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Preface

The first conference of the Geometric Sciences of Information (GSI, website at
http://www.gsi2013.org/ includes slides and photos) took place downtown Paris
(France), in August 2013. The call for papers received an enthusiastic worldwide
response, resulting in about a 100 accepted submissions of an average length of
eight pages, and organized into the following broad topics:

Computational Information Geometry,
Hessian/Symplectic Information Geometry,
Optimization on Matrix Manifolds,
Probability on Manifolds,

Optimal Transport Geometry,

Divergence Geometry and Ancillarity,
Machine/Manifold/Topology Learning,
Tensor-Valued Mathematical Morphology,
Differential Geometry in Signal Processing,
Geometry of Audio Processing,

Geometry for Inverse Problems,

Shape Spaces: Geometry and Statistic,
Geometry of Shape Variability,

Relational Metric,

Discrete Metric Spaces,

Etc.

The GSI proceedings has been published as a (thick!) Springer LNCS (volume
number 8085, XX, 879 pages, 157 illustrations). Since we could not accommodate
long papers in GSI, we decided to solicit renown researchers to contribute to a full
length chapter on the latest advances in information geometry and some of its
applications (like computational anatomy, image morphology, statistics, and
textures, to cite a few examples). Those selected applications emphasize on
algorithmic aspects when programming the Methods of Information Geometry [1].
The 13 chapters of this book have been organized as follows:
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e Divergence Functions and Geometric Structures They Induce on a Manifold by
Jun Zhang,

e Geometry on Positive Definite Matrices Deformed by V-Potentials and Its
Submanifold Structure by Atsumi Ohara and Shinto Eguchi,

e Hessian Structures and Divergence Functions on Deformed Exponential
Families by Hiroshi Matsuzoe and Masayuki Henmi,

e Harmonic Maps Relative to a-Connections by Keiko Uohashi,

e A Riemannian Geometry in the q-Exponential Banach Manifold Induced by
g-Divergences by Héctor R. Quiceno, Gabriel I. Loaiza and Juan C. Arango,

e Computational Algebraic Methods in Efficient Estimation by Kei Kobayashi and
Henry P. Wynn,

e FEidetic Reduction of Information Geometry Through Legendre Duality of Koszul
Characteristic Function and Entropy: From Massieu—Duhem Potentials to
Geometric Souriau Temperature and Balian Quantum Fisher Metric by Frédéric
Barbaresco,

e Distances on Spaces of High-Dimensional Linear Stochastic Processes:
A Survey, by Bijan Afsari and René Vidal,

e Discrete Ladders for Parallel Transport in Transformation Groups with an
Affine Connection Structure by Marco Lorenzi and Xavier Pennec,

o A Diffeomorphic Iterative Centroid Method, by Claire Cury, Joan A. Glaunes
and Olivier Colliot,

e Hartigan’s Method for k-MLE: Mixture Modeling with Wishart Distributions and
Its Application to Motion Retrieval by Christophe Saint-Jean and Frank Nielsen,

e Morphological Processing of Univariate Gaussian Distribution-Valued Images
Based on Poincaré Upper-Half Plane Representation by Jesis Angulo and
Santiago Velasco-Forero,

e Dimensionality Reduction for Classification of Stochastic Texture Images by
C. T. J. Dodson and W. W. Sampson.

There is an exciting time ahead for computational information geometry in
studying the fundamental concepts and relationships of Information, Geometry,
and Computation!
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Chapter 1
Divergence Functions and Geometric Structures
They Induce on a Manifold

Jun Zhang

Abstract Divergence functions play a central role in information geometry. Given a
manifold 901, a divergence function D is a smooth, nonnegative function on the prod-
uct manifold 2T x 9 that achieves its global minimum of zero (with semi-positive
definite Hessian) at those points that form its diagonal submanifold Agy C 99T x 9.
In this chapter, we review how such divergence functions induce (i) a statistical
structure (i.e., a Riemannian metric with a pair of conjugate affine connections) on
I, (ii) a symplectic structure on 99T x M if they are “proper’; (iii) a Kéhler struc-
ture on 9T x M if they further satisfy a certain condition. It is then shown that the
class of Dg-divergence functions [23], as induced by a strictly convex function @
on N, satisfies all these requirements and hence makes T x 91 a Kédhler manifold
(with Kihler potential given by @). This provides a larger context for the a-Hessian
structure induced by the Dy -divergence on 91, which is shown to be equiaffine admit-
ting a-parallel volume forms and biorthogonal coordinates generated by @ and its
convex conjugate @*. As the a-Hessian structure is dually flat for « = +1, the Dg -
divergence provides richer geometric structures (compared to Bregman divergence)
to the manifold 9t on which it is defined.

1.1 Introduction

LEIN T3

Divergence functions (also called “contrast functions”, “york™) are non-symmetric
measurements of proximity. They play a central role in statistical inference, machine
learning, optimization, and many other fields. The most familiar examples
include Kullback-Leibler divergence, Bregman divergence [4], a-divergence [1],
f-divergence [6], etc. Divergence functions are also a key construct of information

J. Zhang ()

Department of Psychology and Department of Mathematics, University of Michigan,
Ann Arbor, MI 48109, USA

e-mail: junz@umich.edu

F. Nielsen (ed.), Geometric Theory of Information, 1
Signals and Communication Technology, DOI: 10.1007/978-3-319-05317-2_1,
© Springer International Publishing Switzerland 2014



2 J. Zhang

geometry. Just as Lp-distance is associated with Euclidean geometry, Bregman
divergence and Kullback-Leibler divergence are associated with a pair of flat struc-
tures (where flatness means free of torsion and free of curvature) that are “dual” to
each other; this is called Hessian geometry [18, 19] and it is the dualistic extension of
the Euclidean geometry. So just as Riemannian geometry extends Euclidean geom-
etry by allowing non-trivial metric structure, Hessian geometry extends Euclidean
geometry by allowing non-trivial affine connections that come in pairs. The pairing
of connections are with respect to a Riemannian metric g, which is uniquely specified
in the case of Hessian geometry; yet the metric-induced Levi-Civita connection has
non-zero curvature in general. The apparent inconvenience is offset by the existence
of biorthogonal coordinates in any dually flat (i.e., Hessian) structure and a canon-
ical divergence, along with the tools of convex analysis which is powerful in many
practical applications.

In a quite general setting, any divergence function induces a Riemannian metric
and a pair of torsion-free connections on the manifold where they are defined [8]. This
so-called statistical structure is at the core of information geometry. Recently, other
geometric structures induced by divergence functions are being investigated, includ-
ing conformal structure [17], symplectic structure [3, 28], and complex structures
[28].

The goal of this chapter is to review the relationship between divergence function
and various information geometric structures. In Sect. 1.2, we provide background
materials of various geometric structures on a manifold. In Sect. 1.3, we show how
these structures can be induced from a divergence function. Starting from a gen-
eral divergence function which always induces a statistical structure, we define the
notion of “properness” for it to be a generating function of a symplectic structure.
Imposing a further condition leads to complexification of the product manifold where
divergence functions are defined. In Sect. 1.4, we show that a quite broad class of
divergence functions, Dg-divergence functions [23] as induced by a strictly convex
function, satisfies all these requirements and induces a Kéhler structure (Riemannian
and complex structures simultaneously) on the tangent bundle. Therefore, just as the
full-fledged a-Hessian geometry extends the dually-flat Hessian manifold (o = £1),
De-divergence generalizes Bregman divergence in the “nicest” way possible.
Section 1.5 closes with a summary of this approach to information geometric struc-
tures through divergence functions.

1.2 Background: Structures on Smooth Manifolds

1.2.1 Differentiable Manifold: Metric and Connection Structures
on TN

A differentiable manifold 20T is a space which locally “looks like” a Euclidean
space R". By “looks like”, we mean that for any base (reference) point x € 91, there
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exists a bijective mapping (“‘coordinate functions”) between the neighborhood of x
(i.e., a patch of the manifold) and a subset V of R". By locally, we mean that various
such mappings must be smoothly related to one another (if they are centered at the
same reference point) or consistently glued together (if they are centered at different
reference points). Globally, they must cover the entire manifold. Below, we assume
that a coordinate system is chosen such that each point is indexed by a vector in V,
with the origin as the reference point.

A manifold is specified with certain structures. First, there is an inner-product
structure associated with tangent spaces of the manifold. This is given by the metric
2-tensor field g which is, when evaluated at each location x, a symmetric bilinear
form g(-, -) of tangent vectors X,Y € T,(9) =~ R” such that g(X, X) is always
positive for all non-zero vector X € V. In local “holonomic” coordinates' with bases
0;=0/0x',i=1,...,n,(e.,X,Y are expressed as X = z,.xia,-, Y=>5%, Yio)),
the components of g are denoted as

gij(x) = g(9;, 9)). (1.1)

Metric tensor allows us to define distance on a manifold as shortest curve (called
“geodesic”) connecting two points, to measure angle and hence define orthogonal-
ity of vectors—projections of vectors to a lower dimensional submanifold become
possible once a metric is given. Metric tensor also provides a linear isomorphism of
tangent space with cotangent space at any point on the manifold.

Second, there is a structure implementing the notion of “parallelism” of vector
fields and curviness of a manifold. This is given by the affine (linear) connection V,
mapping two vector fields X and Y to a third one denoted by VyX: (X, Y) — VyX.
Intuitively, it represents the “intrinsic” difference of a tangent vector X (x) at point
x and another tangent vector X (x") at a nearby point x’, which is connected to x in
the direction given by the tangent vector Y (x). Here “intrinsic” means that vector
comparison across two neighboring points of the manifold is through a process called
“parallel transport,” whereby vector components are adjusted as the vector moves
across points on the base manifold. Under the local coordinate system with bases 0; =
0/0x', components of V can be written out in its “contravariant” form denoted FUI x)

Vo0 =D T} (1.2)
!

Under coordinate transform x + X, the new coefficients I" are related to old ones
I via
~ oxt Ox 2 xk ox!
I =y o k o ) ox
Ton® =2 o o 1 T g | ok
k i,j

(1.3)

1" A holonomic coordinate system means that the coordinates have been properly “scaled” in unit-
length with respect to each other such that the directional derivatives commute: their Lie bracket
[0;, 0j]1 = 0;0; — 0;0; = 0, i.e., the mixed partial derivatives are exchangeable in their order of
application.
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A curve whose tangent vectors are parallel along the curve is said to be
“auto-parallel”.

