame field.
As a consequence, the Clifford-Beltrami flow provides a common tool to regularize
functions, vector fields and oriented orthonormal frame fields.

3.4. The Clifford-Hodge operator. Let (X,g) be a Riemannian manifold.
We denote by A T*X the vector bundle of differential forms on (X, g). The vector
space isomorphism (C.2) between A V* and CI(V, Q) carries over vector bundles. It
follows a canonical vector bundle isomorphism between A T*X and CI(T'X,g) that
maps differential forms of degree k to sections of degree k of CI(T'X, g).

The Hodge Laplacian A is a generalized Laplacian acting on differential forms on
a Riemannian manifold (X, g). It is defined by

A =dé+dd

where d is the exterior derivative operator and § its formal adjoint [8].
In particular, when applied to O-forms, i.e. functions, A corresponds to minus the
Laplace-Beltrami operator.
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Under the identification between A T*X and CI(T'X,g), the Hodge Laplacian can
also be applied to I'(CI(T X, g)), and consequently to vector fields and generators of
orthonormal frame fields. In the context of Clifford bundles, we call this operator the
Clifford-Hodge operator. It is defined as the square of a first order differential
operator called the Dirac operator.

DEFINITION 3.4. Let V¢ be the connection on CI(TX,g) induced by the Levi-
Cevita connection on (TX,g). Let (e1, -+ ,em) be a local oriented orthormal frame

field of TX with respect to g. The Dirac operator is the first-order differential operator
D:T(CUTX,q)) — T(CUTX,g)) defined locally by

Do = Zei VQCO' (3.2)
i=1

This definition is independant of the choice of the local oriented orthonormal frame
field.

By the Bochner identity, the Clifford-Hodge operator D? is a generalized Laplacian
on CI(TX,g) preserving the graduation. Indeed, we have

D2 = AC -+ Z eiejReh@j

1<j

where ), eiejRe, ¢, is a zero-order operator preserving the graduation. The term
R, ., is called the curvature transformation of V¢ associated to e; and e; [19].

As the operator D? is a generalized Laplacian, we may consider the corresponding
heat equation, whose solution are provided by the convolution of the initial conditions
with the heat kernel K,(x,y, D?) of D?.

DEFINITION 3.5. Let s € T'(Cl(X,g)). The Clifford-Hodge flow of s is the

solution sy ;>0 of the heat equation

5]
%—I—DQst:O, S0=58

Then, as the Clifford-Hodge operator preserves the graduation on CIi(T'X, g), it pre-
serves the structures of function, vector field and generator of orthonormal frame
field. As a consequence, the Clifford-Hodge flow provides a common tool to regularize
functions, vector fields and oriented orthonormal frame fields.

4. Applications. In this paper, we approximate the solution of the heat equa-
tion associated to a generalized Laplacian H by the convolution of the initial condition
with the kernel K?(x,y, H) approximating the heat kernel of H near the diagonal.
This kernel is determined by the tranport parallel map associated to the connection
VE such that H = AP + F (see Appendix B), and by geodesic distances on the
base manifold. In this Section we compute parallel transport maps on Cl(TX, )
and Cl(TX, g) related to the Clifford-Beltrami and Clifford-Hodge operators for base
manifolds of dimension 2. Then we present applications in the context of image pro-
cessing.
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4.1. Clifford-Beltrami operator and subsequent parallel transport map.
We denote by (0, ,0x,) the frame field (0/0x1,0/dx2). From Section 3.3, we have

C — C —
Ve 1=0 Ve 1=0
v8€1 6$1 - O VBSQ 621 - 0
Vi, Oz, =0 Vi, Oz, =0

V. Oz, 0z, = 0 A

Then, for ¢ = @114 Y2 0z, + ¥3 Oxy + @4 Oz, Oy, We have
A% = —(Dgp1)1 = (Dgpa) D, — (Dg03)y — (Dgpa)Dn, Day

PROPOSITION 4.1 (Parallel transport on CI(TX, g)). Let X be a manifold of di-
mension 2. Let VC be the connection on CI(TX, §) induced by the Levi-Cevita connec-
tion on (TX,3). Let Yo = Yo 1(y)+Y0r, (y)+ Y Dy () + Y4l 02,00, (y) € CUTX, G),,
and vy be a C* curve in X such that v(0) = y. The parallel transport Y of Yy along 7 is

Y(t) = Y5 1(y(t)) + Y5 0r, (7(1)) + Y5 Oy (¥(1)) + Y5' Oz, Oy (7(1))

Proof. The parallel transport of Yj along v is the solution Y (¢) = Y1 (¢) 1(v(¢t)) +
Ya(t) Opy (7(2)) + Y5(¢) Oy (7(¢)) + Ya(t) Ory Oz, (7()) of the differential equation

{ VEY(t) =0

Y(0) = Yo

(4.1)

