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Abstract In the context of fibre bundles theory, there
exist some differential operators of order 2, called gen-
eralized Laplacians, acting on sections of vector bun-
dles over Riemannian manifolds, and generalizing the
Laplace-Beltrami operator. Such operators are deter-
mined by the choice of a covariant derivative on the
vector bundle. In this paper, we construct a class of
generalized Laplacians, devoted to multi-channels im-
age processing, from the construction of optimal co-
variant derivatives. The key idea is to consider an im-
age as a section of an associate bundle, that is a vector
bundle related to a principal bundle through a group
representation. In this context, covariant derivatives are
determined by connection 1-forms on principal bundles.
We construct optimal connection 1-forms by the mini-
mization of a variational problem on principal bundles.
From the heat equations of the generalized Laplacians
induced by the corresponding optimal covariant deriva-
tives, we obtain diffusions whose behaviours depend of
the choice of the group representation. We provide ex-
periments on color images.
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1 Introduction

Laplacians are widely used for image processing /analysis
and computer vision. For instance, linear space-scale
theory [18] is related to the heat equation of the Eu-
clidean Laplacian. It is a fact that the isotropic be-
haviour of the linear scale-space is not well-adapted in
many problems like denoising or contrast enhancement.
Since then, many techniques of anisotropic diffusion
of images have been employed (see e.g. [1],[8],[23],[31]
and references therein). Some of them are based on the
Laplace-Beltrami operator, a generalization of the Eu-
clidean Laplacian on Riemannian manifold (see e.g. [21]
for details about this operator).

In [24], the authors introduced the Beltrami frame-
work, an efficient tool for anisotropic regularization of
fields. Mathematically speaking, it is related to the heat
equation of the Laplace-Beltrami operator. The Bel-
trami framework has been applied on different kinds of
fields: vector-valued fields (see e.g. [24],[25] for multi-
channels image regularization), group-valued fields (see
[14] for SO(n)-valued field regularization), symmetric
space-valued fields (see [15] for regularization of fields
of symmetric definite positive matrices). It has also
been applied as preprocessing for motion segmentation
[22] or regularizing term for optical flow estimation [5].
There exist other uses of the Laplace-Beltrami opera-
tor. For instance, approximations of its spectrum have
found recently applications in the context of shape anal-
ysis (see e.g. [7],[19],]20],[29]).

In this paper, we are interested in a generalization of
the Euclidean Laplacian and Laplace-Beltrami opera-
tors on fiber bundles. Fiber bundles theory provides a
geometric framework generalizing the notion of mani-
fold (see [16] for an introduction to fiber bundle theory).
In this context, there exist a class of differential oper-
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ators of order 2 called generalized Laplacians, and act-
ing on sections of vector bundles. They are determined
by two geometric data: a Riemannian metric on the
base manifold and a covariant derivative on the vector
bundle. The Euclidean Laplacian and Laplace-Beltrami
operators appear to be a generalized Laplacians on vec-
tor bundles of rank 1 equipped with the trivial connec-
tion. We refer to [6] for more details about general-
ized Laplacians. Applications of generalized Laplacians
for vector-valued field regularization were introduced in
[2],[3]. In [3], it is showed that some standard methods
of color image regularization, i.e. the Beltrami flow in
[25], trace-based PDEs [27], curvature-preserving PDEs
[28], and divergence-based PDEs (see [31] and the ref-
erences therein) may be viewed as heat equations of
generalized Laplacians. In the second part of the pa-
per, some covariant derivatives that take into account
the geometry of the color space RG B were constructed.
By the heat equations of the corresponding generalized
Laplacians, new diffusions of color images were per-
formed.

The aim of this paper is to construct covariant deriva-
tives that take into account not only the geometry of
the color space but also the local variations of images. In
the context of associated bundles, that are vector bun-
dles associated to principal bundles through a group
representation (p, G) ( see e.g. [30] for an introduction
to groups representations theory), a covariant deriva-
tive on the vector bundle is determined by a connection
1-form on the principal bundle. The notions of covari-
ant derivative and connection 1-form are at the heart
of differential geometry of manifolds and fibre bundles
[17],[26]. Whereas they play a fundamental role in the
mathematical description of physics, as in general rel-
ativity and Gauge fields theories [13], they have been
few investigated in the field of image processing. Besides
[2],[3], we may refer to the works of Duits et al. where
connections on principal bundles were constructed, with
applications to crossing-preserving smoothing [12] and
contour enhancement [10],[11].

In [4], we introduced the concept of (p, G)-equivariance
on principal bundles in the context of image process-
ing. We constructed a Polyakov action measuring the
energy of the graph of functions on principal bundles.
We showed that the function whose graph minimizes
the functional satisfies a Laplace equation relatively to
the Riemannian metric of the principal bundle. How-
ever, by the Riemannian metric we constructed on the
principal bundle, the Beltrami flow did not preserve the
(p, G)-equivariance property of the initial condition.

In this paper, we follow the approach of [4] and define

an image as a section of an associate bundle or equiv-
alently as a (p, G)-equivariant function on a principal
bundle. We consider the dual representations of RT*,
the group DC(3) of 3 x 3 diagonal matrices of strictly
positive coefficients, SO(2) and SO(3) on R? dealing
with color images. In this context, we construct covari-
ant derivatives on associated bundles from connection
1-forms on principal bundles. The main idea is to con-
truct a Riemannian metric on a principal bundle from a
connection 1-form and a Riemannian metric on the base
manifold. Then, we consider a Polyakov action measur-
ing the energy of the graph of functions on the princi-
pal bundle, with an extra term given by the action of a
zero order operator called Casimir operator. Minimiz-
ing the functional along a section with respect to the
metric of the principal bundle under the assumption
that the metric of the base manifold is fixed provides
a optimal connection 1-form. By the minimization of
the functional with respect to the embedding, we ob-
tain a flow that preserves the equivariance property of
the initial condition. Under the identification between
(p, G)-equivariant functions on principal bundles and
sections of associated bundles, we obtain the heat flow
of the generalized Laplacian induced by the optimal
connection 1-form constructed. Experiments show that
the flow preserves more some edges than the heat flow
of the Laplace-Beltrami operator, the type of edges de-
pending of the Lie group involved.

This paper is organized as follows. In Sect. 2, we first
show how to obtain a section of an associated bun-
dle from an image. Then, we give an interpretation
of the different groups representations used through-
out this paper. Sect. 3 is devoted to the construction
of the twisted Polyakov action and the minimization
problem with respect to the embedding, that leads to
a heat equation of generalized Laplacian. In Sect. 4, we
construct optimal connection 1-forms by restricting the
twisted Polyakov action along a section and minimizing
the functional with respect to the metric of the principal
bundle. We give the expressions of the corresponding
covariant derivatives on the associated vector bundles
for the group representations mentioned above. Sect. 5
is devoted to applications to image processing. We first
construct Riemannian metrics on the base manifold and
on the embedding spaces for the twisted Polyakov ac-
tion, from which we obtain explicit expressions of the
covariant derivatives. Then, we provide experiments on
color images. In Appendix A, we give the definitions of
the geometric concepts used throughout the paper. In
Appendices B and C, we give some details of computa-
tions related to the construction of optimal connection
1-forms and the corresponding covariant derivatives.
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2 Images as sections of associated bundles

We refer to the Appendix A for the definitions of prin-
cipal/associated bundles, and groups representations.

2.1 Construction of the geometric framework

Let I = (I',---,I"): 2 C R? — R" be a n-channels
image. Let (e, - ,e,) be a basis of the vector space
R™. We write

I(xy,x2) 111(56171’2)61+"'+In(I1,I2)6n (1)

Let (p, G) be a Lie group representation on R”, and e
be the neutral element of G. Under its action on R"™, the
group G acts on the basis (eq,- - ,e,). Let P be the set
of bases obtained by the transformations of (eq,- - , e,)
under the action of the group G, denoted by -. The
action of G on P is transitive and free. Denoting by =
the projection of {2 x P on {2 such that

7671)) = (3@1,3?2),

the quadruplet P = (2 x P,7,{2,G) is a trivial prin-
cipal bundle, where the global diffeomorphism @: 2 x
G — 2 x P is given by

7T<-'I;1,$2,g' <617-~-

aen))

From the function I, we construct a (p, G)-equivariant
function J on P defined by

¢(xl7x2ag) = (I]J:I:Zag' (617"'

J(x1, 22,9 (e, en)) = p(g)I (1, 22) (2)
In particular, we have
J($1,$27(617"' aen)):I($1a$2) (3)

since p(e) = Id by property of a group representation.