As a primitive on a manifold, affine connections can be characterized in terms of
their (i) torsion and (ii) curvature. The torsion T of a connection I", which is a tensor
itself, is given by the asymmetric part of the connection T'(9;, 9;) = Vi,0; — Vy,0; =
> T 6‘k, where Tk is its local representation given as

Ty = I (x) = T3 ().

The curviness/flatness of a connection I is described by the Riemann curvature
tensor R, defined as

R(9;, a/)ak = (VaiVaj — Vajvtf)i)ak.

Writing R(0;, )0k = 2, ,a]a, and substituting (1.2), the components of the

Riemann curvature tensor are2

o) or}
Rl = —2 (x) Z LT ) — Z LT ).

By definition, sz]

A connection is said to be flat when Rl (x) = 0 and Tk = 0. Note that this is a
tensorial condition, so that the flatness of a connectlon Vis a coordinate-independent
property even though the local expression of the connection (in terms of I7) is
coordinate-dependent. For any flat connection, there exists a local coordinate system
under which Fljk (x) = 0 in a neighborhood; this is the affine coordinate for the given
flat connection.

In the above discussions, metric and connections are treated as separate structures
on a manifold. When both are defined on the same manifold, then it is convenient to
express affine connection I in its “covariant” form

is anti-symmetric when i <— j.

Tk = 9(V3,0. 0 = D gl (1.4)
/

Though FJ‘ is the more primitive quantity that does notinvolve metric, I'}; x represents
the projection of I" onto the manifold spanned by the bases 0. The covariant form
of Riemann curvature is (c.f. footnote 2)

Riij = Z 9im Rig;-
m

2 This component-wise notation of Riemann curvature tensor followed standard differential geome-
try textbook, such as [16]. On the other hand, information geometers, such as [2], adopt the notation
that R(0;, 8)0 = >, Rf_.,ka,, with Ry = ) R} G-
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When the connection is torsion free, Ry;; is anti-symmetric when i <— j or when
k <— [, and symmetric when (i, j)) <—> ([, k). It is related to the Ricci tensor Ric

. . l
via Ricy; = > Riijg" -

1.2.2 Coupling Between Metric and Connection: Statistical
Structure

A fundamental theorem of Riemannian geometry states that given a metric, there is
a unique connection (among the class of torsion-free connections) that “preserves”
the metric, i.e., the following condition is satisfied

gD, 0)) = gV, 01, ) + 9(D;, Vo, 0)). (1.5)

Such a connection, denoted as 6, is called the Levi-Civita connection. Its component
forms, called Christoffel symbols, are specified by the components of the metric
tensor as (“Christoffel symbols of the second kind”)

Kl
= 9" (Ogu | Ogi  Ogij
Y ; 2 (8xf * oxt Ox!
and (“Christoffel symbols of the first kind”)

Fo= L (%9 9 99i
k=2 \ow T o oxk )

The Levi-Civita connection I is compatible with the metric g, in the sense that it treats
tangent vectors of the shortest curves on a manifold as being parallel (equivalently
speaking, it treats geodesics as auto-parallel curves).

It turns out that one can define a kind of “compatibility” relation more general
than expressed by (1.5), by introducing the notion of “conjugacy” (denoted by x)
between two connections. A connection V* is said to be conjugate (or dual) to V
with respect to g if

g (9i, 9)) = g(Vo,0;, 0)) + g(O;, Vi, O)). (1.6)

Clearly, (V*)* = V. Moreover, ﬁ, which satisfies (1.5), is special in the sense that
it is self-conjugate (V)* = V.

Because metric tensor g provides a one-to-one mapping between points in the
tangent space (i.e., vectors) and points in the cotangent space (i.e., co-vectors), (1.6)
can also be seen as characterizing how co-vector fields are to be parallel-transported
in order to preserve their dual pairing (-, -) with vector fields.
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Writing out (1.6):
agij

ok = Liij+ Ty s (1.7)

where analogous to (1.2) and (1.4),

Vol =2 Ti' o
[

so that
g = 9(V5,00, 0) = Zg"lrkjl'
1

There is an alternative way of imposing “compatibility” condition between a
metric g and a connection V, through investigating the behavior of how the metric
tensor g behaves under V. We introduce a 3-tensor field, called “cubic form”, as the
covariant derivative of g: C = Vg, or in component forms

C(ai’ 8j1 ak) = (V(()kg)(al’ 8]) = akg(al’ 8]) - g(vi)kai, a]) - g(ai’ Vaka])
Writing out the above:

0gij
Cij = ol Lij — Dgi(= Ty ; — Tig.i)-

From its definition, Cjjx = Cji, that is, symmetric with respective to its first two
indices. It can be further shown that:

Cij — Cit = D g (T — T3
/

where T, T* are torsions of V and V*, respectively. Therefore, Ciik = Cujs
and hence C is totally symmetric in all (pairwise permutation of) indices, when
T]Ik = Tj’ff . So conceptually, requiring Cjj to be totally symmetric imposes a com-
patibility condition between g and V, making them the so-called “Codazzi pair”
(see [20]). The Codazzi pairing generalizes the Levi-Civita coupling whose corre-
sponding cubic form Cjj, is easily seen to be identically zero. Lauritzen [10] defined
a “statistical manifold” (901, g, V) to be a manifold 21 equipped with g and V such
that (i) V is torsion free; (ii)) Vg = C is totally symmetric. Equivalently, a manifold
is said to have statistical structure when the conjugate connection V* (with respect
to g) of a torsion-free connection V is also torsion-free. In this case, V*g = —C,
and that the Levi-Civita connection V = (V4 V¥*/2.

Two torsion-free connections I" and I'’ are said to be projectively equivalent if
there exists a function 7 such that:

I} = rj + 60 + 6 (0,
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where 511‘ is the Kronecker delta. When two connections are projectively equivalent,
their corresponding auto-parallel curves have identical shape (i.e., considered as
unparameterized curves); these so-called “pre-geodesics” differ only by a change of
parameterization 7.

Two torsion-free connections I" and I"’ are said to be dual-projectively equivalent
if there exists a function 7 such that:

T = Tijk — 94(0kT).

When two connections are dual-projectively equivalent, then their conjugate con-
nections (with respect to g) have identical pre-geodesics (identical shape).

Recall that when the two Riemannian metric g, ¢’ are conformally equivalent, i.e.,
there exists a function 7 such that

’ 2T
glj =e glj9
then their respective Levi-Civita connections I/ and I” are related via

ﬁij,k = Tjjx — (B gij + Q) gix + (i) gji.-

(This relation is obtained by directly substituting in the expressions of the corre-
sponding Levi-Civita connections.) This motivates the definition of the more general
notion of conformally-projectively equivalent of two statistical structures (I, g, I")
and (M, ¢', I'’), through the existence of two functions v, ¢ such that:

gij (1.8)
ij/',k = 1] k— (3k¢)gu + (a/¢)gtk + (O ¢)g]k (1.9)

When ¢ = const (or ) = const), then the corresponding connections are projectively
(dual-projectively, resp) equivalent.

1.2.3 Equiaffine Structure and Parallel Volume Form

For a restrictive set of connections, called “equiaffine” connections, the manifold
O may admit, in a unique way, a volume form §2(x) that is “parallel” under the
given connection. Here, a volume form is a skew-symmetric multilinear map from n
linearly independent vectors to a non-zero scalar at any point x € 97, and “parallel”
is in the sense that V§2 = 0, or (0;£2)(0y, . .., 0,) = 0 where

Di82)(D1, ... 0) = 02D, ....0n) = D_R(.... V01 ...).
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Applying (1.2), the equiaffine condition becomes

(20, ...,0)) = ZQ(...,erak, )
=1 k=1

=D D TR0 ... 00 =R20.....0) > T}
=1

I=1 k=1

or

Zriﬁ(x) - M. (1.10)
; Oox!

Whether or not a connection is equiaffine is related to the so-called Ricci tensor
Ric, defined as the contraction of the Riemann curvature tensor R

Ric;(x) = Z RE; (). (1.11)
k

For a torsion-free connection Fl]" = ij, we can verify that

. . 0 0
Ricjj —Ricji = == (z I}f(x)) e (Z Fiﬁ(X)) (1.12)
1 1
= > R
k

One immediately sees that the existence of a function 2 satisfying (1.10) is equivalent
to the right side of (1.12) to be identically zero.

Making use of (1.10), it is easy to show that the parallel volume form of a
Levi-Civita connection I is given by

2(x) = ,/detlgy(x)].

Making use of (1.7), the parallel volume forms §2, 2* associated with I" and I'*
satisfy (apart from a multiplicative constant which must be positive)

2(x) 2*(x) = (2(x))* = det[g;(x)]. (1.13)
The equiaffine condition can also be expressed using a quantity related to the

cubic form Cj. We may introduce the Tchebychev form (also known as the first
Koszul form), expressed in the local coordinates,

Ti=> Cug". (1.14)
ik
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A tedious calculation shows that

ﬁ‘ﬁ—w(gﬂi)‘ﬁ@ﬂf ’

the righthand side of (1.12). Therefore, an equivalent requirement for equiaffine
structure is that Tchebychev 1-form T is “closed”:

o1, I,

- = . 1.15
ox/ Ox! ( )

This expresses the integrability condition. When Eq. (1.15) is satisfied, there exits a
function ¢ such that 7; = 0;7. Furthermore, it can be shown that

T= —210g(.Q/§).

Proposition 1 ([13, 25]) The necessary and sufficient condition for a torsion-free
connection V to be equiaffine is for any of the following to hold:

There exists a V-parallel volume element §2 : V§2 = 0.

Ricci tensor of V is symmetric: Ric;j = Rig;.

Curvature tensor Y ; Rt wij = O-

The Tchebychev 1-form T is closed, dT = 0.

There exists a function T, called Tchebychev potential, such that T; = O;T.

A

It is known that the Ricci tensor of the Levi-Civita connection is always
symmetric—this is why Riemannian volume form 2 always exists.
1.2.4 o-Structure and o-Hessian Structure

On a statistical manifold, one can define a one-parameter family of affine connections
'@ called “a-connections” (o« € R):

1+« 1 -«
Fz](a)k 5 sz + TF’/*k (1.16)

Obviously, I ©) — [ is the Levi-Civita connection. Using cubic form, this amounts
to V(®g = aC. The a-parallel volume element is given by:

o~

QW =¢2"Q

where 7 is the Tchebychev potential. The Riemannian volume element Q is only
parallel with respect to the Levi-Civita connection V of g, that is, V£ = 0, but not
other a-connections (o # 0). Rather, V(® Q2(®) =0,
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It can be further shown that the curvatures Ry, R;‘kij for the pair of conjugate
connections I", I'™* satisfy
Riij = R;}CU'

So, I' is flat if and only if I"* is flat. In this case, the manifold is said to be “dually
flat”. When I, I'* are dually flat, then '@ js called “a-transitively flat” [21]. In
such case, {M, g, I" @ r (_O‘)} is called an a-Hessian structure [26]. They are all
compatible with a metric g that is induced from a strictly convex (potential) function,
see next subsection.