VEY () = VY114 Ya 0,y + Y30, + Ya 0,0, (1)

= 2010 + KO H OV 10+ OTE, 1)
Ys
Bt
Y3
Bt
Yy

+gp (1) 00,0z, (1) + Vi) (1 ()Y, 02, 0s, () +72()V,0 02, D,y (1)

)%
= S
Y,
+52(00,,(1)
0Ys
+ 520 0.,(0)
Yy

—"_W (t) 8961 8302 (t)

Finally, we obtain four ordinary differential equations on R of the form 9Y;/d0t = 0
for i =1---4, from which we deduce the parallel transport of Yy along . O

(£) 02, (1) + Yo () (1 (V. Oay (8) +72(D)V, Oa, (2))

(£) Oy (1) + Y3 () (1 (D)V. Ouy (8) +72(D)V, Oy (2)
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4.2. Clifford-Hodge operator and subsequent parallel transport map.
Let us denote by I;;“ the Levi-Cevita connection’s symbols of (T'X, g) with respect to
a local orthonormal frame field (e;, ez). By Section 3.2, we have

Cq Cq —
V,;1=0 V,;1=0

C 2/ C 2’
Vioer=Ites  Viea=-Ijje
VCe, = 2’ VCe, = 2’

es €1 = ]'—él €2 (D) €2 = _Bl €1
vC _ \vi% —

e1 6162—0 es €1€2 =0

PROPOSITION 4.2. Let (X,g) be a Riemannian manifold of dimension 2. Let
(e1,e2) be a local oriented orthonormal frame field of (TX,g) and ¢ = p11 + poeq +
p3ea + pger1es € D(CUTX,g)). Then

D?(p11) = ( —d o —d? o1 —TEd, o1+ 11121'de2%01)1

= _Ag(Sol)l

D2(gaer +psea) = (— & o=@, o2 —T3d, 02 + T3 d 0 + 2T d,, 05

e1.eq

T2, 0o+ ¢2(d, T — d, ) + 05, T + de ) Jex

e1,e

(= s =, s —TEd, 3+ T d, 5 — 2T d,, 2

2T d, 2+ pa(—d T — d, T3) + pa(~d, T +de,T3) )2

D?(pyeres) = ( —d2  pa—d? o4 L3d, pi+T3d, @4)6162

e1,eq

= —Ay(pa)eres

Proof. We obtain D?(y) from (3.2) and the relations above defining V¢ in the
frame (e1,es). Then we simplify the expression using some properties of the Levi-
Cevita connection: y
(i) In an orthonormal frame, its symbols satisfy sz =-I7.

(ii) [e1, 0] = —T3'er — [ e2. O

PROPOSITION 4.3 (Parallel transport on CI(TX, g)). Let (X,g) be a Riemannian
manifold of dimension 2. Let (e1,e2) be a local oriented orthonormal frame of TX,
and Yo = Y3 1(y) + Yer (y) + Yiea(y) + Yterea(y) € CU(TX, g)y. Lety be a C' curve
in X such that v(0) = y. The parallel transport Y of Yo along 7 is

Y () = Y3 15(8)) + Re[ewp(i fy 71(5) T3 (5) + 52(5) T (5) ds ) (0 + 1Y) |1 (+(8))

+1meap (i f; 51(5) TR (5)+92(5) T (5) ds ) (Y3 +1 V)| e2 (4(5) + ¥ exea ()
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Proof. The parallel transport of Yy along v is the solution Y (¢) = Y1 (¢) 1(v(¢)) +
Ya(t) er(vy(t)) + Ya(t) ea(y(t)) + Ya(t) erea((t)) of the differential equation

VEY(t)=0
(4.2)
Y (0) =Y
VEY(t) = VY114 Yaer + Yaea + Yaeres ()
- 6Y1 . C . C
= SHO 10+ OGOV 1) + 7OV 1)
) . .
+r M er(t) + Vo) (1 (VS e (1) +72() VS e (1))
Y- . .
+r D ex(t) + Y30 (1 (VS e2 (1) +72() VS €2 (1))
Y, . .
+67t4(t) erea(t) + Ya() (1 ()VS erez (1) +72()V erea (1))
o
= W(t) 1(¢)
aY . / . ’
+672(t) e1(t) + Ya(t) (1 () I (t) ea(t) + 72(t) I (t) ea(?))
aY . ’ . ’
+673(t) ea(t) + Ys(t) (=71 () T (1) ex () — 42(t) I3 (1) ex (1))
)¢
+5 () exea(t)
Finally, we obtain a differential equation on R*
dY: /dt 0 0 0 0 Vi
dYa/dt 0 0 N Rl 0 || Yo
dYy/dt 0 -} —piy 0 0 Ys
dYy/dt 0 0 0 0 Yy

of initial condition Y;(0) = Yy, Y2(0) = Y&, Y3(0) = Y and Y,(0) = Y.