We construct the associated bundle £' = P x(, ¢y R".
Under the correspondance between (p, G)-equivariant
functions on P and sections of E, J is a section of F of
the form J(x1,22) = [(x1,22, (€1, - ,en)), I(x1,22)],
and I the realization of J under the trivializing section
s(x1,x2) = (21,22, (€1, ,€4)) = D(x1,22,€) of P.

2.2 Some Lie groups representations on the color space
RGB and their interpretations

2.2.1 RGB and HSL color spaces

Besides the RGB (Red,Green,Blue) color space we con-
sider a HSL (Hue,Saturation,Luminance) color space
defined as follows. We set first

Y 1/3 1/3 1/3 r

Ci =11 -1/2 -1/2 g

Cs 0 —v3/2v3/2) \b

Then the luminance [, the saturation s and the hue A
are respectively given by

=Y
s=4/C?+C3

b arccos(Ca/s) if Cy >0
"~ | 27 — arccos(Cs/s) otherwise

Embedding RGB into the quadratic space (R3,|||2)
of basis (e1, e, e3), we can decompose any color o =
age1 + ages + ages with respect to its projection L(«)
and its rejection V(«) along the axis (e; + ey + e3).
The axis (e; + €2+ e3) is called the luminance axis, it
encodes the luminance information of a color. Indeed,
the luminance of a corresponds to the norm of its pro-
jection on the luminance axis. The orthogonal of the
luminance axis in (R3, || ||2) is called the chrominance
plane, and encodes the saturation and hue informa-
tion. It is generated by the vectors (2e; — e — e3) and
(—e2 + e3). The saturation corresponds to the norm of
its projection on the chrominance plane (up to multi-
plication by the scalar 3/2), and the hue corresponds
to the angle it forms with the projection of the vector
ey on this plane.

2.2.2 Dual representation of RT*

Let v € R3. The dual representation of R** on R3 is
the map

R** —  GL(R®)

c v—1/bw

pr b —

Simple computations lead to

1pC () @) = p° () (a) (5)
s(p°(6) @) = pC(b) () (6)
h(p° (b)) = h(a) (7)

2.2.3 Dual representations of SO(2)

Let v € R?. The dual representations of SO(2) on R3
are the maps

50(2) — GL(R?)
pS: @ — rotation of angle — @ in the plane P

(®)

where P is a 2-dimensional subspace of R3.

For P being the chrominance plane C'hr, we have

1eS, (0)a) = Ua)  s(6C,, (B)a) = s(a)
h(eC., (6)a) = h(a) — 6
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2.2.4 Dual representation of DC(3)

The group DC(3) is the set of 3 x 3 diagonal matrices of
strictly positive coefficients. We denote by diag (b1, be, b3)
the element of DC(3) of coefficients by, bs, bs.

Let v € R3. The dual representation of DC(3) on R3
is the map

DC(3)
pC: diag(b1,ba, b3) —

GL(R?)
v +— diag(1/b1,1/bs,1/b3) v
(9)
The representation (p©, DC(3)) on the color space RGB

does not have interpretation in terms of the hue, satu-
ration and luminance components.

—

2.2.5 Dual representations of SO(3)

Let v € R® and Ry, 9,0, be the matrix of the rota-
tion associated to the Euler angles 61,65, 605. The dual
representation of SO(3) on R3 is the map

SO3) —
pC: R91,92,93 —

GL(R?)

10
L R91,92,93T v ( )

where T denotes the transpose.

The representation (p©, SO(3)) on the color space RGB
does not have interpretation in terms of the hue, satu-
ration and luminance components neither.

2.3 Interpretation of the notion of (p, G)-equivariance

By the (p, G)-equivariant function J we construct, we
take into account that some modifications of the light
source induce transformations of the pixels. Indeed, we
can interpret the fomula (3) as the assignement of the
basis (e1,- - ,en) to the light source of the original im-
age I. Then, we assimilate a basis change given by the
action g — g - (e1,-++,e,) to a modification of the
light source. By (2), the representation p tells how the
pixels of the image change under this basis change, and
consequently under the corresponding modification of
the light source. Note that the use of the fiber bundle
context allows the transformation of the light source to
change with respect to the points of (2.

Taking p as the dual representation of a Lie group G
on R™ makes the (p, G)-equivariance encode that pix-
els transform in the same way as the basis does un-
der the action of G. From a mathematical viewpoint, it
means that pixels are treated as covectors. It is coherent
with the interpretation above where we identified bases

changes with modifications of the light source since pix-
els clearly transform in the same way as the light source
does.

The action of R™ on the basis (e1,ez,e3) for color
images might be interpreted as a homogeneous mod-
ification of the intensity of the light source, whereas
the action of DC(3) on the basis (e1, ez, e3) might be
interpreted as an inhomogeneous modification of the
light source in the red, green and blue components.
The actions of the groups SO(3) and SO(2) on the ba-
sis (e1, ea, e3) are more difficult to interpret in terms of
modification of the light source.

3 A variational problem related to heat
equations of generalized Laplacians

We refer to the Appendix A. for the definitions of the
concepts related to the differential geometry of fiber
bundles.

3.1 Riemannian metric on principal bundle induced by
a horizontal bundle

Let (P, 7, M, Q) be a principal bundle, where the base
manifold M is of dimension m and the Lie group of
structure G is of dimension n. Let g and B be respec-
tively a Riemannian metric on M and a bi-invariant

Riemannian metric on G. Let HP be a horizontal bun-
dle of P and V P be the vertical bundle of P.

We construct a Riemannian metric h on P from g,
and HP as follows.

Let (e1,- - ,€m) be an orthonormal frame of TM, the
tangent bundle of M, with respect to g. Let (e}, --- ,el)
be the horizontal lift of (e1, - , €,,) on TP, the tangent
bundle of P, with respect to HP. Let (Xi,---,X,)
be an orthonormal basis of T,G = g with respect to
B. Let (X7,---,X") be the frame of VP, defined for

t=1,---,n by

xt(p) = (G- eantexs))

dt =0
where - denotes the action of G on the fibers of P. Then,
considering the metric h on P given by the Identity
matrix field in the frame (e, - el X?,--- XV) of
TP turns (P, h) into a Riemannian manifold.

Remark 1 The construction makes the bundles H P and
V P be orthogonal with respect to h.
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Remark 2 By the G-equivariance property of the bun-
dles HP and V P, the metric h is completely determined
by its values along a section of P.

3.2 A twisted Polyakov action on principal bundles

Let (P, 7, M,G) be a principal bundle, p a representa-
tion of G on a vector space V of dimension d equipped
with the standard scalar product (,). Let J: P — V
and ¢ its graph. Let h be a Riemannian metric on P
induced by a Riemannian metric ¢ on M and a hori-
zontal bundle HP (see the construction in Sect. 3.1).
Let Q be a Riemannian metric on P x V of the form
H @ k1, for a Riemannian metric H on P and strictly
positive contant k, where I; denotes the d x d Identity
matrix.

Let Cas € End(V) be the Casimir operator defined
by

Cas = Y p. (6

for any orthonormal basis (g!,---,g") of the Lie alge-
bra g of G, where p,: g — End(V) is the Lie algebra
representation induced by p.

Let S be the Polyakov functional of the embedding
w: (P,h) — (P x V,Q) twisted by an action of the
Casimir operator

po 09" 097

1
it ) dP (11
OxuaxVQj+2(Ca5JJ) (11)

She@) = [ h
P

The role of the extra term 1/2(CasJ,J) in (11) will

appear in the proof of the following Proposition.

Proposition 1 The twisted Beltrami flow for reaching
the function Jope whose graph pop minimizes the action
(11) preserves the (p, G)-equivariance property.