For an a-Hessian manifold, the Tchebychev form (1.14) is given by

- Olog(det[gul)
t Oxt

and its derivative (known as the second Koszul form) is

OTi  9*log(det[gu])

Py = o OxtOx/

1.2.5 Biorthogonal Coordinates

A key feature for a-Hessian manifolds is biorthogonal coordinates, as we shall dis-
cuss now. They are the “best” coordinates one can have when the Riemannian metric
is non-trivial.

Consider coordinate transform x — u,

i_a_ li
a:a_u,» 8u8x ZF@[

where the Jacobian matrix F is given by

au,’ 1
Fij(0 = ==, Fi(u) = ZF,,F’J = (1.17)

where éf is Kronecker delta (taking the value of 1 when i = j and O otherwise). If the
new coordinate system u# = [u1, ..., u,] (with components expressed by subscripts)
is such that

Fij(x) = gii(x), (1.18)

then the x-coordinate system and the u-coordinate system are said to be “biorthogo-
nal” to each other since, from the definition of metric tensor (1.1),
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9(0:, ) = g0, Y Fop =" Flig0, ) =D Flgy = 4.
I I !
In such case, denote ) o
g’ (w) = g(2', 9, (1.19)
which equals F i the Jacobian of the inverse coordinate transform u > x. Also

introduce the (contravariant version) of the affine connection I" under u-coordinate
and denote it by an unconventional notation I defined by

Varas — z Ftrsat;
t
similarly I, is defined via

VS,-@S — Z E*rsat'
t

The covariant version of the affine connections will be denoted by superscripted I
ri*w = g(Ved, 8", 7w = g(V5d, 8. (1.20)

The affine connections in #-coordinates (expressed in superscript) and in x-coordinates
(expressed in subscript) are related via

ox" Ox* Pk \ Ouy
r’s = — T ] — 1.21
¢ Zk: ¥ Ouj Ouj Y )+ Ou,-Ouy | Oxt (1-21)
and . 5,
ox" 0x® Ox X
rs,t — L.
) = % B 0w o 4O+ G (1.22)

Similarly relations hold between I7**(u) and Flj*k (x), and between I'*"5'(y) and
Iy 0.
In analogous to (1.7), we have the following identity

62xt _ agrt )

_ st K18, 1
Ougdu,  Oug =+ ).

Therefore, we have

Proposition 2 Under biorthogonal coordinates, a pair of conjugate connections
r, I'* satisfy
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=y = =" g" g wyg" ) p(x) (1.23)
i,j,k

and

IFPw) == ). (1.24)
i

Let us now express parallel volume forms £2 (x), 2 («) under biorthogonal coor-
dinates x or u. Contracting the indices ¢ with r in (1.24), and invoking (1.10), we
obtain

alog SZ*(u) Z ox 8log.§2(x) 8log.Q*(u) n dlog 22 (x)

=0.
814; .X aus 8”&
After integration,
2*(u) 2(x) = const. (1.25)
From (1.13) and (1.25),
2 (u) 2% (x) = const. (1.26)

The relations (1.25) and (1.26) indicate that the volume forms of the pair of conjugate
connections, when expressed in biorthogonal coordinates respectively, are inversely
proportional to each other.

The I"“-parallel volume element £2(*) can be shown to be given by (in either x

and u coordinates)
1 +a

R = o3 (enH "
Clearly,

2@ )25 (x) = detlgy(x)] < 2@ w2 (u) = det[g” (u)].

1.2.6 Existence of Biorthogonal Coordinates
From its definition (1.18), we can easily show that

Proposition 3 A Riemannian manifold with metric g; admits biorthogonal

911

coordinates if and only zf is totally symmetric

0gy(x) _ dgw®)

ok oW (127

That (1.27) is satisfied for biorthogonal coordinates is evident by virtue of (1.17)
and (1.18). Conversely, given (1.27), there must be n functions u;(x),i =1,2,...,n
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such that D) i)
Uilk) N — ey — CHY
o gij(x) = gji(x) = o

The above identity implies that there exist a function @ such that u; = 0;® and, by
positive definiteness of g;;, @ would have to be a strictly convex function! In this
case, the x- and u-variables satisfy (1.37), and the pair of convex functions, @ and
its conjugate @, are related to gij and g" by

0P (u)
8ui8uj '

5P (x)
Oxtox/

gij(x) = s gl =

It follows from the above Lemma that a necessary and sufficient condition for
a Riemannian manifold to admit biorthogonal coordinates it that its Levi-Civita
connection is given by

1

fij,k(x) = (

Ogit ~ Ogjk 395/) 1 gy
2 * -

ox | oxi oxk) T 20xk
From this, the following can be shown:

Proposition 4 A Riemannian manifold {M, g} admits a pair of biorthogonal coor-
dinates x and u if and only if there exists a pair of conjugate connections v and ~*
such that ;j 1 (x) = 0, "> (u) = 0.

In other words, biorthogonal coordinates are affine coordinates for the dually-flat
pair of connections. In fact, we can now define a pair of torsion-free connections by

Vi k() =0 7,00 = S

and show that they are conjugate with respect to g, that is, they satisfy (1.6). This is
to say that we select an affine connection « such that x is its affine coordinate. From
(1.22), when ~v* is expressed in u-coordinates,

0xt 095 ) 99" (W)
Ou; Oxk Ou,

Y ) = g7 g )

ij.k

oo 0P\ 09w
izj:g (u)( o glj(x))+ T

js ts
__y g | drw
J

Ouy ou,

This implies that u is an affine coordinate system with respect to ~v*. Therefore,
biorthogonal coordinates are affine coordinates for a pair of dually-flat connections.
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1.2.7 Symplectic, Complex, and Kdihler Structures

Symplectic structure on a manifold refers to the existence of a closed, non-degenerate
2-tensor, i.e., a skew-symmetric bilinear map w: W x W — R, with w(X,Y) =
—w,X) forall X,Y e W C R2", For w to be well-defined, the vector space
W is required to be orientable and even-dimensional. In this case, there exists a
base {e1, ..., en, f1,...,fu} of W, dim(W) = 2n such that w(e;, ¢j) =0, w(fi, fj) =
0, w(e;, fj) = ¢;; for all indices i, j taking valuesin 1, ..., n.

Symplectic structure is closely related to inner-product structure (the existence of
a positive-definite symmetric bilinear map G: W x W — R) and complex structure
(linear mapping J: W — W such that J> = —Id) on an even-dimensional vector
space W. The complex structure J on W is said to be compatible with a symplectic
structure w if w(JX, JY) = w(X, Y) (symplectomorphism condition) and w(X, JY) >
0 (taming condition) for any X, Y € W. With w, J given, G(X, Y) = w(X, JY) can
be shown to be symmetric and positive-definite, and hence an inner-product on W.

The cotangent bundle 7 *9 of any manifold 9t admits a canonical symplectic
form written as

n
w= dei A dpi,
i=1

where (xl, e, X" p1, ..., pp) are coordinates of 7*IN. That w is closed can be
shown by the existence of the tautological (or Liouville) 1-form

n
a= Zpidxi
i=1

(which can be checked to be coordinate-independent on 7*90) and then verifying
w = —da. Hence, w is also coordinate-independent. Denote 0; = 9/0x", 9; = J/0p;
as the base of the tangent bundle 790, then

W(0i, O) = w(0in D) = 0; w(dh, ) = —w(T}, ) = wy. (1.28)

That is, when viewed as 2 x 2 blocks of n x n matrix, w vanishes on diagonal blocks
and has non-zero entries w;; and —wj; only on off-diagonal blocks.
The aforementioned linear map J of the tangent space 7,97t ~ W at any point
xeMm o
J:JO; = 31',./3,' = -0,

gives rise to an “almost complex structure” on 7T, 991. For 791 to be complex, that
is, admitting complex coordinates, an integrable condition needs to be imposed for
the J-maps at various base points x of 21, and hence at various tangent spaces 7,901,
to be “compatible” with one another. The condition is that the so-called Nijenhuis
tensor N



1 Divergence Functions and Geometric Structures 15
NX,Y)=[UX,JY]-J[X,JY]-JJX, Y] - [X,Y]

must vanish for arbitrary tangent vector fields X, Y.
The Riemannian metric tensor G on 7 91 compatible with w has the form

Gy =G, ) =0;

Gij = G(0;, 0) = 0;

Gij = G(9;, ) = g;j

Gy = G, 5,‘) = gij-

where i’ = n+i,j = n+j and i, j takes values in 1, ..., n. When viewed as
2 x 2 blocks of n x n matrix, G vanishes on the off-diagonal blocks and has non-zero
entries g;; only on the two diagonal blocks. Such a metric on 791 is in the form of
Sasaki metric, which can also result from an appropriate “lift” of the Riemannian
metric on 91 into 79N, via an affine connection on 7 9% which induces a splitting
of 779, the tangent bundle of 791 as the base manifold. We omit the technical
details here, but refer interested readers to Yano and Ishihara [22] and, in the context
of statistical manifold, to Matsuzoe and Inoguchi [12].

Itis a basic conclusion in symplectic geometry that for any symplectic form, there
exists a compatible almost complex structure J. Along with the Riemannian metric,
the three structures (G, w, J) are said to form a compatible triple if any two gives
rise to the third one. When a manifold has a compatible triple (G, w, J) in which
J is integrable, it is called a Kédhler manifold. On a Kdhler manifold, using complex
coordinates, the metric G associated with the complex line-element

ds* = Gyd7 d7,
is given by
.. 0
Gij(z,2) = EEr

Here the real-valued function @ (of complex variables) is called the “Kéihler poten-
tial”.

It is known that the tangent bundle 799t of a manifold 9t with a flat connection
on it admits a complex structure [7]. As [18] pointed out, Hessian manifold can be
seen as the “real” Kdhler manifold.