It leads to Y;(t) = Y3, Yi(t) = Y§ and a differential equation on R?

dYs/dt 0 Y102 + oI Y,
— (4.3)
dYs/dt NI - AlE 0 Y3

of initial condition Y3(0) = Y and Y3(0) = Y.

Under the identification between R? and C, (4.3) becomes
{ O(Yy +iYs)/0t = i(1T3 +72L3)(V2 +iY3)

Y5(0) +Y3(0) = YE+iY$
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The solution of (4.4) is

Yalt) +iYa(t) = eap(i / (s T () + 72(s) B (s) ds ) V2 +Y)  (45)

from which follows the parallel transport of Y, along ~. O

4.3. The particular context of images. Let us consider a n-channels image
I: (21,29) — (I'(21,72), -+, I"(x1,72)) defined on a domain Q C R?. I determines
a surface S embedded in R™*? parametrized by

(;D: (.’1’;1,!@2) | — (1'17.’172,]1(.'1717.'172),' te ;In(l'lamZ))
Then we endow R"*2 of a metric h of matrix representation diag(1,1,hy,--- ,hy)
where hq,--- , h, are positive functions. We denote by g the metric on S induced by

h. This construction makes the couple (5, g) be a Riemannian manifold of dimension
2 of global chart (£, ¢).

On the trivial vector bundle T'S, the natural global frame is (0/0z1,0/0z2) induced
by the cartesian coordinates system (x1,z2) on §2. However, the Clifford-Hodge op-
erator D? on CI(TS, g) is defined with respect to an oriented orthonormal frame field
of (T'S,g) (see Section 3.4). In what follows, we construct an oriented orthonormal
frame field (e, eq) of (T'S, g) and compute the transformation of Levi-Cevita connec-
tion’s symbols with respect to the frame change from (9/0z1,0/0xz2) to (ey, ea).

PROPOSITION 4.4 (Positively oriented orthonormal basis of T,,5).

Let ( g g > be the matriz representation of g at p in the basis (0/0x1,0/0x2)(p).
Let XT and \= (AT > X\7) be the two eigenvalues of the induced endomorphism. Then
a positively oriented orthonormal basis (e1,e2) of T,S may be constructed from eigen-

vectors, distinguishing four cases:

(i) if F #0, take (e1,ez) =

A\ oG AT -G
VARVEZ (A =G VATVE £ (A -G

, sign(F)

F F
R (v -G VP (- Q)

in the basis (0/0x1,0/0x2)(p).

(i) if F =0 and E > G, take

9/0x:1(p) 0/ 31‘2(17))

O S

(iii) if F =0 and E < G, take

9/0x(p) _8/3$1(P))

(e1,€2) = ( 7c NG
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(iv) if F =0 and E = G, the whole space T),S is eigenspace. Then for any 6, the two
vectors

cos(0) — sin(6)
vVE VE
sin(6) 7 cos(f)

in the basis (0/0x1,0/0x2)(p) form a positively oriented orthonormal basis of T,,S.

Proof. As unit eigenvectors, they form an orthonormal basis of 7,,S. The orienta-
tion is clearly positive in the cases (i), (¢¢7) and (iv). For the case (i), one just need
to compute the 2-form

A

G F
[(mm)dm + (mm)

darg] A

w =

dry + ( d:c2]

AT -G F
o= e ymo—op)
Then

FOT—=X7)

T AR (M G2 FE (v Q)

d(El AN d.’EQ

and the sign of the scalar term is given by the sign of F'. O

Following this construction for each p € S, we obtain a positively oriented orthonor-
mal frame field (eq, e2) of (T'S, g), where e; is the unit vector field of highest variations
(eigenvectors associated to the eigenvalues A7) and ey the unit vector field of lowest
variations (eigenvectors associated to the eigenvalues A 7).

By the antisymmetry property of its symbols FZ-?, in an orthonormal frame field, the

Levi-Cevita connection is entirely determined by the symbols Fﬁl and Iﬁ, in such
frames. In the next proposition, we determine the expressions of these two symbols
in a frame field (v1,v2) in function of the symbols I;f of the connection in the frame

field (0/0x1,0/0x3).