Proof Let 1 be the embedding of a Riemannian man-
ifold (M1, g1) into a a Riemannian manifold (Ma, g2),
and X the corresponding Polyakov action, i.e.

g1 oy’ 0y

X =
M, 6.1” 8xu

gQij dMl (12)

From [24], we know that the Euler-Lagrange equations
of (12) with respect to 1 are

1 adX
2512 O

= Ag ¢ + jilcau@[’jaﬂ/}kmw =0 (13)

where Ay, is the Laplace-Beltrami on (M, g1) and I“]Zk
are the symbols of the Levi-Civita connection on (Mz, g2).

Hence, taking a metric @ of the form H®« 4, for a Rie-
mannian metric H on P and strictly positive constant
K, the Euler-Lagrange equations of (11) with respect to
J are

(A, ®14+1® Cas)J =0 (14)

where Ay, is the Laplace-Beltrami operator on (P, h).

The twisted Beltrami flow for reaching the solution of
(14) is

o
ot
Under the identification between (p, G)-equivariant func-

tions of P and sections of P x(, ) V (see Appendix
A.3.1), the operator (A, ® 1+ 1 ® Cas) writes

AR WA
ij k

It is a generalized Laplacian on P X, ¢V where the co-
variant derivative V4 is induced by HP (see Appendix
A.3.2). We refer to [6] for the proof of the identification
between the operators (A, ® 1 +1® Cas) and A4.

= (Ah®1+1®0as)Jt, Jo=J (15)

(16)

Let us assume that the initial condition J is (p, G)-
equivariant. Then, the twisted Beltrami flow (15) may
be identified to the heat flow of A4

0Jy A
— =A%
8t ts
Finally, as the flow (17) preserves the structure of sec-
tion of associated bundle, the flow (15) preserves the

(p, G)-equivariance of the initial condition. O

Jo=1J (17)

4 A class of covariant derivatives on associated
bundles

4.1 From horizontal bundles on principal bundles to
covariant derivatives on associated bundles

4.1.1 The general case

Let (P, 7, M, Q) be a principal bundle, p a representa-
tion of G on a finite dimensional vector space V', and
E = P x(,c) V the associated bundle. Let S € I'(E)
and fg the corresponding (p, G)-equivariant function.
Let HP be a horizontal bundle of P. Let X € I'(TM)
and X" € I'(TP) be the horizontal lift of X with re-
spect to HP.

Then, there exist a covariant derivative V4 on (E, g, M)
such that the following correspondance holds

dxnfs «— V4S (18)
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The proof of (18) appears in the proof of the identifi-
cation between (A, ® 1+ 1 ® Cas) and A4 [6].

Let w be the connection 1-form induced by HP. Let
s be a section of P and A be the g-valued 1-form on M
given by

A=s"w

where * denotes the pull-back map.

Then, relatively to the local frame of (E,ng, M) in-
duced by s, the covariant derivative is given by

Vi = dx + p.(A)(X)

where dx denotes the differential with respect to a tan-
gent vector field X on M.

4.1.2 Covariant derivatives induced by optimal
horizontal bundles

Let (P, 7, M, Q) be a principal bundle and ¢ a trivial-
ization of the bundle. Let p be a representation of G on
a finite-dimensional vector space V. Let s be the sec-
tion of (P,m, M, G) of the form s(x1,z3) = (1, x2,€)
where e is the neutral element of G.

Let J: P — V and g its graph. Let h be a Riemannian
metric on P along s induced by a Riemannian metric
g on M and a horizontal bundle HP of P (see Sect.
3.1 for the construction of h). Let @ be a Riemannian
metric on P x V.

Let S|s be the restriction along the section s of the
twisted Polyakov action (11) of ¢: (P,h) — (PxV, Q)

Dot Ol 1
= pr ¥ T ..
Sis(h, . Q) / W e g, Qi3 (Cas . J) dM

s (19)

Minimizing the functional (19) with respect to the met-
ric h under the assumption that ¢ is fixed, we obtain
the expression of optimal horizontal bundles H P °P*
along the section s. Then, following the construction
of Sect. 4.1.1, we obtain the expression of the corre-
sponding covariant derivatives V4 " on P X(p,a) V,
relatively to the frame induced by s.

4.1.3 A class of covariant derivatives derived from
optimal horizontal bundles

Let w°P! be a connection 1-form induced by an op-
timal horizontal bundle H,P°P* of Sect. 4.1.2. From
w°Pt we derive a class of connection 1-forms w;p " such

that w;pt = fwP! along the section s, for f € C°(M).

Then, the g-valued 1-form A% * on M induced by the
section s, i.e. s*w;pt, is fA°P'. The corresponding co-
variant derivatives VA7 on P X(p,c) V are given by
p*(A;pt) = f p«(A°PY) in the frame induced by the sec-
tion s. Hence, if we denote by Ti’} the symbols of VAT

in the frame induced by s, the symbols of VA;pt are of
the form fTZ; in this frame.

For f = 0, we have the trivial covariant derivative,
whereas for f = 1, we obtain the optimal covariant
derivatives of Sect. 4.1.2.

Remark 8 The role of the function f appears in the
experiments (Sect. 5), where we test heat diffusions of
generalized Laplacians of the form A for different
functions f. We observe that the behaviour of the diffu-
sion depends locally of the values of f. For f = 0, this
is the heat diffusion of the Laplace-Beltrami operator.

4.2 Explicit expressions on some associated bundles

Let us assume that the base manifold M is of dimen-
sion 2. Let (z1,22) be a coordinates system of M and
(a1, ,an) be a coordinates system of G. By defini-
tion, a horizontal bundle H P is a subbundle of rank 2
of the tangent bundle TP of P such that TP ~ HP®g.
Hence, along the section s, it is of the form

H,P = Vect{on 8/0z1 + $10/0z2 + > ¢, 11k 0/0ax,

g 0/0x1 + (2 0/0xa + ZZ'ZI Yai. 0/0ay; }
(20)

for some functions o, as, 41, B2, Y11, * * , Y2n o0 M such

that oy 39 — as 31 never vanish.

In what follows, we give expressions of covariant deriva-
tives induced by horizontal bundles minimizing (19).
See Appendices B and C for details of computations.

4.2.1 Associated bundle given by the unique dual
representation of RT* on R3

Proposition 2 The field of horizontal spaces H,P °Pt
of (P,m, M,R™) minimizing (19) is unique. Moreover,
the nonzero symbols of the corresponding covariant deriva-
tive VA" in the associated bundle P X (pC R+*) R3 are
given, relatively to the frame (0/0x1,0/0x2) of TM
and the frame of P X (,c p++) R3 induced by s, by

) Loyt oy

9¢' 0! 99
ox; Oa

T = (550

forl=1,2 and k=1,2,3.

Qij (z,¢€)
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4.2.2 Associated bundles given by dual representations
of SO(2) on R3

Let P be a 2-dimensional subspace of R3. In the Clifford
algebra context, P might be described by a bivector

V12e1€2 + Y13€1€3 + Ya3e2e3, for some yi2,713,723 € R
such that vf, + 35 + 735 = 1.

Proposition 3 The field of horizontal spaces H,P °Pt
of (P,m, M,SO(2)) minimizing (19) is unique. More-
over, the monzero S%/mbols of the corresponding covari-
ant derivative VA" in the associated bundle Px (0S,50(2))
R3 are given, relatively to the frame (0/0x1,0/0x2) of
TM and the frame of P X (pS,50(2)) R3 induced by s, by

T (x) = -1 ()

0p' Oy’
_ (_1\l+1 Y VY N
- ( 1) Ykp ( 90 00 Qlj)

forl=1,2 and k,p=1,2,3 with k # p.

Coptoy
dx; 00

Qij (z,€)

4.2.8 Associated bundle given by the unique dual
representation of DC(3) on R3

Proposition 4 The field of horizontal spaces H,P °Pt
of (P,m,M,DC(3)) minimizing (19) is unique. More-
over, the nonzero symbols of the corresponding covari-
ant derivative VA" in the associated bundle Px (pC,DC(3))
R? are given, relatively to the frame (8/0xz1,0/0z2) of
TM and the frame of P X(pC,Dc(g))Rg) induced by s, by

1 dpt 07 ]
Tl — i
ll(m) C102C3 _0203 (9931 6(11 Q ]_ (:E7 e)
1 [ 00 0p) ]
Tz = 17 )
l2(‘r) c1CaCs _6103 83)[ 6012 Q J_ (x e)
1 [ 0¢ op
TS — i
13(%) C1CaC3 _0102 Ox; daz " | (@,¢)

forl=1,2, where

Lo 020
ke aak (9ak.