Proposition 5 ([7]) N, g, V) is a Hessian manifold if and only if (TN, J, G) is a
Kdhler manifold, where G is the Sasaki lift of g.
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1.3 Divergence Functions and Induced Structures

1.3.1 Statistical Structure Induced on Tt

A divergence function D: M x 9 — R on a manifold 27 under a local chart
V C R" is defined as a smooth function (differentiable up to third order) which
satisfies

(i) D(x,y) = 0 Vx,y € V with equality holding if and only if x = y;
(i) Di(x,x) =Dj(x,x) =0,Vi,je{l,2,...,n}
(iii) —D; j(x, x) is positive definite.

Here Dji(x,y) = 0,:D(x,y), D.i(x,y) = ayiD(x, y) denote partial derivatives with
respect to the i-th component of point x and of point y, respectively, D; j(x,y) =
0,i0,;D(x, y) the second-order mixed derivative, etc.

On a manifold, divergence functions act as “pseudo-distance” functions that are
non-negative but need not be symmetric. That dualistic Riemannian manifold struc-
ture (i.e., statistical structure) can be induced from a divergence function was first
demonstrated by S. Eguchi.

Proposition 6 ([8, 9]) A divergence function D induces a Riemannian metric g and
a pair of torsion-free conjugate connections I', I'* given as

9i(0) = = Dij(x, y)],_y;
Ljx(x) = — Dij,k(x’)’)|x:y;
I &) = — Dk,zjj(x,y)|x=y.

It is easily verifiable that I7; «, I“I* ¢ as given above are torsion-free® and satisfy
the conjugacy condition with respect to the induced metric g;;. Hence {9, g, I, I'*}
as induced is a “statistical manifold’ [10].

A natural question is whether/how the statistical structures induced from different
divergence functions are related. The following is known:

Proposition 7 ([14]) Let D be a divergence function and 1, ¢ be two arbitrary
functions. If D' (x, y) = eVt D(x, y), then D' (x, y) is also a divergence function,
and the induced (M, ¢', I'") and (M, g, I') induced from D(x, y) are conformally-
projectively equivalent. In particular, when ¢(x) = const, then I'' and T are
projectively equivalent; when 1»(y) = const, then I'' and I' are dual-projectively
equivalent.

3 Conjugate connections which admit torsion has been recently studied by Calin et al. [5] and
Matsuzoe [15].
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1.3.2 Symplectic Structure Induced on 91t x 9t

A divergence function D is given as a bi-variable function on 27 (of dimension ). We
now view it as a (single-variable) function on 9t x 91 (of dimension 2n) that assumes
zero value along the diagonal Agy C 21 x 9. In this subsection, we investigate the
condition under which a divergence function can serve as a “generating function”
of a symplectic structure on 9t x 91. A compatible metric on 9T x M will also be
derived.

First, we fix a particular y or a particular x in 9T x 991—this results in two
n-dimensional submanifolds of 91 x 91 that will be denoted, respectively, I, >~ I
(with y point fixed) and 91, ~ 9 (with x point fixed). Let us write out the canonical
symplectic form w, on the cotangent bundle 7 *91, given by

wy = dx' A dE.
Given D, we define a map Lp from 9 x M — T*M,, (x,y) — (x, &) given by
Lp: (x,y) — (x, Di(x, y)dx').
(Recall that the comma separates the variable being in the first slot versus the second

slot for differentiation.) It is easy to check that in a neighborhood of the diagonal
Agit C M x 9N, the map Lp is a diffeomorphism since the Jacobian matrix of the

map
d;j Djj
0 D,
is non-degenerate in such a neighborhood of the diagonal Agy.
We calculate the pullback of this symplectic form (defined on 7 *91,) to 90t x 9:

Ly wy = Ly, (dx' Ad€') = dx' AdDj(x,y)
= dx' A (Dyi(x,y)d¥ + D;jdy) = D;j(x, y)dx' Ady.
(Here Dydx' A dx' = 0 since Djj(x, y) = Dji(x, y) always holds.)

Similarly, we consider the canonical symplectic form wy = dy' Adn' on M, and
define a map Rp from M x M — T*M,, (x,y) — (v, n) given by

Rp: (x,y) = (0. D,i(x, n)dy).
Using Rp to pullback wy to M x 9N yields an analogous formula:

Rpwy = —D; j(x, V)dx' A dy.
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Therefore, based on canonical symplectic forms on 7*9, and 7*91,, we
obtained the same symplectic form on 9t x 901

wp(x,y) = —D;j(x, y)dx' A dy. (1.29)

Proposition 8 A divergence function D induces a symplectic form wp (1.29) on
M x M which is the pullback of the canonical symplectic forms wy and wy by the
maps Lp and Rp

L wy = D j(x, y)dx' Ady = —Rfwy (1.30)

It was Barndorff-Nielsen and Jupp [3] who first proposed (1.29) as an induced
symplectic form on 9t x 9, apart from a minus sign; the divergence function D was

called a “york™. As an example, Bregman divergence Be (given by (1.33) below)
induces the symplectic form > @;;dx" A dy'.

1.3.3 Almost Complex Structure and Hermite Metric on 90t x 9

An almost complex structure J on 1 x 9 is defined by a vector bundle isomorphism
(from T (9 x M) to itself), with the property that J> = —Id. Requiring J to be
compatible with wp, that is,

wp(UX,JY) =wpX,Y), VX, Y € T, (M x M),
we may obtain a constraint on the divergence function D. From
(0 8) (1818) (6 6) (6 8)
w —_—, = | =W —, = | =W —_—, = | = W —_—, =,
D\oxi oy D\ o oy P\oyi”  ow D\ o’ oyl

we require

D;; = Dj,, (1.31)
or explicitly ) )
0°D 0°D
oxidy — Ox Oyl

Note that this condition is always satisfied on Agy, by the definition of a diver-
gence function D, which has allowed us to define a Riemannian structure on Agy
(Proposition 6). We now require it to be satisfied on 9t x 91 (at least a neighborhood
of Agn).

For divergence functions satisfying (1.31), we can consider inducing a metric Gp
on M x IM—the induced Riemannian (Hermit) metric Gp is defined by

Gp(X,Y) = wp(X, JY).
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It is easy to verify Gp is invariant under the almost complex structure J. The metric
components are given by:

Gi—conl(l. 2 N W (L NN
P="P\oxi ow ) =P \ox " an ) T P\awi oy ) T T
6o (2 ) —n (20 2) -

I =IPN gy oy ) TP\ oy oy ay 8x1

o (a a) 0,0 (a 9

il = —, — | = —, | = W —.,——

= ID\ 9y By P\ oxi " by P\ox’ ~ ov

G O IV (279 Youp (2. 0
TEIP\ Gy o ) T P\ oy o oy’ oy

So the desired Riemannian metric on 9t x M is

Gp = —D;j (dx"dxf + dyidy/).

So for Gp to be a Riemannian metric, we require —D; ; to be positive-definite.

We call a divergence function D proper if and only if —D; ; is symmetric and
positive-definite on 99 x 91. Just as any divergence function induces a Riemannian
structure on the diagonal manifold Agy of 9T x 90, any proper divergence function
induces a Riemannian structure on 9t x 21 that is compatible with the symplectic
structure wp on it.

1.3.4 Complexification and Kdihler Structure on It x M

We now discuss possible existence of a Kihler structure on the product manifold
M x M. By definition,

ds®> = Gp — vV—lwp
— Dy, (dxf ®dd +dy ® dyf) +V=ID;j (dx" Qdy —dy' ® dxf)
= —Dyj (&' + V=Tay') @ (v — V=) = ~Dijde’ @ a7,

Now introduce complex coordinates z = x + /—1y,

) =D(z,2),

D(x,y>=D(ﬂ S

"2/—1
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SO

0*D _1@%+D0_j,yﬁ
7oz — 4V T T 29707
If D satisfies
D,’j + D,ij = Ii'D,”j (1.32)

where x is a constant, then 9T x 9 admits a Kéhler potential (and hence Dis a
Kihler manifold)

?D . ,
r di @ d7 .

ds?> = = —
S = 20707

1.3.5 Canonical Divergence for Hessian Manifold

On dually flat (i.e., Hessian) manifold, there is a canonical divergence as shown
below. Recall that the Hessian metric

8P (x)

9 = Gaipw

and the dual connections

PP (x)

Fij,k(x) =0, I—Lj,k(x) = W

are induced from a convex potential function @. In the (biorthogonal) u-coordinates,
these geometric quantities can be expressed as

PP (u)
Ou;OujOuy”

92P (u)

’ ik =0, ik —
Do (u) (u)

9’ (w) =

where @ is the convex conjugate of @.
Integrating the Hessian structure reveals the so-called Bregman divergence
B (x, y) [4] as the generating function:

Bg(x,y) = @(x) — @(y) — (x =y, 0D(y)) (1.33)
where 0@ = [01D, ..., 0,@] with 0; = d/0x" denotes the gradient valued in

the co-vector space R", and (-, -), denotes the canonical pairing of a point/vector
x=[x',....,x" e R"and a point/co-vector u = [uy, ..., u,] € R, (dual to R"):

(xou)y = > x'u;. (1.34)
i=1
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(Where there is no danger of confusion, the subscript # in (-, -), is often omitted.)
A basic fact in convex analysis is that the necessary and sufficient condition for a
smooth function @ to be strictly convex is

Bo(x,y) >0 (1.35)

forx #y. o
Recall that, when @ is convex, its convex conjugate @: V C R, — R is defined
through the Legendre transform:

@ (u) = ((00) " (), u) — (D) (w)), (1.36)

with 5 = @ and () = (OP)~'. The function @ is also convex, and through
which (1.35) precisely expresses the Fenchel inequality

D(x)+ P(u) — (x,u) >0

foranyx e V,u € V, with equality holding if and only if

u=OP)(x) = (0D) ' (x) <> x = (OP) () = (OP) ' (), (1.37)

or, in component form, B
09 ;0 38
u; = % <—> X = 8_ul . ( . )

With the aid of conjugate variables, we can introduce the “canonical divergence”
Ap:VxV - Ry (and Az: V xV — Ry)

Ap (x,v) = &(x) + D) — (x,v) = Ag (v, x).
They are related to the Bregman divergence (1.33) via

Bo (x, (00)'(1) = Aa (x,v) = Bz (0P)(x), ).