PROPOSITION 4.5. Let (v1,v3) be a frame field such that v1 = a9/0x1 + b0/
and vy = c0/0x1 + d0/Oxo. Then

L2 = 1/(ad — be)x

) ) b ab
(—aba—;l—a?b L 2402 1“112—b28—;2—b3 Byta® T a® 5 -4 20° T by +ab? 1“222)
2 = 1/(ad — be)x

da Oda ob
(— bca—m —achT} — (be+ad)b T}, — bda—m —b?dTY, +a*c 2 +aca—xl + (be+ad)a T
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ab ,
+adg -+ abd FQQ)

Proof. By definition, we have
Voo =hio+Giee Voo =Dyo + Lo

With respect to the frame field (9,,, 0y, ) := (9/0x1,0/0x3), we obtain

vvl U1 = va(’)ml +b8m2a 811 + baﬂﬂz
=aV, a@zl +aV,, b0y, + bV,,, a0y, +bV, Ous b0y,
aa ob
= a[a 8961 + a(l—il 8I1 + I‘11 85172)} + a|:8 71 aIz + b(l—‘l2 811 + F122 8962)]
8 b
+b|:(9 o a901 + G(Bl 611 + ]-—‘21 8I2>:| + b[a 812 + b(B2 611 + ]-—‘22 8I2>:|
Oa Oa 0b 0b
= [aa—xlﬂz? I} +2ab 1“112+ba—362+b2 1“212} Oy + [aa—xlmz I3 +2ab 1“122+bc,)—062+b2 1“222} Or,
Then, since
1
Oz, :m(dvlfbw) Oy, = ad_bc(fcvlJravg)
we obtain
1 da 3} b
Y, v = m[ da—1 +a2dTY + 2abd L + bda—a VAT — el — acg =
ab
~2abeT} b~ b%rﬁ} v
1 oa oa 5 Ob
ad_bc[—aba—x1 @by — 20 T — B 5 0B +a I e’
b
2050 T + aby 4 ab? F;Q} Vs
from which we deduce 1“121/,
and
1 da da 0b
Vo= [cda—xl + acdTY + (be + ad)d LY + d2a ot bd T — ac® T2 — 02871
b
—(be + ad)eT% — 5 — ¢bd T3 | vy
12 22
3 T2
1 0 9]
+—= bc[ bca—“1 achTL — (be + ad)b T — bda—a BdLL + a2cL2
b ab
—|—aca— + (be + ad)a T3 + ada + abd FQQ} Vg

from which we deduce L2 . O

From this proposition, we deduce the expression of the Levi-Cevita’s connection sym-
bols in the frame field (eq, e2).
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4.4. Experiments. We apply the Clifford-Beltrami and Clifford-Hodge flows in
the context of image processing. The base manifold X we consider is the surface S
embedded in R® parametrized by the graph of a color image I = (I, 1%, I3) given
with its RGB components. We endow S with the Riemannian metric g induced by
the metric h on R®, for some functions h; (see Section 4.3). Then we construct the

trivial Clifford bundles CI(T'S,§) = S x Rg and CU(T'S, g) =~ S x Ry over (5, g).

Clifford-Beltrami flow in T'(CI(T'S, §)o) and Clifford-Hodge flow in I'(CI(T'S, g)o) can
be applied to regularize the color image I. Indeed we can consider each component
I' of I as a section of degree 0 of the Clifford bundles CI(T'S, ) and CI(T'S, g), of the
form I°1. Then the heat equations associated to Clifford-Beltrami A and Clifford-
Hodge D? operators lead in both cases to the following 3 PDEs

ori

ot
Finally, we obtain the 3 PDEs of Beltrami framework of Sochen et al. in the context
of color image regularization (see e.g. [23],[25]).

=N, LL=1TI

Fig. 4.1 is an illustration of color image regularization induced by Clifford-Beltrami
and Clifford-Hodge flows. It is given by the computations of kY (x,y, A¢)I'1 and
E)(x,y, D*)I'1, i = 1,2,3, where convolutions are done on 5x5 neighborhoods (see
Section 2). Fig. 4.1(a) is taken from the Berkeley image segmentation database [20].
Fig. 4.1(b) is the result of the diffusions after 10 iterations for ¢ = 0.2, and g induced
by hi = he = hg = 0.01. We obtain a smoothing of the initial image on regions of
low color variations whereas high edges are preserved.

(a) Original image (b) Clifford-Beltrami/Hodge flows of functions
Fic. 4.1. Color image regularization

Clifford-Beltrami flow in T'(CI(T'S, §)1) and Clifford-Hodge flow in T'(CI(T'S, g)1) can
be applied to regularize vector fields related to I. Indeed, let v = (v1, v2) be a vector
field on 2. By the global chart ¢ of S, it can be considered as a tangent vector field on
S. Then, v is the section v10/0x1 +v20/0x2 of CI(TS, ) and the section 07 e1+0qeq of
CU(T'S, g) where (e1, e2) is the oriented orthonormal frame field of (T°S, g) constructed
in Section 4.3. Then we consider the heat equations related to A on CI(TS, §) and
D? on CI(T'S, g) of initial condition vy = v
a’l}t 8’[)25

Eﬁ-AC’l}t:O W+D2vt:0
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(b) Clifford-Hodge flow of vector field

F1G. 4.4. Unit vector field of edge orientations regularization for h;

(a) Clifford-Beltrami flow of vector field
hat of Fig. 4.2(a). We compare Clifford-Beltrami and Clifford-Hodge flows of v for

Fig. 4.2(b) is the unit vector field v indicating edge orientations in an area around the



Clifford bundles for regularization 23

two different metrics g on S. Results are given by the computations of & (z,y, A% )v
and kY (x,y, D?)v, where convolutions are done on 5x5 neighborhoods. Fig. 4.3 shows
results for ¢t = 0.3 after 200 iterations where g is induced by h; = 0.1. Fig. 4.4 shows
results for ¢ = 0.3 after 200 iterations where g is induced by h; = 0.01.