Qij7 k:17273

4.2.4 Associated bundle given by the unique dual
representation of SO(3) on R3

Proposition 5 The field of horizontal spaces H,P P
of (P,m, M,SO(3)) minimizing (19) is unique. More-
over, the nonzero symbols of the corresponding covari-
ant derivative VA" in the associated bundle Px (pC,50(3))
R? are given, relatively to the frame (8/0x1,0/0z2) of
TM and the frame of P X (,¢ so(3)) R3 induced by s, by

V() = —fi (2)
=\ [(be —d )gzj g‘gjczij + (bc — ae) a(pj g?g ij
+(ad — bQ)ZZQZQij] (z,€)
Ti3(@) = =7 (2)
)\ [( - fb)gigjj Qi+ (af - 2>gij ?gj Qu
+(be — ae)gij g(g] Qij:| (z,€)
(@) = —7ih ()
A= 30 G, 4 e - 0 5ESE 0
+(be — dc) gi; %ZQU} (z,€)

forl=1,2, where

_0ptoy! 090
“= g0, a6, % 1= B¢, ag, v
_0pt0p! 09t 0yt
©= 56, 96, %7 1= By, og, 0
_ 0oy L 09t 0e
“= 50, 96, % T = Bg, 96, 9

and
1

>\:
2bce + adf — ae? — b2 f — c2d

5 Experiments
5.1 Construction of diffusion process for color image

Let I: £2 — RGB C R3 be a color image. Following
Sect. 2, we construct principal bundles

(Pl, 1, Q,R+*), (PQ7 T2, 07 DC(?))), (P3, T3, 07 50(3)),
and corresponding associated bundles P; X (,c g+«) R3,
P2 x(pC,DC(3)) R3 and P3 X(pC,SO(?))) R3, as well as a
(p, G)-equivariant function J such that Jos = I on
each of these bundles.

We equip the base manifold (2 of the Riemannian met-
ric g given by the following matrix representation

’iz:izljlC I

3 2
1 + ﬁZkzl ‘[51 xr17 T2 (
21)

3 3 2
K:Zlczl I§1]§2 1 +"{Zk:1 Ia}ccz
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in the frame (9/0x1,0/0x3), for some strictly positive
constant k.

We equip the embedding space P; x R® of the metric

R=Lediakls, (22)
the embedding space Py x R3 of the metric
Q=13 kI;, (23)
and the embedding space P; x R3 of the metric

0 0 dsinfy
Q=L 0 6 0 @ kl;, (24)

dsinfy 0 1)

for some strictly positive constant 4.

From Sect. 4.2, we construct covariant derivatives VAT
on Pl X (pC R+*) Rg, P2 X (p©,DC(3)) Rg and P3 X (p©,50(3))
R3. The explicit expressions (under the trivializing sec-
tion s) of the covariant derivatives with respect to the
metrics (22), (23) and (24) are respectively given in Ap-
pendix B.1.2, B.2.2 and B.2.3. Then, we construct the
covariant derivatives V7" (see Sect. 4.1.3) for the fol-
lowing functions f:

- fo = 0: this is the trivial covariant derivative.
- f1 = 1: these are the covariant derivatives VAT

- f5 defined by

3 if VAT A >05
fo=20 if VAT - <0.49 (25)

400 VAT — A= — 196 otherwise

where AT and A\~ are respectively the highest and low-
est eigenvalue fields of (21).

At last, following Sect. 3, we obtain heat equations of
opt
the corresponding generalized Laplacians A47

8Jt A°Pt
6t + t ) 0

whose solutions are approximated with the Euler scheme
Jt+dt = Jt + dt AA(fipt Jt, J() = J
Under the trivializing section s, it gives the scheme
Aopt
Lijyar =1L +dt A% I, Ioy=1 (26)

which provides a diffusion of the initial condition I.

5.2 Interpretation of the results

We compare the diffusions induced by generalized Lapla-
cians of the form A%% and A%% with the diffusion
induced by the Laplace-Beltrami operator AA-ofgt. By
the chosen metric g (21) of the base manifold, the dif-
fusion induced by the Laplace-Beltrami operator tends
to preserve the strong edges and smooth the small ones.

On Fig. 1, we test the diffusion induced by AAT rela-
tively to the group SO(3) on the color image 'Barbara’
(Fig. 1(c)). We apply the scheme (26) with the follow-
ing parameters: 20 iterations, dt = 0.1, k = 0.001, and
0 = 1. We observe that the diffusion has a similar be-
haviour than the one induced by the Laplace-Betrami
operator AN (Fig. 1(b)), in the sense that it pre-
serves the strong edges and smooth the small ones too.
However, it seems that the chromatic information (sat-
uration, hue) of the image is less smoothed by the dif-

fusion induced by AA;ft, and consequently some edges
are better preserved (compare the back of the chair
on Fig. 1(b) and Fig. 1(c) with the original one on
Fig. 1(a)).

On Fig. 2, we test the diffusion induced by A*T rel-
atively to the group R™* on the color image ’Lena’
(Fig. 2(c)). We apply the scheme (26) with the follow-
ing parameters: 50 iterations, dt = 0.1, x = 0.001, and
0 = 50. The parameters were chosen in such a way that
the resulting image gets the same memory size than
the diffusion induced by the Laplace-Beltrami opera-
tor of parameters 20 iterations, dt = 0.1, k = 0.001
(Fig. 2.(b)). Both diffusions tend to preserve the strong
edges and smooth the low ones. However, the texture
of the hat is better preserved by the diffusion induced
by AA;T.

From the experiments on Fig. 1 and Fig. 2, we con-
clude that diffusions induced by AA;;M tend to better
preserve some edges of the images than the diffusion
induced by the Laplace-Beltrami operator, the type of
edges depending of the Lie group involved. However,
more experiments are required in order to get general
properties of the diffusions induced by these operators.

On Fig. 1 and Fig. 2, we have tested diffusions related
to covariant derivatives of the form V47 with f=1
for optimal covariant derivatives and f = 0 for the
trivial covariant derivative. Then, it seems natural to
test diffusions related with covariant derivatives of the
form VA;M with f being a constant strictly greater than
1. Some experiments we made showed that the corre-
sponding diffusions enhance the contrast of the original
image; the more f is high, the more the enhancement
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is high. However, the drawback is that the noise com-
ponent is enhanced too.

In order to control the enhancement of the noise, we
propose to make f varying with the point, in such a
way that the diffusion reduces noise while enhancing
the contrast. If the noise is small enough, it might be
assimilated with the small local variations of the im-
age, and consequently the function A+ — A~ might
distinguish noise from relevant information. Following
this analysis, we construct the function fs (25) in order
to perform a diffusion that reduces noise and enhance
contrast.

On Fig. 3 and Fig. 4, we test the diffusions induced by
AN relatively to the groups R™*, DC(3) and SO(3) on
the color images 'Barbara’ (Fig. 3) and "Lake’ (Fig. 4).
The experiments confirm what we were expected. In-
deed, the noise is reduced (see for instance the floor
on Fig. 3(c,d,e)), and the contrast of the image is in-
creased. Once again, the nature of the enhancement de-
pends of the Lie group involved. Dealing with the group
SO(3), it is mainly a chromatic enhancement (see for
instance the back of the chair Fig. 3(c)), whereas it
is more a enhancement in the luminance component
for the group RT*. Regarding the group DC(3), the
enhancement is mainly in the luminance component,
but taking more into account the chromatic informa-
tion than the group R™*(compare the color of leaves
between Fig. 4(d) and Fig. 4(e)).