1.4 Dg-Divergence and Its Induced Structures

In this section, we study a particular parametric family of divergence functions,
called Dy, induced by a strictly convex function @, with « as the parameter. This
family was first introduced by Zhang [23], who showed that it included many familiar
families (see also [27]). The resulting geometric structures will be studied below.
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1.4.1 Dg-Divergence Functions

Recall that, by definition, a strictly convex function @: V C R" — R, x > & (x)
satisfies

1 —«

1 - 1
q>(x)+¥<b(y)—¢( Zo‘x+ J;ay)>0 (1.39)

for all x # y for any || < 1 (the inequality sign is reversed when |a| > 1). Assume
@ to be sufficiently smooth (differentiable up to fourth order).

Zhang [23] introduced the following family of function on V' x V as indexed by
aelR

4 11—« 1+« l—a 1+«
Dgl)(x,y) = 5 (—(D(x)—l—T(I)(y)—q)( x+—y)).

-« 2 2 2
(1.40)

From its construction, Dé? ) (x, y) is non-negative for || < 1 due to Eq.(1.39), and
for |a] = 1 due to Eq.(1.35). For |a| > 1, assuming (5% + 132y) € V, the
non-negativity of Df;) (x, y) can also be proven due to the inequality (1.39) reversing
its sign. Furthermore, Dgl) (x, y) is defined by taking limg,—, +1:

DY (x,y) = Dy V(1,0 = Balx,y),
DSV, y) = DY (v, x) = Ba(y, x).

Note that Dfpa ) (x, y) satisfies the relation (called “referential duality” in [24])

DY (x,y) = DY (3, %),

that is, exchanging the asymmetric status of the two points (in the directed distance)
amounts to a <> —a.

1.4.2 Induced o-Hessian Structure on TONt

We start by reviewing a main result from [23] linking the divergence function
’Dgl ) (x, y) defined in (1.40) and the a-Hessian structure.
Proposition 9 ([23]) The manifold {M, g(x), '™ (x), '~ (x)}* associated with
D((;) (x,y) is given by

gij(x) = @y; (141)

4 The functional argument of x (or u-below) indicates that x-coordinate system (or u-coordinate
system) is being used. Recall from Sect. 1.2.5 that under x (u, resp) local coordinates, g and I, in
component forms, are expressed by lower (upper, resp) indices.



1 Divergence Functions and Geometric Structures 23

and 1 1+
, — (0%
Iy e = —— P Iy e = —— Pii. (1.42)

Here, ®;j, @y denote, respectively, second and third partial derivatives of @ (x)

02D (x) o Pd(x)

YT oxiond k= Oxion Oxk

Recall that an a-Hessian manifold is equipped with an a-independent metric and
afamily of a-transitively flat connections I' ) (i.e., I satisfying (1.16) and I" 1)
are dually flat). From (1.42),

*(a) _ (=)
Lk =Tk
with the Levi-Civita connection given as:

~ 1
T r(x) = 3 Dij.

Straightforward calculation shows that:
Proposition 10 ([26]) For a-Hessian manifold {9, g(x), I'® (x), ' (x)},

(i) the Riemann curvature tensor of the a-connection is given by:

1—a?
T 2 @i P — iy )W = R ().

ING

(@)
Rlu/ij () =

with Wi being the matrix inverse of ®;;
(ii) all a-connections are equiaffine, with the a-parallel volume forms (i.e., the
volume forms that are parallel under o-connections) given by

W (x) = det[D;(0)] " .

Itis worth pointing out that while D¢ -divergence induces the a-Hessian structure,
itis notunique, as the same structure can arise from the following divergence function,
which is a mixture of Bregman divergences in conjugate forms:

1—
2

I+

zan)(y,x).

an)(X, y) +
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1.4.3 The Family of a-Geodesics

The family of auto-parallel curves on a-Hessian manifold have analytic expression.

From . .
d’x! N i(a) X d* _
ds? = K ds ds

and substituting (1.42), we obtain

Z‘p d2xi+l—az(p dx/ dxk 0 dzq) 1—a 0
f— —_— p—— —— — <> — X = V.
: k52 2 & i%ds ds ds?2 *\ 2

So the auto-parallel curves of an c-Hessian manifold all have the form

1—
Dy ( 3 ax) = dFs(@ 4 pk

where the scalar s is the arc length and ak, bk, k =1,2...,n are constant vectors
(determined by a point and the direction along which the auto-parallel curve flows
through). For a = —1, the auto-parallel curves are given by u¥ = @ (x) = as + bk
are affine coordinates as previously noted.

1.4.3.1 Related Divergences and Geometries
Note that the metric and conjugated connections in the forms (1.41) and (1.42) are

induced from (1.40). Using the convex conjugate @: V — R given by (1.36), we
introduce the following family of divergence functions ng) (x, y) defined by

Dy (x.y) = D (92)(x), (9) ()

Explicitly written, this new family of divergence functions is

~(@) _ l—o ~ 1 +a ~
Dg (x,y) = (—2 Q0P (x)) + — Q0P (y)

1 —a?

(1 1+
By (Ta P (x) + Taaqb(y))) .

Straightforward calculation shows that ﬁg) (x, y) induces the a-Hessian structure
(M, g, I @) where I'FY are given by (1.42); that is, the pair of
a-connections are themselves “conjugate” (in the sense of « <> —«) to those induced
by DY (x, y).
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If, instead of choosing x = [x!, ..., x"] as the local coordinates for the manifold
9N, we use its biorthogonal counterpart u = [uy, ..., u,] related to x via (1.38) to

index points on M. Under this u-coordinate system, the divergence function Df;“)
between the same two points on M becomes

DY (u,v) = D (0®) (w), (9B)(v)).
Explicitly written,

B ) = —— (1‘_0‘ @((Mylww”T%((a@yl(v))

11—« 2
(395) (V)))

(1
—
Proposition 11 ([23]) The «-Hessian manifold {9, g(u), I'“ (u), I'~Y (u)}
associated with ’Dgy ) (u,v) is given by

97wy = ¥ (u), (1.43)

1+

r@key = "~ L Gk @ik ) —2 i, (1.44)

a2q>(u) Fik () = DD (u)

l] - 7
¢ ) = au,(’?uj ’ Ou;OujOuy.”

We remark that the same metric (1.43) and the same «-connections (1.44) are
induced by Dga) (u,v) = Dg) (v, u)—this follows as a simple application of Eguchi
relation.

An application of (1.23) gives rise to the following relations:

rOm™iu = =3 g"wg" wg" wry” w,

i,j,k
rHeml @y = =" g™ w)g" w g w5 v,
ij,k
ROy = " g% g g™ (w)g”" RS, ().
i,V

The volume form associated with I" @ is

W@ () = det[BV )] 2
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Table 1.1 Various

divereence functions under Divergence function Induced geometry

Dot : @ ] @ (0
iorthogonal coordinates x or Dy (x,y) (@), @)@, @)}

uand their induced DL ((99)(x). (9) (7)) @i(x). I' (), ()@}

; {
geometries Dg) (u, v) {{5!7(,4)’ I(u)=, F(u)(a)}
{

DY ((09)(x), (0D)(y)) U(w), '), I ()=}

When o« = +£1, 23;1 ) (u, v), as well as 13(%1) (x, y) introduced earlier, take the form
of Bregman divergence (1.33). In this case, the manifold is dually flat, with Riemann
curvature tensor R;j;l]/) () = REDKmn oy — (),

We summarize the relations between the convex-based divergence functions and
the geometry they generate in Table 1.1. The duality associated with o <> —a is
called “referential duality” whereas the duality associated with x < u is called

representational duality [23, 24, 27].

1.4.4 Induced Symplectic and Kahler Structures on 99t x 9

With respect to the Dg-divergence (1.40), observe that

11—« 14+« _ 11—« 1+« 1—oz_l+oz 2\ A, -
@( et — y)—cD(( Tt j)z)_aﬁ .3,
(1.45)

we have

PP 1 + o? l—a 14« l—a I14+a)_
— = q)g( + z+ - z)
07'07 8 4 4/—1 4 4/—1
which is symmetric in 7, j. Both (1.31) and (1.32) are satisfied. The symplectic form,
under the complex coordinates, is given by

l—a 14a\, ; . 4/-10%0@® .
w ,]( >t — ) X' A dy o2 aiag % 7

and the line-element is given by

8 026

= ——di d_..
[+ o oigg 2 ®F%

ds®
Proposition 12 ([28]) A smooth, strictly convex function ®@: dom(®) C M — R
induces a a family of Kdihler structure (I, w®@, GV defined on dom(®) x
dom(®) C M x M with
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1. the symplectic form w'® is given by
w@® = <Dl§9)dxi Ady
which is compatible with the canonical almost complex structure J
WYX, JY) = w @ (X, Y),

where X, Y are vector fields on dom® x dom(®);
2. the Riemannian metric G'©), compatible with J and w'™ above, is given by @i(ja)

@) 1 i i -
G = @ (dx'dd + dy'dy);
3. the Kdihler structure

8 9’

2a) _ g ;i =j _
ds = ch.j d7' @ d7 = Lo 0007

with the Kdhler potential given by

®@(z, 7).

1+ a?
H ¢(a) =@ 1—a 14+«
ere, i = Pj (—2 x+—2 y).

For the diagonal manifold Agy = {(x, x) : x € 9}, a basis of its tangent space
T(x,x) Agn can be selected as

1 6+8)
e = —(— -—).
J2 Oxt Oy

The Riemannian metric on the diagonal, induced from G is

G (e, ¢)limy = (G, e; @ ¢))
[ 1o 8
(@) g k ! k !
= (@, (d d d ), —(— + — —(— + =
(@ @ @d +dyt @ d), —5 (55 + 5D ® 555+ 55)
= (p’;a)(x’ x) = (pl](x)’

where («, a) denotes a form « operating on a tensor field a. Therefore, restricting to
the diagonal Agy, ¢! reduces to the Riemannian metric induced by the divergence
D((;) through the Eguchi method.