The role of the functions h; is to control the anisotropy of the diffusion. Indeed,
we have explained throughtout the paper that the anisotropy of the diffusion is de-
termined by the metric g of the base manifold. In this context, ¢g is determined by
the functions h;. Therefore, the more the functions h; are low, the more the diffusion
is isotropic, as it can be seen comparing Fig. 4.3 and Fig. 4.4. By the base manifold
we have chosen for the applications, g measures color variations. It explains why the
anisotropy of the diffusions is related with color variations of the image on Fig. 4.2(a).
By definition, the Clifford-Beltrami flow consists in a Beltrami flow of each component
of v. We see on Fig. 4.3(a) and Fig. 4.4(a) that it preserves the vector field on high
color variations and smoothes it on low color variations. The Clifford-Hodge flow also
preserves the vector field on high color variations, but it vanishes it on regions of low
color variations, as it can be seen on Fig. 4.3(b) and Fig. 4.4(b).

Clifford-Beltrami flow in T'(CI(T'S, §)2) and Clifford-Hodge flow in I'(CI(T'S, g)2) can
be respectively applied to regularize rotation fields in (T'S,g) and (T'S,g). As we
deal with vector bundle of rank 2, rotation fields can be given by unit vector fields.
We propose to compare regularizations of unit vector fields depending on they are
treated as vector fields or as rotation fields. By our choice of the unit vector field
treated in this paper (the unit vector field of edge orientations), the Clifford-Hodge
flow can not be considered in this application. Indeed, unit vector fields in the frame
(0/0x1,0/0x5) are not unit in the frame (e1,e2). Therefore, we are only concerned
with the Clifford-Beltrami flow.

Let ¢ be the rotation field given by v = (cos®), sin) on Q C R? where v is the
unit vector field of edge orientations (see Fig. 4.2(b)). Following the method of Sec-
tion 3.1, we construct the section

U: z — (2,4(x) 8/0x1 8/0x5) € T(CUTS, §)2)

such that for each z € S, ¥ (x) is an infinitesimal generator of the rotation ¢(z). The
27 periodicity in the choice of v is discussed in the Remark below. From Section 4.1,
the Clifford-Beltrami flow of ¥ leads to

Mh - o -

_— = A =

at g’(/}t7 'll}o d}

Remark: The 27 periodicity in the choice of 1/; may be removed by constructing i
not as a global section of T'(CI(T'S, g)), but locally on small neighborhoods. Indeed,

for zy € S, we state P(z) = Y(z) — 2 if P(x) — () > 7, b(z) = Y(z) + 27 if
W(z) — (o) < —7 and (z) = ¥(z) otherwise. By this construction v takes val-
ues locally in [¢(xo) — 7,9 (xo) + w[. Hence, it makes sense to the computation of
(k:?@) (z0). Then we extend this construction for each point in S. This method can
be viewed as the Lie group counterpart of the choice of maximal normal coordinates
systems on manifolds. Indeed, we always work in the tangent space of the neutral

element and consider the exponential map of the Lie group.
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We have also
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(b) Clifford-Beltrami flow of orthonormal frame

fields

F1c. 4.5. Unit vector field of edge orientations regularization for h;
We have shown that scalar and vector fields can be viewed as sections of

5. Conclusion. In this paper, we have proposed a new framework to treat scalar,
vector and oriented orthonormal frame fields on manifolds, by considering Clifford
bundles.

Acknowledgments. The author thanks Pr. Michel Berthier for helpful discus-
sions. He also thank the anonymous reviewers for helpful remarks and suggestions.

(a) Clifford-Beltrami flow of vector fields
of edge orientations treated as a vector field (Fig. 4.5(a)), the regularization provides

similar orientations but the unit norm of the initial unit vector field is preserved when

it is treated as an oriented orthonormal frame field.
shown that sections of degree 2 can be identified with generators of orthonormal frame

fields. In this paper, we were particulary concerned with the problem of regulariza-
tion of these fields. Using the framework of heat equations associated to generalized
Laplacians on vector bundles over Riemannian manifolds, we have shown that the
behaviour of the regularization of these fields is determined by the choice of a connec-
tion on a Clifford bundle and a Riemannian metric on the base manifold. We have
considered the Clifford-Beltrami and Clifford-Hodge flows generalizing the Beltrami
flow to sections of Clifford bundles. Dealing with base manifolds of dimension 2

have shown applications in the context of image processing. By the choice of different
metrics and connections, different regularizations can be performed. Moreover, by the
choice of other base manifolds and vector bundles, regularization of fields in other con-
texts can be envisaged. For instance, dealing with base manifolds of dimension 3, we
can extend the applications presented in this paper to the context of video processing.