6 Conclusion

We constructed a class of covariant derivatives on as-
sociated bundles from connection 1-forms on principal
bundles and Lie groups representations. The connec-
tion 1-forms we constructed are optimal in the sense
that they are solution of a minimization problem. The
covariant derivatives we obtained take into account the
local geometry of the images, as expected. The Lie
groups representations we considered are the dual rep-
resentations of groups acting on the color space RGB:
R**, SO(2), DC(3) and SO(3). By the heat equations
of the generalized Laplacians induced by the covariant
derivatives, we obtained diffusions that preserve strong
edges and smooth the small ones. Comparisons with
the Beltrami flow showed that our new approach bet-
ter preserve somes edges, the type of edges depending of
the Lie group involved. Then, we constructed covariant
derivatives derived from the ’optimal’ covariant deriva-
tives. By the corresponding heat equations, we obtained
diffusions that enhance the contrast of the initial image.
Once again, the characteristics of the enhancement de-
pend of the Lie group involved. Further work will be

devoted to perform a theoretical study of the gener-
alized Laplacians constructed in this paper and their
heat equations. For instance, we are interested in the
analysis of the exact role of the Lie group involved.

Acknowledgements The authors thank the anonymous re-
viewers for helpful remarks and suggestions.

Appendix A. Differential Geometry of Associ-
ated Bundles

A.1. Differential geometry of vector bundles

Definition 1 A smooth vector bundle of rank n is
a triplet (E, 7, M) where M and E are two C'°° man-
ifolds, and w: E — M is a surjective map such that
the preimage 7~ 1(x) of z € M is endowed with a struc-
ture of vector space of dimension n. M is called the
base manifold and E the total space of the vector
bundle. The set 7~!(z) is called the fiber over x, and
is denoted by FE,.

The vector bundle is said to be locally trivial if the
following conditions hold: for each z € M , there is
a neighborhood U of x and a diffeomorphism ¢: U x
R" — 7~ Y(U) satisfying 7 o ¢(z, f) = = Vf € R",
and such that the restriction ¢, : R™ — F, is a vector
space isomorphism. The couple (U, ¢) is called a local
trivialization.

The vector bundle is said to be trivial if there ex-
ists a diffeomorphism @: M x R®™ — FE satisfying m o
&(x, f) = x, and such that the restriction &, : R” —
FE. is a vector space isomorphism.

For shortness, (E, 7, M) is sometimes denoted by E.

Ezxample 1 Let M be a C*° manifold of dimension m.
The disjoint union of tangent spaces TM := | | T, M for
x € M, is the total space of a vector bundle (T'M, 7, M)
of rank m called the tangent bundle of M.

Definition 2 A metric i on a vector bundle is the as-
sigment of a scalar product h, on each fiber 7=1(x).

Example 2 A Riemannian metric on a manifold is a
positive definite metric on its tangent bundle.

Definition 3 A section of a smooth vector bundle
(E,m, M) is a differentiable map S: M — E such that
ToS = IdM
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Let (f1,-+-,fn) be a basis of R". In a local trivial-
ization (U, ¢) of (E,m, M), any section may be written

n

S(x) = Z si(z)p(z, fi)

=1

for some functions s; € C*(U).
The set {o(-, f1), -, d(-, fn)} is called a local frame
of (E, 7, M).

The set of sections of (E,w, M) is denoted by I'(E).

Ezxample 8 Tangent vector fields on M are the sections
of the tangent bundle (T'M,m, M).

Definition 4 A covariant derivative on (E, 7, M) is
amap VF: I'(TM)xI'(E) — I'(E) satisfying the fol-

lowing axioms:

Vi igvS = [VES + gVES
-VEfS = (dxf)S+ fVES

for f,ge C*(M), X, Y € ['(TM) and S € I'(E).

Hence, a covariant derivative on (E, 7, M) may writ-
ten as d 4+ w for some w € I'(T*M ® End(E)).

In local frames (e1,- - ,e,) of E and (Xy,---,X,,) of
TM, a covariant derivative is determined by n? x m
functions TZ;“ such that

n
E, _ k
Vx.ej = g Tiex
k=1

Ezxample 4 The Levi-Cevita connection is the co-
variant derivative on the tangent bundle of a Rieman-
nian manifold (M, g) determined by the m? functions

1
L5 = 59" (059 + 0015 — Drgi;)
with respect to the local frame (9/0x1,--- ,0/0xy,) of
TM given by a local coordinates system (z1,- -, )
on M.

A 2. Differential geometry of principal bundles

Definition 5 A smooth principal bundle is a quadru-
plet (P, 7, M, G) where M and P are two C'*° manifolds,
G is a Lie group, m: P — M is a surjective map such
that for all x € M, the preimage 7~ !(z) is diffeomor-
phic to G and there is an action - of G on P satisfying:
-n(p-g)=m(p) for pe 77 1(x) and g € G.

- the restriction -: G x 7~ 1(z) — 7~ !(z) is free and
transitive.

M is called the base manifold, P the total space
and G the Lie group structure of the principal bun-
dle. The set 7~ !(z) is called the fiber over z, and is
denoted by P,.

The principal bundle is said to be locally trivial if
the following conditions hold: for each z € M , there is
a neighborhood U of x and a diffeomorphism ¢: U x
G — 7 1(U) satisfying 7 o ¢(z,g) = x, and such that
the map ¢,: G — P, is compatible with the restric-
tion -: GX Py — Py, i.e. ¢5(ga) = ¢(g)-a. The couple
(U, ¢) is called a local trivialization.

The principal bundle is said to be trivial if there ex-
ists a diffeomorphism &: M x G — P satisfying 7 o
&(x, g) = x, and such that the restriction ¢,: G — P,
is compatible with the action -: G x P, — P,.

For shortness, (P, m, M,G) is sometimes denoted by P.

Ezample 5 Let (M, g) be a Riemannian manifold of di-
mension m and T'M its tangent bundle. The disjoint
union of oriented orthonormal bases of T, M with re-
spect to g(x), for x € M, forms the total space of a prin-
cipal bundle PSO(T'M) over M of structure Lie group
SO(n) called the bundle of orthonormal frames of
TM.

Definition 6 A section of a smooth principal bundle
(P,m, M, Q) is a differentiable map S: M — P such
that mo S = Id)y,.

Let (U, ¢) be a local trivialization of (P, 7, M,G), and
s: U — P defined by s(z) = ¢(x,e). The section s is
called a local trivializing section of P and any local
section S of P takes the form

S(x) = s(x) - g(x)

for some function g: U — G.
The function g is called the local trivialization of
the section S.

The set of sections of (P, 7, M, G) is denoted by I'(P).

Definition 7 Let (P, 7, M,G) be a principal bundle.
Let Tpm: TpP — Tyr,)M be the linear tangent map
of m at p € P. A tangent vector X € T,P is called
vertical if T,7(X) = 0. We denote by V, the set of
vertical vectors at the point p. It is the vector space
generated by vectors X of the form

, d
X, = (dtp-easp(tX)> , for X €g.

|t=0
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The set VP =| |, p V), forms the total space of a vec-
tor bundle over P called the vertical bundle of P. It
is a subbundle of the tangent bundle of P.

Let ﬁg: p — p-g. The map Tpég: T,P — Tp4P

maps V}, on Vj.4. This property is called G—equivariance.

Definition 8 Let (P, 7, M,G) be a principal bundle
and V P the vertical bundle bundle of P. Let x € M and
p € P,. Let H, be a subspace of T, P such that T,P =
H, ®V,. A vector XZ} € H,, is called horizontal. We
extend H), on P, by setting a G-equivariance property,
i.e. we put

H,,=T,R, H,

Repeating the construction for each € M (under an
assumption of smoothness of the sets H,, with respect to
z) turns the set HP: = ||, p H, into the total space
of a vector bundle over P called a horizontal bundle
of P. It is a subbundle of the tangent bundle of P.

Definition 9 Let (P, 7, M,G) be a principal bundle,
V P its vertical bundle and HP a horizontal bundle of
P. Let z € M and p € P,. From the surjectivity of the
projection 7, the map T),m is surjective too. Moreover,
as Vp = KerT,m and dim H,P = dim T, M, we deduce
that the map

Tym: Hy — T M
is an isomorphism. Given X, € T, M, the unique vector

X} € Hy, such T,n(X]) = X, is called horizontal lift
of X, with respect to HP.

Definition 10 Let (P, 7, M, G) be a principal bundle,
V' P its vertical bundle and HP a horizontal bundle of
P. The g-valued 1-form w defined on P by

wp(X,) =0 for X, € H,P

d
wp(Xp) =A for X, = (dtp : e:cp(tA)) e V,P
|t=0

is called a connection 1-form.