We next calculate the Levi-Civita connection I associated with G(®). Denote
¥ = yi , and that
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8 o 9 o 9
T =G99 vVy —, —)=GY(vs —,—=).
ik ( o O axk’) Wi Ox Ok

and so on. The Levi-Civita connection on 99t x I is

(@) (@)
Fo o 1(5@%) 0Gy_ 90"\ _1-a @
ik =5\ "oy Ox't Oxk 4 Uk
() () ()
oo 1(3Gikf 0Gy,  9Gy ) _ ta
K=o\ ow Oxt Oxk 4 ik

Ao a_ 1(0GY oGy 0GP\ 1-a
A A E( ox | ox  0F ) -

Ao fo LG 9GE 9GEN 1+a
ik = ij/k_§< Oxl’ oxi  oxk )_

, (@) (@
Fou = l(aGﬁ) 9Gji Gy )- SRS PACY
k= o ox oxk )4 Tk
(@) (@)
For — 1(565(/? 8Gyy  0Gy; ) _lta o
K=oy Ox¥ oxk ) 4 Tk

1.5 Summary

J. Zhang

In order to construct divergence functions in a principled way, this chapter consid-
ered the various geometric structures on the underlying manifold 97 induced from
a divergence function. Among the geometric structures considered are: statistical
structure (Riemannian metric with a pair of torsion-free dual connections, or by
simple construction, a family of a-connections), equiaffine structure (those connec-
tions that admit parallel volume forms), and Hessian structure (those connections
that are dually flat)—they are progressively more restrictive: while any divergence
function will induce a statistical manifold, only canonical divergence (i.e., Bregman
divergence) will induce a Hessian manifold. Lying in-between these extremes is the
equiaffine a-Hessian geometry induced from, say, the class of Dg-divergence. The
a-Hessian structure has the advantage of the existence of biorthogonal coordinates,
induced from the convex function @ and its conjugate; these coordinates are conve-
nient for computation. It should be noted that the above geometric structures, from
statistical to Hessian, are all induced on the tangent bundle 791 of the manifold 97t

on which the divergence function is defined.
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On the cotangent bundle 7*9 side, a divergence function can be viewed as a
generating function for a symplectic structure on 9t x 91 that can be constructed in
a “canonical” way. This imposes a “properness” condition on divergence function,
stating that the mixed second derivatives of D(x, y) with respect to x and y must
commute. For such divergence functions, a Riemannian structure on 9t x 2 can
be constructed, which can be seen as an extension of the Riemannian structure on
Agp C 9 x M. If a further condition on D is imposed, then 9T x M may be
complexified, so it becomes a Kihler manifold. It was shown that D¢ -divergence
[23] satisfies this Kéhlerian condition, in addition to itself being proper—the Kéhler
potential is simply given by the real-valued convex function @. These properties,
along with the a-Hessian structure it induces on the tangent bundle, makes D¢
a class of divergence functions that enjoy a special role with “nicest” geometric
properties, extending the canonical (Bregman) divergence for dually flat manifolds.
This will have implications for machine learning, convex optimization, geometric
mechanics, etc.
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Chapter 2

Geometry on Positive Definite Matrices
Deformed by V-Potentials and Its Submanifold
Structure

Atsumi Ohara and Shinto Eguchi

Abstract In this paper we investigate dually flat structure of the space of positive
definite matrices induced by a class of convex functions called V-potentials, from a
viewpoint of information geometry. It is proved that the geometry is invariant under
special linear group actions and naturally introduces a foliated structure. Each leaf is
proved to be a homogeneous statistical manifold with a negative constant curvature
and enjoy a special decomposition property of canonically defined divergence. As
an application to statistics, we finally give the correspondence between the obtained
geometry on the space and the one on elliptical distributions induced from a certain
Bregman divergence.

Keywords Information geometry + Divergence - Elliptical distribution * Negative
constant curvature + Affine differential geometry

2.1 Introduction

The space of positive definite matrices has been studied both geometrically and
algebraically, e.g., as a Riemannian symmetric space and a cone of squares in Jordan
algebra ([9, 12, 17, 37, 45] and many others), and the results have broad applications
to analysis, statistics, physics and convex optimization and so on.

In the development of Riemannian geometry on the space of positive definite
matrices P, the function ¢(P) = —k log det P with a positive constant k plays a cen-
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tral role. Important facts are that the function ¢ is strictly convex, and that the Riem-
manian metric defined as the Hessian of ¢ and the associated Levi-Civita connection
are invariant under automorphism group actions on the space, i.e., congruent trans-
formations by general linear group [37, 45]. The group invariance, i.e, homogeneity
of the space is also crucial in several applications such as multivariate statistical
analysis [23] and mathematical program called the semidefinite program (SDP) [28,
46].

On the other hand, the space of positive definite matrices admits dualistic geometry
(information geometry [1, 2], Hessian geometry [40]), which involves a certain pair
of two affine connections instead of the single Levi-Civita connection. Then the
geometry on the space not only maintains the group invariance but also reveals
its abundant dualistic structure, e.g., Legendre transform, dual flatness, divergences
and Pythagorean type relation and so on [34]. Such concepts and results have been
proved very natural also in study of applications, e.g., structures of stable matrices
[31], properties of means defined as midpoints of dual geodesics [30], or iteration
complexity of interior point methods for SDP [15]. In this case, the function ¢ is
still an essential source of the structure and induces the dualistic geometry as a
potential function.

The first purpose of this paper is to investigate the geometry of the space of positive
definite matrices induced by a special class of convex functions, including ¢, from
the viewpoints of the dualistic geometry. We here consider the class of functions of
the form Lp(v) = V(det P) with smooth functions V on positive real numbers R,
and call o) a V-potential [32]." While the dualistic geometry induced from the log-
potential ¢ = ¢(~1°9) is standard in the sense that it is invariant for the action of the
every automorphism group, the geometries induced from general V-potentials lose
the prominent property. We, however, show that they still preserve the invariance for
the special linear group actions. On the basis of this fact and by means of the affine
hypersurface theory [29], we exploit a foliated structure and discuss the common
properties of leaves as homogeneous submanifolds.

Another purpose is to show that the dualistic geometry on the space of positive
definite matrices induced from V-potentials naturally corresponds to the geometry
of fairly general class of multivariate statistical models:

For a given n x n positive definite matrix P the n-dimensional Gaussian distribution
with zero mean vector is defined by the density function

1 1
f.P) = exp(=3x"Px = o(P)). ¢(P) = —3 logdet P+ glog 2,

which has a wide variety of applications in the field of probability theory, statistics,
physics and so forth. Information geometry successfully provides elegant geometric
insight, such as the Fisher information metric, e-connection and m-connection, with
the theory of exponential family of distributions including the Gaussian distribution
family [1, 2, 16, 25]. Note that in this geometry, the structure is derived from the

! The reference [32] is a conference paper of this chapter omitting proofs and the whole Sect.2.5.
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so-called Kullback-Leibler divergence (relative entropy) [18] and the log-potential
 again plays a key role through the conjugate convexity.

The Gaussian distribution is naturally extended to a general non-exponential but
symmetric distribution called an elliptical distribution [8, 23, 36] with a density
function of the form

fx, P) = u( - %xTPx — cy/(det P)), u(s) = dZES)’

where U is a convex function on an interval in R with the positive derivative u
and cy(det P) is the normalizing constant. On the family of such distributions we
can introduce a new Bregman divergence called a U-divergence, yielding geomet-
ric counterparts that define natural dually flat geometry of the family. Refer to
[4, 24, 33] for the detail of the U-divergence and its applications. Further, recent
progress as for theory and applications of generalized Gaussian distributions in sta-
tistics or statistical physics can be found in, e.g., [3, 10, 26, 27, 42].

We prove that the geometry of elliptical distributions derived by the U-divergence
coincides with the dualistic geometry on positive definite matrices induced from
the corresponding V-potential. This implies that the various geometric properties
of the family can be translated to those of dualistic geometry induced from the
corresponding V-potential.

In addition to statistical applications it should be noted that the geometry induced
from V-potentials can be applied to derive a class of quasi-Newton update formulas
in the field of numerical optimization [14].

The paper is organized as follows:

Section 2.2 provides basic results on information geometry including the idea of
statistical manifold.

In Sect.2.3, we introduce the V-potential function derive the corresponding
Riemannian metric. The conditions for the V-potential to have the positive definite
Hessian are given.

Section2.4 focuses on the dual affine connections induced from the V-potential
function. It is observed the particular class of potentials called the power potentials
induce GL(n, R)-invariant dual connections while the others generally do not.

In Sect. 2.5, we introduce a foliated structure, which is naturally defined by the
special linear group action, and discuss the geometric properties of its associated
leaves of constant determinants. We show that each leaf is a Riemmanian symmetric
space with respect to the induced Riemannian metric, and that the induced dual
connection is independent of the choice of V-potentials. Further, on the basis of
affine hypersurface theory, each leaf is proved to be a statistical submanifold with
constant curvature. As a consequence, we demonstrate that a new decomposition
theorem of the divergence holds for the leaf and a point outside it.

Section2.6 gives the correspondence between two geometries induced by a
V-potential and U-divergence, as an application to statistics.
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2.2 Preliminary: Information Geometry and Statistical
Manifolds

We recall the basic notions and results in information geometry [2], i.e., dualistic
differential geometry of Hessian domain [40] and statistical manifolds [19-21].

For a torsion-free affine connection V and a pseudo-Riemannian metric g on
a manifold M, the triple (M, V, g) is called a statistical (Codazzi) manifold if it
admits another torsion-free connection V* satisfying

Xg(Y,Z) =g(VxY,Z) + g(Y, VxZ) (2.1)

for arbitrary X, Y and Z in X' (M), where X' (M) is the set of all tangent vector fields
on M. We call V and V* duals of each other with respect to g and (g, V, V*) is said
dualistic structure on M.

A statistical manifold (M, V, g) is said to be of constant curvature k if the cur-
vature tensor R of V satisfies

RX,Y)Z = k{g(Y, Z)X — g(X, 2)Y}.

When the constant & is zero, the statistical manifold is said to be flat, or dually flat,
because the curvature tensor R* of V* also vanishes automatically [2].

For a € R, statistical manifolds (M, V, g) and (M, V', g) are said to be
a-conformally equivalent if there exists a function ¢ on M such that

§X,Y) =es(X,Y)

/ 1+
g(V4Y.Z) = g(VxY.Z) — Tad¢><2>g(x, Y)

1 _
+ Ta{d¢(X)g(Y, Z) +dp(V)g(X. Z)}.

Statistical manifolds (M, V, g) and (M, V', g’) are a-conformally equivalent if and
only if (M, V*, g) and (M, V'*, g’) are —a-conformally equivalent [20]. A statis-
tical manifold (M, V, g) is called a-conformally flat if it is locally a-conformally
equivalent to a flat statistical manifold.