Clifford bundles, respectively of degree 0 and 1, and that oriented orthonormal frame

constructed ¥ locally on 5x5 neighborhoods. Compared to the Clifford-Beltrami flow
fields can be lifted to sections of Clifford bundles called spinor fields.

Fig. 4.5(b) shows the result of the diffusion for ¢ = 0.3 after 200 iterations. We have
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Appendix A. Differential Geometry of Vector Bundles.

See [12],[15],[17],[26] for some references on differential geometry of manifolds and
vector bundles.

DEFINITION A.1l. A smooth vector bundle of rank n is a triplet (E, 7, X)
where X and E are two C'*° manifolds, and m: E — X is a surjective map such
that the preimage 7~ 1(x) of x € X is endowed with a structure of vector space of
dimension n. X is called the base manifold and E the total space of the vector
bundle. The set 7=1(x) is called the fiber over x, and is denoted by E,.

The vector bundle is said to be locally trivial if the following conditions hold: for each
x € X | there is a neighborhood U of x and a diffeomorphism ¢: U x R — 7= 1(U)
satisfying o ¢(x, f) = x, and such that the map ¢,: R® — E, is a vector space
isomorphism. The couple (U, @) is called a local trivialization.

The vector bundle is said to be trivial if there exists a diffeomorphism ®: X xR"” —
E such that wo ®(z, f) = z, and ®,: R™ — E, is a vector space isomorphism.

Example: Let X be a C*° manifold of dimension m. The disjoint union of tan-
gent spaces T'X :=| | T, X for z € X, is the total space of a vector bundle (T'X, 7, X)
of rank m called the tangent bundle of X. Tangent space T, X is the fiber over z.

DEFINITION A.2. A metric h on a vector bundle is the assigment of a scalar
product h, on each fiber 7= (z).

Ezample: A Riemannian metric on a manifold is a definite positive metric on its
tangent bundle.

DEFINITION A.3. A section of a smooth vector bundle (E,7,X) is a differen-
tiable map S: X — E such that wo S = Idx.

Let (f1,-+, fn) be a basis of R™. In a local trivialization (U,¢) of (E,w,X), any
section may be written

n

S(x) =Y si@)(z, f;)

i=1

for some functions s; € C*(X).

The set {¢(-, f1), -+ ,0(-, fn)} is called a local frame of (E,m,X).  The set of
sections of (E,, X) is denoted by I'(E).

Ezample: Tangent vector fields on X are the sections of the tangent bundle (T'X, 7, X).

DEFINITION A.4. A connection on (E,m, X) is a map VE: T(TX) x'(E) —
T'(E) satisfying the following azioms:

VE. Y = [VEY + gVEY
VLY = (duf)Y + fVFY
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for f,g € C*(X), u,v e T(TX) and Y € T'(E).

Hence, a connection on (E, 7, X) may be written as d4+w, where d is the differentation
of components and w € T'(T*X ® End(E)).

In local frames (e1, - ,en) of E and (u1, - ,uy) of TX, a connection is determined
by n? x m functions Tj; such that

n
E_ _ k
Vuiej— E Tijek
k=1

FEzample: The Levi-Cevita connection is the connection on the tangent bundle of a
Riemannian manifold (X, g) determined by the m3 functions

1
L) = §9kl(ajgli + 0igij — 019i5)

with respect to the local frame (0/0x1, -+ ,0/0x,,) of TX given by a local coordi-
nates system (21, , &y, ) of X.

DEFINITION A.5. Let VE be a connection on a vector bundle (E, 7, X), and ~y
a C* curve in X such that v(0) = y. The parallel transport of Yy € E, along the
curve vy is the section Y (t) that is solution of the following differential equation

VEY () =0

Y(0) =Y

A section Y along a curve vy is parallel if V,YE Y (t) =0 for each t.

Ezample: Let (X, g) be a Riemannian manifold endowed with the Levi-Cevita con-
nection V on its tangent bundle. A Geodesic curve on X is a C! curve v whose
tangent vector field ¥ is parallel along v, i.e. V44 = 0.

Appendix B. Heat Kernels of Generalized Laplacians.
We refer to [4] for more details on this part.