As a consequence of the G-equivariance of the vertical
and horizontal bundle, the connection 1-form satisfies

wp.g(TpRg Xp) = g_l wp(Xp) g

when G is a matrix Lie group.

A.3. From principal to vector bundles
A.3.1. Definitions

Definition 11 Let G be a Lie group and V a vector
space. A representation p of G on V is a group mor-
phism p: G — GL(V). The representation p deter-
mines a group representation p© on the dual space V*
of V called the dual representation of p, and defined
by p©(g) = p(g~!) where — denotes the transpose.

Definition 12 Let (P, 7, M,G) be a principal bundle,
p a representation of G on V of dimension n, and E =
(P xV)/G, ie. apoint in E is of the form

. f1:={(-9.p(g")f), g€ G}

where p € P and f € V. Let ng: E — M given by
we[p, f] = w(p). Then, the triplet (E,7g, M) forms a
vector bundle of rank n, called vector bundle asso-
ciated to P and denoted by P x(, q) V.

Let (U, ¢) be a local trivialization of (P,m, M,G) and
s the local trivializing section of P given by s(z) =
¢(z,€). Then, the map

Xs: UxV — 7= 1(U)
(@, f) — s(x), f]

is a local trivialization of P x(, ) V.

Let (f1, -, fn) be a basis of V.
Then, the set (xs(+, f1), -+, xs(+, fn)) determines a lo-
cal frame of (E,7g, M).

Ezample 6 Let (M, g) be a Riemannian manifold of di-
mension m, and (PSO(TM),m, M, SO(m)) be the prin-
cipal bundle of orthonormal frames of T'M. The tangent
bundle of M is a vector bundle associated to PSO(T'M)
under the natural representation p of SO(m) on R™,
and might be written PSO(T'M) X, so(m)) R™.

Definition 13 Let (P,w, M,G) be a principal bundle
and p a representation of GG on a finite-dimensional vec-
tor space V. A function J: P — V is called (p, G)-
equivariant if it satisfies

J(p-g) = pl9)J(p)

We denote by C(P, V)% the set of smooth (p, G)-

equivariant functions on P.

There is a correspondance between sections of associ-
ated bundles and (p, G)-equivariant functions on prin-
cipal bundles. Indeed, given f € C®(P, V)% we put
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Si(x) = [p, f(p)] for any p € 7~ '(x). By the (p, G)-
equivariance property of f, the map S; is indepen-
dant of the choice of p. Hence, Sy is a section of I/ =
P x(,,q)V. Conversely, for S € I'(E), we puf fs(p) = v
such that Sow(p) = [p,v]. We observe that fs is (p, G)-
equivariant.

A.3.2. From horizontal bundles on principal bundles to
covariant derivatives on associated bundles

Let (P, 7, M,G) be a principal bundle, p a representa-
tion of G on a finite-dimensional vector space V', and
E = P x(,a) V the associated bundle. Let S € I'(E)
and fg the corresponding (p, G)-equivariant function.
Let HP be a horizontal bundle of P. Let X € I'(TM)
and X" € I'(TP) be the horizontal lift of X with re-
spect to HP. Then, there exist a covariant derivative
VA on (E,7g, M) such that the following correspon-
dance holds
dxnfg — V4S

Let w be the connection 1-form induced by HP. Let s
be a section of P and A be the g-valued 1-form on M
given by

A=sw

where * denotes the pull-back map.

Then, relatively to the local frame of (E,7g, M) in-
duced by s, the covariant derivative is given by

vj)qf =dx + P*(A)(X)

where p,: g — End(V) is the Lie algebra representa-
tion induced by p.

Appendix B. Optimal connection 1-forms and
corresponding covariant derivatives

B.1. The case of Lie groups of dimension 1

B.1.1. Construction of optimal connection 1-forms
Computing the Euler-Lagrange equations of (19) with
respect to the functions oy, Bk, vk for k = 1,2, we ob-

tain v =

Ao’ Do
da Oa

It defines a unique horizontal field H, P along s whose
expression is obtained from (20). We refer to Appendix
C.1 for more details.

Let X be a tangent vector field on P along the section s

" O’ Ao’ D’
70) |3 S a3 5|

of the form ad/0x1 + 30/0x2 + v 9/da for some func-
tions «, B,y on M. The connection 1-form w induced by

0p' O’ !
7+<aa 20 @ )

o)

The 1-form A = s*w on M is given by A(ad/0x; +
B0/0x2)(z) = w(ad/0x1 + B0/0x2 +00/0a)(x,€).

HP is given along s by w(X) =

Dt Dp?
X<_ 9 00 )

' 3@

Ox1 Oa Oxa Oa

B.1.2. Corresponding covariant derivative for the unique
dual representation p© of R on R3

Writing the 1-form A as A10/0a, we have p¢(A) =
—Aq1s.

Hence, the nonzero symbols of the corresponding co-
variant derivative V4 are given in the frames

(0/0x1,0/0x2) of TM and (xs(-, e1), Xs(- €2), Xs (- €3))
of P X (pC R+*) R3 by

Th (x) = (p A) i (0/0x:) (x)

0’ 8<pJQ _16goi Y
da da "

forl=1,2and k=1,2,3.

Taking a metric @ of the form Iy & 0 @ kl3 in the frame
(0/0x1,0/0x9,0/0a, e1,ea,e3), we obtain

85?2 0’ —Qij (r,e) =0+k <Zlk2>

k=1

and
380 g’ k 1k
o = (L )
B.1.3. Corresponding covariant derivative for a class of
unitary dual representations p© of SO(2) on R?
Let P be a 2-dimensional subspace of R3, and the corre-

sponding bivector vi2e1es + Yy13€1€3 + Y23€2€3 for ’ny +
Y25 +3; = 1. Writing the 1-form A as A;19/06, we have

0 —v12 —13
C(A)=A -
Pos(A)=A1 | 112 0 —723

73 Y23 0

Hence, the nonzero symbols of the corresponding co-
variant derivative V4 are given in the frames
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(0/0x1,0/0x2) of TM and (xs(-,
of P x(pC,SO(Q)) Rg by

el)aXs('v 62)7 Xs('a 63))

T (x) = (oS, A)rp(0/0z1) (2) = =177 ()
- (S en) Sy o

forl=1,2 and k,p =1,2,3 with k # p.

Taking a metric @ of the form I, @& § @ kI3 in the frame
(0/0x1,0/0x2,0/00, €1, e, e3), we obtain

o' B
00 90

K ((712124-’713]3)24-(’712]1 —’72313)24'(’713]1+’Y23[2)2>($)

——Qij (z,e) =0+

and
0p' O’
ox; 00

-7 Qij (7,€) = =K X (Iil(*%zﬂ —msl®) +

Ii (yr' — y2313) + Ig}o’, (yisl* + ’72312)) (x)

B.2. The case of Lie groups of dimension 3
B.2.1. Construction of optimal connection 1-forms
Computing the Euler-Lagrange equations of (19) with

respect to the functions oy, 8,y for I = 1,2 and j =
1,2, 3, we obtain

3 5, 9" 9 9909
Y = )\|:Oll<(fd € )8x 8 Qz] ( ce fb)arl 8&2 QU
NN _ 209104
+(b€ dc)a a ng) +ﬁl <(fd € )(92132 aal Qlj
09 09 0¢' g7
Hee = fb)5 - Oxo Oas By Qi T (be —de) O0zg Oas Qi
B 0 %aw 2, 0" 07
Yi2 = A |:O£1<(C€ fb) ng ( f )8 1 Oay Q
Ao 07 dp* o
e a) 2202 Q”) #i (oo - 32520
o Ot Dl ' dp?
+(af )al' aa Qz] (bC ae)a a(ng J
B 09t 9y N
10 = A ar{(be-de) 57 52 Qs be-ae) 5 57

Ot Op7 D' By’

2
Jr(adib)@x Oas Q”)Jrﬂl ((be )890 day Fa, Y

O¢' 9’ 2,00 097
+(be “)ax B, Qi H(ad =05 5 Qi

where A = 1/(2cbe + fad — e?a — fb* — c?d) and
Ot DI

O’ 07 O’ Op?