Let {x', ..., x"} be an affine coordinate system of R” with respect to certain basis
vectors and V be the canonical flat affine connection, i.e., Vg ,9,i0/ 0x/ = 0. If the
Hessian g = > (8%¢/0x'0x/)dx'dx/ of a function ¢ on a domain £2 in R” is
non-degenerate, we call (£2, V, g('“/")) a Hessian domain, which is a manifold with
a pseudo-Riemannian metric g?) and an affine connection V. A Hessian domain
(£22,V, g®) is a flat statistical manifold. Conversely, a flat statistical manifold is
locally a Hessian domain [2, 40].

We denote by (y*, x) the pairing of x in R” and y* in the dual space denoted by R},
and define the gradient mapping grady at a point p € 2 by (gradp, X) = dp(X),
identifying X € 7,,§2 with X € R". Since a Hessian domain (£2, V, g(@) possesses
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non-degenerate Hessian g'?), the gradient mapping at p = (x!, --- , x"), expressed
in the dual coordinate system {x{, - - -, x}

gradp: x > x* = (x},--- ,x), xF = dp/0x'

on local neighborhood, is invertible on its image. The conjugate function ©* of x* is
locally defined by

@* (") = (x*, (grad’) ' (")) — p((grad’) " (x*)).

We call the mapping from (x, ) to (x*, ©*) the Legendre transformation. Both
functions ¢ and (* are said potentials. We regard {x}, - - - , x} is another coordinate
system on £2. For a Hessian domain (§2, V, g(‘f’)), the dual connection for V denoted
by *V®) is characterized by the flat connection with the affine coordinate system
{x], -+, x;}. Further, the locally defined Hessian g¥) = 2(8290* / 8x;“8x;‘)dx;“dx;‘
is equal to g(’*a), ie., (2,*V®), g(“") = g(*”*)) is locally a Hessian domain [2].

When the conjugate function ¢* of ¢ can be globally defined on £2, we define the
canonical divergence D® of (£2,V, g(@) by

D@ (p, q) = p(x(p)) + ¢*(x* (@) — (x* (@), x(P))

for two points p and ¢ on §2, where x(-) and x*(-) respectively represent x- and x*-
coordinates of a point -. If g() is positive definite and £2 is a convex domain, then

() DY (p,q) >0 and (i) DP(p,q) =0 p=¢q (2.2)

hold because the unique maximum ¢*(x*(¢)) of sup,e o (x*(q), x(p)) — p(x(p))} is
attained when x(p) = (grady) ™! (x*(¢)) holds.

Conversely, for a function D: M x M — R satisfying two conditions (2.2) for
any points p and ¢ in M, define the positive semidefinite form g, and two affine
connections VP and *V? by

gV, Y) = -DX|Y),
PV, 2) = -DXY(2), P VY, Z) = -DZIXY),  (23)

for X, Y and Z € X' (M), where the notation in the right-hand sides stands for
DXy ---XplY1--- Ym)(p) = (Xl)p ce (Xn)p(Yl)q t (Ym)qD(ps Q)|p:q

for X;, ¥Y; € X(M). If g™ is positive definite, then we call D a divergence or a
contrast function on M. The following result is used in the Sect.2.6.

Proposition 1 ([2, 4]) If D is a divergence on M, then (M, VP gD is q
statistical manifold with the dual connection *V'P).
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2.3 V-Potential Function and Riemannian Metric

Consider the vector space of n x n real symmetric matrices, denoted by Sym(n, R),
with an inner product (X|Y) = tr(XY) for X, Y € Sym(n, R). We identify an element
Y* in the dual space Sym(n, R)* with Y* (denoted by the same symbol) in Sym(n, R)
via (Y*, X) = (Y*|X). Let {E1, ..., Eyu+1)/2} be basis matrices of Sym(n, R), and
consider the affine coordinate system {)c1 ..., xetD/ 2} with respect to them and the
canonical flat affine connection V. Denote by PD(n, R) the convex cone of positive
definite matrices in Sym(n, R).

Let X(PD(n,R)) and TpPD(n,R) be the set of all tangent vector fields on
PD(n,R) and the tangent vector space at P € PD(n, R), respectively. By iden-
tifying E; and the natural basis (0/0x')p, we represent Xp € TpPD(n,R) by
X € Sym(n,R). Similarly we regard a Sym(n, R)-valued smooth function X on
PD(n,R) as X € X (PD(n,R)) via the identification of constant function E;
with 0/0x".

Let 7 denote the congruent transformation by matrices G, i.e., 76X = GXG'.
The differential of 7¢ is denoted by 7¢,. If G is nonsingular, the transformation 7
is an element of automorphism group that acts transitively on PD(n, R).

In the Sects. 2.3 and 2.4, we consider the dually flat structure on PD(n, R) as a
Hessian domain induced from a certain class of potential functions.

Definition 1 Let V(s) be a smooth function on positive real numbers s € Ry . The
function defined by
oV (P) = V(det P) (2.4)

is called a V-potential on PD(n, R).

Let v;(s), i = 1, 2, 3 be functions defined by
vi(s) = — =i 21,23, where 1(s) = V(s).

We assume that V (s) satisfies the following two conditions:

D rvi(s) <0 (s>0), ((i)sYVe) = n(s) % (s > 0), (2.5)

v1(s)

which are later shown to ensure the convexity of <p(V) (P) on PD(n, R). Note that
the first condition v(s) < O for all s > O implies the function V(s) is strictly
decreasing on s > 0. Important examples of V(s) satisfying (2.5) are —logs or
¢1 + cos” forreal parameters cy, ¢z, B with cp3 < Oand 3 < 1/n. Another example
V(s) = clog(cs + 1) — logs with 0 < ¢ < 1 is proved useful for the quasi-Newton
updates [14].

Using the formula graddetP = (det P)P~!, we have the gradient mapping
gradp") and the differential form dy("), respectively, as
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gradp"): P > P* = v (det P)P™!, (2.6)
do : X — dpV) (X) = vy (det P)tr(P~'X). (2.7)

The Hessian of oY) at P € PD(n, R), which we denote by gl(DV), is calculated as
gp (X, ¥) = d@p™ 00)(¥)
= —v(det P)tr(P~'XP7'Y) + 11 (det P)r(P~ ' X)tr(P'Y).

Theorem 1 The Hessian gV is positive definite on PD(n, R) if and only if the
conditions (2.5) hold.

The proof can be found in the Appendix A.

Remark I The Hessian g¥) is SL(n, R)-invariant, i.e., g5 (X', Y") = ¢b (X, Y)
for any G € SL(n, R), where P’ = 76P, X' = 7. X and Y/ = 74, Y.

The conjugate function of V) denoted by o(V)* is

eV (P*) = sgp{(P*, Py — oV (P} (2.8)

Since the extremal condition is
P* = gradpV) (P) = v (det P)P~!

and gradp") is invertible by the positive definiteness of g(), we have the following
expression for ¢(V)* with respect to P:

oV (P*) = nvy (det P) — oV (P). (2.9)
Hence the canonical divergence DY) of (PD(n,R), V, g(V)) is obtained as

DYP,0) = oV(P) + pV*(Q*) — (0", P)
= V(detP) — V(det Q) + (O*, Q — P). (2.10)

2.4 Dual Affine Connection Induced from V-Potential

Let V be the canonical flat affine connection on Sym(n, R). To discuss dually flat

structure on PD(n, R) by regarding g(* as positive definite Riemannian metric, we

derive the dual connection *V" with respect to gV introduced in the Sect.2.2.
Consider a smooth curve v = {P; | — € < t < €} in PD(n, R) satisfying

dpP
(Py)i—0 = P € PD(n, R), (d—t’) =X € TpPD(n, R).
=0
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Lemma 1 The differential of the gradient mapping gradp") is
(grade™),: X > 1a(det P)tr(P~'X)P~! — vy (det PP~ XP~ .

Proof Differentiate the Legendre transform P} = grade") (P,) along the curve ~,
then

dP* dvi(detP) dP
—_— = —P — det P,)P, " —P
dt dt vi(det PPy dr !

ddet P dP
— (et P L& ’P, —ul(detP,)P;‘d—t’P;‘

, _1dP; _ _1dP; _
= v/} (det P,) det Pytr | P, - Pl — vi(det PP, d_P

where 1| = dvy/ds. By evaluating both sides at r = 0, we see the statement holds.
O

Theorem 2 Let 7; denote the parallel shift operator of the connection *VV). Then
the parallel shift 7:(Y) of the tangent vector Y (= mo(Y)) € TpPD(n, R) along the
curve vy satisfies

(‘”;iy)) =XP'Y+YPTIX+ ®(X,Y,P)+ DL(X, Y, P),
=0
where
—1 —1
DX, Y. P) = vy (s)tr(P X)Y " vy (s)tr(P Y)X, 211
v1(s) v1(s)
O+(X,Y,P) = pP, (2.12)
~A{mvi(s) = 203 )r(P~' X)r(P7'Y) + va(s)vi () (P! XPY)
N v1($){v1(s) — nva(s)}
and s = det P.

The proof can be found in the Appendix B.

Remark 2 The denominator v (s){v(s) — nva(s)} in p is always positive because
(2.5) is assumed.

Corollary 1 Let E; be the matrix representation of the natural basis vector fields
0/0x" described in the beginning of the Sect.2.3. Then, their covariant derivatives at
P defined by the dual connection *NV'V) have the following matrix representations:

sy 9\ — _Ep'E _EPE — ®(E;,E;, P) — @1 (E;, E;, P)
718)61 - i i ‘j i i L is L, s
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Proof Recall the identification (0/0x')p = E; for any P € PD(n, R). Then the
statement follows from Theorem 2 and the definition of the covariant derivatives,
ie.,

J
(2) = (4t i, =
ot 8)(:] P dt =0

This completes the proof. O

Remark 3 From Corollary 1 we observe that both of the connections V and *V(")
are generally SL(n, R)-invariant, i.e.,

76+ (Vx¥)p = (Vx¥')p . Tox (*V)((V) Y)p - (*V)((‘,/) Y/)P/
holds for any G € SL(n, R), where P’ = 76P, X' = 76:X and Y’ = 7¢,Y. Partic-
ularly, both of the connections induced from the power potential ", defined via
V(is) =c1 + czsﬁ with real constants ¢, ¢» and 3, are GL(n, R)-invariant. In addi-
tion, so is the orthogonality with respect to g(). Hence, we conclude that both V-
and *V'Y)-projections [1, 2] are GL(n, R)-invariant for the power potentials, while
so is not g(").