DEFINITION B.1. Let E be a vector bundle over a Riemannian manifold (X, g),
endowed with a connection VE. Let V be the Levi-Cevita connection of (TX,g). To
any pair of tangent vector fields V- and W on X, we associate an invariant second
derivative V2 : T(E) — T(E) by setting

Ve = VIV -Vl e
Then the connection Laplacian AF: T(E) — T'(E) is defined by
APy = —trace(V? ®)

where trace denotes the contraction with the metric g.
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In particular, if e; is a local orthonormal frame of TX, the operator AF is given
by

A Y (Ve wE)

K3

With respect to the local frame 0; := 0/0x; defined by a local coordinates system of
X, we have

E ij (wEwE ko E
A :_Zgj(vazvaj_zr;-]vak>
ij k
where the symbols I;f are defined by V, 0; =3, Ef@k

DEFINITION B.2. Let E be a vector bundle over a Riemannian manifold (X, g).
A Generalized Laplacian on E is a second-order differential operator H: T'(E) —
T'(E) that may be written

H=A"+F
for some connection V¥ and a zero-order operator F.
In particular, any connection Laplacian is a generalized Laplacian.

To any generalized Laplacian H on a vector bundle E over a compact manifold X,
one may associate an operator e : I'(E) — I['(E), for t > 0, with the property
that us(z) = e " u(z) satisfies the heat equation

0
%—&—Hutzo, U = U

We shall define e *# as an integral operator of the form

ety (z) = tlz,y, H)u
(€ )te) = [ Kiloo Hyuto)dy

where K(z,y,H): E, — E, is a linear map depending smoothly on z,y and t. It
is called the heat kernel of H.

In the following theorem, we summarize some results on approximations of the heat
kernel and solutions of the heat equation (see [4] p. 84).

THEOREM B.3. Let x € X. We denote by y' the normal coordinates of a point
y in the injectivity radius of X at x, 0; the corresponding partial derivatives, and by
9i;(y) the scalar product of 0; and 0; at'y. Moreover, we define

J(w,y) = det(gi;(y))'"/?  fory=exps(y)

Let € chosen smaller than the injectivy radius of X. Let U: Ry — [0,1] be a smooth
function such that ¥(s) =1 if s < €2/4 and ¥(s) = 0 if s > €.

Let 7(z,y): Ey — E be the parallel transport along the unique geodesic curve join-
ing x and y, and d(x,y) its length.
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Then the kernels KN (x,y, H) defined by

m N
L% _dy)?/ar ) : .
(m) e~ MV W (d(x, y) );tz‘bi(%y,H)J(x,y) 3

where the sections ®; are given by ®o(z,y, H) = 7(x,y) and 7(z,y) 1 ®;(x,y, H) =

1
- / S (@) (Ba-Biss) (s, y, H)ds
0

with B, be the operator JY26 H, o0 J 12 where H, is the operator H with respect to
the first variable,

satisfy
1. For every N > m/2, the kernel KN (z,y, H) is asymptotic to K;(z,y, H):
|oF Ky H) = K (o, 1) | = 0N 22
where || ||; is a norm on C' sections.
2. Denoting by kN the operator defined by
(@) = [ K G Hyutady
we have limy_q ||kNu — ul|; = 0 for every N.

Moreover, we have the following estimate:

k .
—tH)"
e tHy — (7UH = O(tFt!
H ; 7! j ( )

which justifies the notation e~

Appendix C. Clifford algebras and the Lie group Spin(n).

C.1. Clifford algebras. We refer to [7],[16],[19] for more details on Clifford al-
gebras.

DEeFINITION C.1 (Clifford algebra). Let V' be a vector space of finite dimension
n over R equipped with a quadratic form Q. Formally speaking, the Clifford algebra
Cl(V,Q) of (V,Q) is the solution of the following universal problem. We search a
couple (CL(V,Q),iq) where CI(V,Q) is an R-algebra and iqg : V — CU(V,Q) is
R-linear satisfying:

(iQ(v))* = Q(v).1

for all v in V (1 denotes the unit of CI(V,Q)) such that for each R-algebra A and
each R-linear map f:V — A with
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for all v in' V (1 denotes the unit of A), then there exists a unique morphism
g:CUV.Q) — A

of R-algebras such that f = goig.

The solution is unique up to isomorphisms and is given as the (non commutative)
quotient

TV)/(vev+ Qv).1)

of the tensor algebra of V' by the two-sided ideal generated by v @ v+ Q(v).1, where v
belongs to V' (see [19] for a proof).

It is well known that there exists a unique anti-automorphism ¢ on CI(V, Q) such that
t(iq(v)) =iq(v)

for all v in V. It is called reversion and usually denoted by = — zf, z in CI(V, Q).
In the same way there exists a unique automorphism « on CI(V, @) such that

a(iq(v)) = —ig(v)

for all v in V. In this paper we write v for ig(v) (according to the fact that ig embeds
V in CI(V,Q)).

When it is defined, we denote ||z|| = Vzz! and say that z is a unit if zo" = £1.