" 9000 % "7 9000, T Buy 00y Y
O’ 07 99t og? Biago
d= Oas 8CLQQJ ~ day das a2 = 3 Oas @i

It defines a unique horizontal field HsP along s whose
expression is obtained from (20). We refer to Appendix
C.2 for more details.

Let X be a tangent vector field on P along the section
s of the form «d/0xy1 + 30/0x2 + Zz:1 i 0/Day, for
some functions «, 3,7 on M. The connection 1-form w
induced by HP is given along s by w(X) =

{71 —A {(fd e?) <

818] At I
° Qi+ B S0@)

0x1 Oay 0x2 Oa
~ 9" 0" 9" 07
+(ce—fb) (aﬁxl 8a2Q Dg Dtz ——Qij | +(be—dc) x
Ay’ O dp' dp?
<aal‘1 aa3Q /3Q1j>:|:| a/aal

0p" 0 Ot Ol
+{v2—A[(ce—fb)( 8518*;@ +ﬁaf o QZ)

D" D D" 0
Haf—c?) (a8x1 3a2Q Oxo Oas Q”>+(bc ae)x
0p' 0’ 99" 07
(O‘axl das Fa Bax das @y 0/0a>

e[ (o222, 4 42222,

O0zx1 Oaq Oxg Oay

+(bc—ae)( g<p %Q ﬁaiaicz >+(ad—b2)><
o' D o' D
(aal'l 8G3Q ﬂ@TTQ >:|:| 6/80,3

The 1-form A = s*w on M is given by A(ad/0x; +

B0/0xs)(x) =

w(ad/0x1+50/0x24+00/0a1+00/0az+00/0as)(z, €)
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B.2.2. Corresponding covariant derivative for the unique
dual representation p© of DC(3) on R?

Writing the 1-form A as A;0/0a1+A20/0as+ A30/das,
we have p€(A) = —diag(A;, As, Az).

Hence, the nonzero symbols of the corresponding co-
variant derivative V4 are given in the frames

(8/8.131, 8/8'7;2) of T'M and (Xs('a 61)7 XS('7 62)5 Xs(" 63))
of P x(pC,DC(3)) RS by

T () = (p«A)11(0/0a1) ()
_ d¢’ asoj

15 (x) = (puA)22(0/02:) ()

:A{a

Tii(z) = (pxA)33(0/01) (x)

o

Taking a metric @ of the form I, & 613 & I3 in the
frame (0/0x1,0/0x9,0/0a1,0/das, d/az, e1, ea, e3), we

obtain

0¢' 0p
81‘[ Bag

Qz‘j] (z,€)

8(,0 0’
81’1 8a

QU} (,)

forl =1,2.

dp' O
81‘1 6ak
for k=1,2,3, and

——Qij(z,e) = ﬂi[fllk (z)

a(x,e):5+/<aI12(x) d(x,e):6+/sf22(ac)

f(z,e) =6+ k¥ (2)

B.2.3. Corresponding covariant derivative for the unique
dual representation p© of SO(3) on R?

Writing the 1-form A as A16/691 —|—A28/692 +A36/893,
we have

0 —A3 —Ay
pPLA) =4 0 —A
Ay Ay 0

Hence the nonzero symbols of the corresponding covari-
ant derivative V4 are given in the frames
(0/0x1,0/0x2) of TM and (xs(-,e1), xs(+, ez
of P X (pC,80(3)) R3 by

)1 Xs('v 63))

(pS A)12(8/0x:) (z) =

o' B
dx; 06,

%2( )= —%21@)
9p' 07
ox; 004

= A |(be — dc) =——-Qi; + (bc — ae) Qij
Ot OpI

2
(d b)axlae

Qij| (w,€)

Yig(@) = (p€ A)13(0/01) (x) = =~} (x)

8p' 9
:A[(ce—fb)a‘p 8“;

+(bc — ae)=—

Qij + (af _02) "

o' B
2 e s o)

2

V(@) = (pS A)23(0/0m1) () =

Aot 0
~Afa- 2Ly e

—%32 (z)

O’ 07

_fb)a 00

= Qi

Ot Ol
+(be —dc)ii@ij} (z,€)

forl=1,2.

Taking a metric @ of the form

6 0 6sinby
IL® 0 6 0 o rl;

dsinfy 0 0

in the frame (8/3331, 6/8332,8/891,8/692,8/693,61, €2, 63),

we obtain

=—k(I2 1 — I3 I*)(z)

—k(I, P — I3 1")(2)

—w(I 1* = I21") ()

and

a(z,e) =6 + k(12> + I¥)(z) bla,e) = kI I2()
*%)(w)
%) (w)

c(z,e) = =k I'IP(x) d(x,e) =0+ n(Il2 +

e(z,e) =k I*’I*(z) f(z,e) = §+H(112 +
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Appendix C. Solutions of Euler-Lagrange Equations
C.1. The case of Lie groups of dimension 1

The Euler-Lagrange equations of the functional (19) with respect to HsP are

95,
* =
60&1
Ot I Ot Op?
= (o1 — B172) [(OqﬂQ — azfh)(g1202 — gzzﬁz) L <P ng (132 — azB1) (91202 — 911042)852 Ti’Qij
Ot I
+<(041’Y2 - 042’71)(911% - 91252) + (ﬂl’)’z - 52’71)(922/62 - glzaz)) 520:’2@13} =0
08, _,
* =
8042
9o 0 Ot 07
< (Bo71 — B172) [(a1ﬁ2 — 1) (g1200 — 92251)(9@ i ——Qij + (12 — a281) (91261 — 911041)(% ;; Qij
0o Ol
+((04172 — ap71) (91101 — 91261) + (B172 — B2y1) (92281 — 912a1)) 8@ ai Qi } =0
S
551
dpt O 0o’ O
< (@271 — a172) {(mﬂz — azf1)(gr202 — 92252);0 ¥ —Qij + (0182 — a251) (9122 — 911(12)63132 ai Qij
0o’ 07
+((041’72 —aov1)(g1102 — g12082) + (Biv2 — B2y1) (92282 — 912%)) % (,;Z Qi } =0
08, _,
* =
052
9ot O 0t 07
> (agm — a172) [(a152 — azf1)(gr20n — 92251) L <p ng (a182 — a2f1) (9121 — 911041)(%2 ('“)i Qij
0t Ol
+((04172 —aov1)(g11a1 — g1261) + (Biv2 — Bay1) (92251 — 912a1)) % 52 Q _]:| =0
05, _,
* =
om
O’ Op? Ot Ol
> (12 — a2f1)(g1201 — 922/5’1) go ng (0182 — azB1) (91261 — 911041)5,52 TZQU‘
Ot Ol
+((Ot1”¥2 — ao1)(griar — g1261) + (B2 — Bayi) (92251 — 912011)) aiTiQij =0
05, _,
% =
072
Ot O 0" Ol
= (a102 — a231) (91201 — gzzﬁl) 2 @ ng (a182 — a231) (91261 — 911041)az2 ai Qij

+<(0¢172 — aoy1)(g11ar — g1261) + (B1v2 — Bav1) (92261 — ngal)) 88(1 da
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0S|, 98,
Finally, the Euler-Lagrange equations reduce to the equations a—‘ and a— = 0, i.e. to the following system
! 2

8(,0 8(,0 A DI

ng (a182 — a231) (91261 — 91101)81, 9%

(0182 — aaBi)(g1200 — 92251) - Qij

D" O’

da 8(1@”_0

+((Ot172 — aov1)(g11a1 — g1281) + (Biv2 — Bay1) (922681 — 912061))

0" Ol O Ol
(0152 - a251)(9120l2 - gzzﬁz)af 4 Qz] (04152 - 04251)(91252 - 9110l2)8 8(2

+((a172 — aoy1) (91102 — g122) + (B17v2 — Bav1) (9202 — 912a2)> a@ 88@ @iy =0

We obtain a linear system with respect to v and 72 of the form

' O 07
- (012912+52922)a ng (ﬂ2912+0‘2911)8x2 6;2 @i
D (182 — azfr) (27)
80t O O’ Op?
” (a1911+ﬁ1912)8(p o ——Qij— (519224-041912)8 52
where the coefficients of the matrix D are
0p' O’
Dy = (ag(aggn + Bag12) + B2(B2g22 + a2912)) o0 (;2
Ot I
Diy= —( 1(B2912 + a2g11) + Bi(azg12 + ﬁ2922)) g) 8@ Qi
0ot Ol
Doy = 7( 1(B2g12 + a2g11) + Bi(azgia + 52922)) (’;Z TiQij
Ot OpI
Doy = (al(oqgn + B1912) + B1(Brg22 + 041912)) 9 TZQU‘

The solution of the system (27) is
¢’ o7 ! o' o7 Dt O’
n= (6& Oa Q”) [a1<8x1 Oa @ij ) +51 Oxy Oa D Y

9o 0p? N\ it Op? D' Op?
2= <8a ('MQ) [ (8;10 BaQ)—i_ﬁ(@x 8aQ>]

Conclusion: H,P =

Vect {ala/axl + 310/0xs + (890 WQ@) [ a <3<P 3@) s <5<P W)} d/0a,

da Oa Oox1 Oa Oxy Oa

-1
20071 + 20Dy + (88@ aa‘i@ ) |:—0q (g“p %ij> Bs (a*" a;; )] 8/8&}
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C.2. The case of Lie groups of dimension 3

As for the case of Lie groups of dimension 1, the Euler Lagrange equations of the functional (19) with respect to

S\s
H, P reduce to the equations ﬁ =0, forl=1,2, j =1,2, 3, and we obtain a linear system with respect to the
1
functions ;; of the form ’
dp' O Oyt OpI
i (042912-1-52922)8%0 3(5 Qij (529124-042911)6%0 3(5 Qij
Oy Op ? 0 7
712 (a2912+ﬂ2922)8j Qu (ﬁ2912+02911)8 agp
0 : Op G 0 y
M3 (a2912+ﬁ2922)8<p ng (529124-&2911)8 6;5
D = (a1ﬁ2 - 042ﬁ1) X a(pz a a z 8(,0] (28)
Y21 (a1gn1 +ﬁ1912)8 9 ——Qij— (51922-1-%912)8 Dy
0 Z(’) Op ’(’) y
Y22 (cagn +51912)8<P 8 ng (51922-1-&1912)8 8(5
Oy 0 i 07
o3 (a1g11 +51912)680 das ng (ﬂ1922+041912)aw 85
where
aGbG ¢cGaF bF cF
bG dG eG bF dF eF
D_ cGeG fGcFeF fF
| aFbF cFaEbE cE
bFdF eFF bEdE eFE
cFeF fFcEeE fE
and ) Oyt O Oyt O
@' dp ¢’ Op’ ' Dy’
i b=
8a1 8a1 Q 7 8(11 aag g €= (90,1 8a3 Q g
0p' O’ 3(,0 0y’ 5’90 A’
d= Oas BagQJ = Oas Oas Ba; f_ 3 das Dy 2
E = ay(g1101 + g1261) + B1(92261 + 912a1)
F = —[ai1(g1202 + g1102) + Bi(g1202 + g22/32)]
G = az(gr1a2 + g122) + P2(92202 + gi120e2)
The solution of the system (28) is
1 5. Ot OpI Do’ O 0ot Op?
= d— g % —d a_ Wij
e 2cbe + fad — e?a — fb2 — c2d {al <(f )8:1: Oay Py G T (e f)8 Oas Day S T (e C)&cl 8a3Qj
9. O 07 0 Op? 0 Op?
d—e i — fb i be — dc
41 (1= )52 T Qu (e = 52 52 Quy (e = d) 52 520y

B 1 Ot Op? o, Ot 07 D’ % -
Y12 = 20b6 + fad — 62(1 — be _ 2 |: (( fb)a 8@ Q’L] ( f )8 a Ql] ( ae) axl 8(13 QU)

Z&PJ NN 09" 9¢)
+061 ((Ce fb) Qz] (af —c )axg day Qij + (bc — ae) Oy Oas ——Qij
B 1 0ty O’ Op? 5, Ot Op7
T3 ke + fad — e2a — fb? — c%d [al ((be de) 0z Oaq Qi + (be - )8 Oas Day Jia T lad =0 )8331 Oas @i
Ot O’ 0p' 07 28(,087@3' -
+51 ((be dc )3 4 ——Qij + (be ae)a 90, ——Qij + (ad—b )8 > 9z Qij

Do’ O

B 1 B 9. Ot D7 B B 8g0i87g0j B
"= 2cbe + fad — e2a — fb% — c2d {OQ <(fd )ax daq 9a, Qis +(ce = fo)g — 0z Oag B, i T (be — de) Oz, Oas Qi
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0" 0y’
o820,

1 At Op? At O’ Dt O’
[ (o= 5220y + e - A FESE 0y + (- a0 32570,

" 0y’

+0 ((a=AFE T2 Qi+ (ce- FETE

27 2cbe + fad — a7 - Oz1 Oa
45 ((ce_fb)gj gf Qij + (af —c )%gf Qij + (bc—ae)ggginﬂ
= ey e (0 5 5o 0+ (e e 570+ w3 2 0,
)
Conclusion: H,P =
Vect {ala/axl + £10/0x4 + Sebe T fad — 612a ~ HOq ((fd — @)%ﬁ@m + (ce — fb)gi?:i@a
+(be — de )gsﬁl gsﬁ Qw) + 6, ((fd )gj ?;0] Qij + (ce fb)gfigi@j + (bedc)gggi@jﬂ d/0ay
[ ( ce— fb)5 Za‘p] o Qi + (af—02>gfjgf:% * (bc_“e)awjgoi@)
(c —fb &P 380] sz (af — )gw gij Qij + (be ae)((z;p;gfiQij)] 0/0az
(o a2 )
4, ((be_d )gw gwl Qi + (bc—ae)gig Qij + (ad — 52)252 gf Q”)] d/0as,
220/011 + $0/0x2 — 2cbe + fad — 612a — fb2 — H ( fd=e )gj gi Qe fb) 01 gi:Q
wagwwggw4mw>?§%%< - 5 Gy + (e = d0) 32 520, )] 00
{ <ce—fb &p &pJQm + (af - )gj Z@JQU + (be )g lgiQ )
(C —fb 890 Z’MJQ” +af —c )ZSO 5¢]Qw + (be )g ZW )]6/8@
(o e )

Oy’ O Bt DI dy' O
+85 ( (e — de) 22 v’ T2 Qs + (be — ae) -T2 Qui + (ad — b2) 52~ o' 0 T2 Qi ) | 8/0as
a ro Jas 0xo Oas
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(a) Image 'Barbara’ (b) Trivial connection: anisotropic diffu- (¢) Optimal connection relatively to the
sion preserving strong edges group SO(3): better preservation of the
edges on the back of the chair

Fig. 1 Heat diffusions of the color image 'Barbara’ induced by generalized Laplacians associated with connection 1-forms

(a) Image 'Lena’ (b) Trivial connection: anisotropic diffu- (¢) Optimal connection relatively to the
sion preserving strong edges group RT*: better preservation of the tex-
ture on the hat

Fig. 2 Heat diffusions of the color image 'Lena’ induced by generalized Laplacians associated with connection 1-forms
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(a) Image 'Barbara’

(b) Trivial connection: no enhancement of the contrast (c) Connection relatively to the group SO(3): enhance-
ment of the contrast in the chrominance component

(d) Connection relatively to the group RT*: enhance- (e) Connection relatively to the group DC(3): enhance-
ment of the contrast in the luminance component ment of the contrast in luminance and chrominance
components

Fig. 3 Heat diffusions of the color image 'Barbara’ induced by generalized Laplacians associated with connection 1-forms
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(b) Trivial connection: no enhancement of the contrast (c) Connection relatively to the group SO(3): enhance-
ment of the contrast in the chrominance component

cak LE
(d) Connection relatively to the group RT*: enhance- (e) Connection relatively to the group DC(3): enhance-
ment of the contrast in the luminance component ment of the contrast in luminance and chrominance
components

Fig. 4 Heat diffusions of the color image 'Lake’ induced by generalized Laplacians associated with connection 1-forms