Let V be a vector space on R of dimension n, @ a quadratic form on V and (e, - - ,e,)
an orthonormal basis of V' with respect to Q). As a vector space Cl(V, Q) is of dimen-
sion 2" on R and a basis is given by the set

{eileiz"’eika Z.1<'L.2<"'<ika ke{laan}}

and the unit 1. An element of degree k

E all’bk eileiz e eik

i1 <o <ig

is called a k-vector. A O-vector is a scalar and ejes - - - e, is called the pseudoscalar.
We denote (x), the component of degree k of an element z of CI(V, Q).

The inner product of z, of degree r and y, of degree s is defined by
Ty Ys = (TrYs) r—s|
if » and s are positive and by
Ty -ys =0

otherwise.

The outer product of x, of degree r and y; of degree s is defined by

Tr NYs = <$rys>r+s (Cl)

These products extend by linearity on Cl(V, Q). Clearly, if @ and b are vectors of V,
then the inner product of a and b coincides with the scalar product defined by Q.
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Remark: For Q = 0, the Clifford algebra CI(V,Q) corresponds to the exterior al-
gebra AV of V. Indeed, in this case the product in the Clifford algebra is the outer
product (C.1), and we have an algebra isomorphism between CI(V,Q) and A\ V. For
arbitrary quadratic form @), there is a vector space isomorphism between AV and
Cl(V,Q), that maps the subspace /\k' V to Cl(V, Q). It follows a vector space isomor-
phism between the space A V* of linear forms on V' and the Clifford algebra CI(V, @),
that maps k-linear forms to k-vectors. More precisely, for (eq,--- ,e,) a orthonormal
basis of (V, Q), we have the identifications

k-form : g Wiyeoip€t Ao N —— E Wigeig €y *° €4y

i1 < <ig i1 < <ig
1S’LkSm 1§7.k§m
0-form : l+—11

(C.2)

In this paper, we deal in particular with the Clifford algebra of the Euclidean space
(R™, || [|2) denoted by R, 0. R ; is the subspace of elements of degree k and R}, ; is
the group of elements that admit an inverse in R, o.

C.2. The Lie groups Spin(n) and SO(n). The group Spin(n) is defined by

2k
Spin(n) = {H ai, G; € R’}L,O? llaill = 1}

i=1

It is well known that Spin(n) is a connected compact Lie group that universally covers
SO(n) (n > 3). Under the identification of (R™, || ||2) and its embedding R}, ; into Ry, o,
the covering group is given by the map &

Spin(n) — SO(n)
R}z,o - R}z,o

&: S —  Ry: xr +— sxs !
For instance, one can verify that Spin(3) is the group
{al + bejes + cezes + dege, A+ +E+d%= 1}

and is isomorphic to the group H' of unit quaternions.
We have Spin(2)= {al + bejes, a® + b*> = 1}. It follows the identifications

Spin(2) ~ S ~ S0O(2)
The Lie algebra spin(n) of Spin(n) is R? ; with Lie bracket
Ax B=AB - BA.

The exponential map exp : spin(n) — Spin(n) is onto and corresponds to the usual
matrix exponential map. As a consequence, every spinor can be written as

S == fAZ
1!
=0

7=
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for some 2-vector A.

From the covering group Spin(n) — SO(n), we have a Lie algebra isomorphism
spin(n) ~ so(n)
Dealing with the matrix representation of the group SO(n), we have
s0(n) ~ {n x n skew symmetric matrices}
Denoting by E;;,% < j the elementary skew symmetric matrix such that E;;(i,j) = —1
and F;;(j,7) = 1, the Lie algebra isomorphism maps E;; to %eiej.
In the rest of this part, we show how rotations in R™ can be interpreted in the

Clifford algebras formalism. From Hestenes and Sobczyk [16], we know that every A
in R? ; can be written as

A=A+ A+ + Ap

where m < n/2 and
Aj = || 4jllazb;, je{l,...,m},

with

{a1,. .y amyb1, .. b}
a set of orthonormal vectors. Thus

AjA = A A; = A NA;
whenever j # k and

Ap =~ [l Akl <0

This means that the planes encoded by Aj and A; are orthogonal and implies that

eMitAzt ot Am _ cAc) Ao | Aoim)

for all o in the permutation group &(m). Actually, as A7 is negative we have

. i Al
e = cos(||Aq]]) + Sm(“AiH)m

The corresponding rotation

R;:x+— e Aige
acts in the oriented plane defined by A; as a plane rotation of angle 2||4;||. The
vectors orthogonal to A; are invariant under R;.
It then appears that any element R of SO(n) is a composition of commuting simple
rotations, in the sense that they have only one invariant plane. The vectors left in-
variant by R are those of the orthogonal subspace to A. If m = n/2 this latter is
trivial. The previous decomposition is not unique if ||Ax| = ||4;]| for some j and k
with j # k. In this case infinitely many planes are left invariant by R.
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