The power potential function ¢) with normalizing conditions V(1) = 0 and
vi(1) = —1, ie, V(s) = (1 — s%)/f is called the beta potential. In this case,
vi(s) = —s7, 15 (s) = —Bs7, 13(s) = —3%s% and V) (5) = 3. Note that setting 3 to
zero leads to V(s) = — log s, which recovers the standard dualistic geometry induced
by the logarithmic characteristic function (=92 (P) = —logdet P on PD(n, R)
[34]. See [7, 33] for detailed discussion related with the power potential function.

2.5 Foliated Structures and Their Geometry

When V(s) = —klogs for a positive constant k, we know the geometry induced
by the corresponding V-potential function is standard in several senses [2, 34].
In particular it is invariant under the automorphism group action of 7G where
G € GL(n, R). Onthe other hand, for general V (s) satisfying (2.5), we have observed
in the previous sections that the dualistic structure Y, v,*Vv)) on PD(n, R) is
invariant under the action of 7 only when G € SL(n, R).

In this section we are devoted to investigate the SL(n, R)-invariant geometry on
PD(n, R) induced by V-potentials.

2.5.1 Foliated Structures

Define foliated structure of PD(n, R) specified by a real s as follows (Fig.2.1):
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Fig. 2.1 Foliated structures
of PD(n, R)

; — det P,
' = det P’/

PD(n,R) = J L5, Ly ={P|P >0, detP =s).

s>0

The tangent vector space of L at P is characterized as
TpLs = (X|r(P™'X) =0, X = X7} = {P?yPluy =0, Y = YT},

Denote by Rp the ray through P in the convex cone PD(n, R), i.e, Rp = {Q|0 =
AP, 0 < X\ € R}. Another foliated structure we consider is

PD(n.R) = | ] Rp.
Pely

Proposition 2 Let P be in L. For any functions V satisfying (2.5), each leaf Ly is
orthogonal to the ray Rp at P with respect to g,

Proof The tangent vectors of Rp are just P multiplied by scalars. Hence for
X € TpL; we have

eV (X, P) = =1 (5)tr (P~ X) 4+ mua(s)w(P~'X) = 0.

This completes the proof. O

Proposition 3 Every ray Rp is simultaneously a V- and *V(V)-geodesic for an
arbitrary function V satisfying (2.5).

Proof The statement follows from that Rp and its Legendre transform {Q*|Q* =
A*P* 0 < \* € R} are, respectively, straight lines with respect to the affine coordi-
nate systems of V and *V"). O

‘We know the mean of dual connections is metric and torsion-free [2], i.e.,

. 1
=2 (v n *V(V)) (2.13)
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is the Levi-Civita connection for g Proposition 3 implies that every Rp is always
V) _geodesic for any V satisfying (2.5). On the other hand, we have the following:

Proposition 4 Each leaf Ly is autoparallel with respect to the Levi-Civita connec-
tion V) if and only if v2(s) = 0, i.e, V(s) = —klog s for a positive constant k.

The proof can be found in the Appendix C.

2.5.2 Geometry of Submanifolds

Next, we further investigate the geometry of the submanifolds L. Let (3", V,

*@(V)) be the dualistic structure on £, induced from (gV, V, *V(V)) on PD(n, R).

Since each transformation 7 where G € SL(n, R) is an isometry of (") and an
element of automorphism group acting on L; transitively, the Riemannian manifold
(Ls, 8V)) is a homogeneous space. The isotropy group at M consists of 7 where
G € SO(n). Hence L can be identified with SL(n, R)/SO(n). We have a slightly
extended result of Proposition 6 in [38], which treated the case of the standard
potential V(s) = —logs:

Proposition 5 Each manifold (L, gV)) is a globally Riemannian symmetric space
for any V satisfying (2.5).

Proof Define the mapping ¢s: L, — L by

1 n
1P =— (i*)" gradp) (P) = s%P_l, st = ﬂ
s s
It is seen that ¢ is the involutive isometry of (Ly, g<V>) with the isolated fixed point
M € L, where A\ = s'/". In particular, —grade(") (P) is the involutive isometry of
(Ls, V) satisfying s = s*. Since isometries 7 where G € SL(n, R) act transitively
on Ly, each manifold (L, V) is globally Riemannian symmetric [12].
O

Proposition 6 For any V (s) satisfying (2.5), the following statements hold:
(i) The metric 3V on Ly is given by 3V = —v(5)g71®,
(ii) For P, Q € Ly, it holds that DY) (P, Q) = —v; (s)D"9) (P, ),
(iii) The induced connections *@(V) on Ly are actually independent of V (s), i.e.,
*@(V) = *6(_10@ Sfor all V (s) (See the remark below).

The proof can be found in the Appendix D.

Remark 4 Since V is common, Proposition 6 demonstrates that the V-potential does

not deform the submanifold geometry of £ except a multiplicative constant for (V).

(—1log)

Hence, we simply write V* instead of *V from now on.
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2.5.3 Curvature of Each Leaf and Decomposition of Divergence

In[11, 40, 43, 44] level surfaces of the potential function in a Hessian domain were
studied via the affine hypersurface theory [29]. Since the statistical submanifold
(Ls, V, gV is a level surface of ") in a Hessian domain (PD(n, R), V, gV)), the
general results in the literature can be applied. The immediate consequences along
our context are summarized as follows:

Consider the gradient vector field E of () and a scaled gradient vector field N
respectively defined by

sV X, E) =dpV(X), VX e X(PD(n,R))
and
- dcp(v)(E) ’

Straightforward calculation shows they are respectively represented at each
P € PD(n, R) by

vy (det P) p 1

= , N=———P. (2.14)
nvy(det P) — vy (det P) nvy(det P)

Using N as the Eransversal vector field, the results in [11, 43] demonstrate that
the geometry (L, V, ")) coincides with the one realized by the affine immersion
[29] of L, into Sym(n, R) with the canonical flat connection V:

VxY = VxY + h(X, Y)N, (2.15)
VN = —A(X) + 7(X)N. (2.16)

Here & and T are, respectively, the affine fundamental form and the transversal con-
nection form satisfying the relation:

h=z", r=o0, (2.17)

forall X, Y € X(Ly) at each P € L. The affine shape operator A is determined in
the proof of Theorem 3. The condition (2.17) shows this affine immersion is non-
degenerate and equiaffine. In addition the form of N in (2.14) demonstrates that the
immersion is centro-affine [29], which implies a @—geodesic on L is the intersection
of L, and a two-dimensional subspace in Sym(n, R).

Further, via Proposition 2 and 3, the following results are proved for the level
surface L, of ¢V (Proposition 8 can be also verified by direct calculations):

Proposition 7 ([43]) The statistical submanifold (L, V, 3)) is 1-conformally flat.

Proposition 8 ([44]) Let points P and Q be in L, and R be in Rg, s.t. R = A0, 0 <
A € R. Then
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DV (P,R) = uD" (P, 0) + DV (Q, R), (2.18)

holds for ;i € R satisfying R* = pQ*, i.e., ;1 = A\~ vy (det R) /v (det Q) > 0.
Using these preliminaries, we have the main result in this section as follows:

Theorem 3 The following two statements hold:

(i) The statistical submanifold (Ly, 6,~§(V)) is £1-conformally flat.
(ii) The statistical submanifold (Ls,V,%")) has negative constant curvature
ks =1/(w1(s)n).

Proof (i) Note that L; is a level surface of not only ¢")(P) but also p(V)*(P*)
in (2.9), which implies both (£, V, gV) and (L,, V*, V) are 1-conformally
flat from Proposition 7. By the duality of a-conformal equivalence, they are also
—1-conformally flat.

(ii) For arbitrary X € X' (Ly), the equalities

1 1
X vi(s)n X vi(s)n

hold at each P € L;. The second equality follows from that V is a canonical flat
connection of the vector space Sym(n, R). Comparing this equation with (2.16)
and (2.17), we have A = kI. By substituting into the Gauss equation for the
affine immersion [29]:

R(X,Y)Z = h(Y,Z)AX) — h(X, Z)A(Y),

we see that (L, V, g is of constant curvature k;. O

Remark 5 For a general statistical manifold M of dimM > 3, the equivalence of
the statements (i) and (ii) in the above theorem is known [2, 19]. The theorem claims
that the equivalence holds even when n = 2, i.e, dimL; = 2

Kurose proved that a modified form of the Pythagorean relation holds for canonical
divergences on statistical manifolds with constant curvature [20]. As a consequence
of (ii) in Theorem 3, his result holds on each L.

Proposition 9 ([20]) Suppose that points P, Q and R be in a statistical submanifold
L with constant curvature k. Let 5 be the V-geodesic joining P and Q, and 5* the
V*-geodesic joining Q and R. If 5 and 5* are mutually orthogonal at Q with respect
10 3V, the divergence DV satisfies

bV, Ry =DV (P, Q) +DY(Q,R) — kDY (P, O)DV(Q,R).  (2.19)

The — 1-conformal flatness of (L, @, g<V>) in Theorem 3 ensures another relation
that is dual to Proposition 8:
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Lemma 2 Suppose that three points P, Q and R and the parameter A meet the same
assumptions in Proposition 8. Then, the following relation holds:

DY(R, Py =DV (R, Q)+ DV (Q. P). (2.20)
Proof By direct calculation the right-hand side of (2.20) can be modified as

V(detR) — V(det Q) + (0%, O — R) + A(P*, P — Q)
= V(detR) — V(det P) + vi(s)n — (Q*, A\Q) + \vi(s)n — M\(P*, Q)
= V(detR) — V(det P) + vi(s)n — (P*,R) = DY)(R, P). O

Remark 6 By dualit}/ the —1-conformal flatness of (L, @, g<V>) implies 1-confor-
mal flatness of (L, V*, 2V)). Hence, introducing dual divergence [2] defined by

"DV, 0) = DV (. P) = " () + 0 (Q) — (P, Q),
we see that the following dual result to Proposition 8 with respect to (£, V*, gV)):
D", R) =*D (0, R) + A*D (P, 0)

alternatively proves the above lemma.

Now we have the following new decomposing relation of the divergence for
PD(n, R) and its submanifold £; (Fig.2.2), which is an immediate consequence of
Proposition 9 and Lemma 2:

Proposition 10 Suppose P be in PD(n,R), and R and S be on L. Let Q be the
uniquely defined point by P as Q € Ly N Rp. If the V-geodesic 7 joining Q and R
and the V*-geodesic 7* joining R and S are mutually orthogonal at R with respect
t0 3V, then the divergence D) satisfies

DY, 5) =DY'P,R) + kDY (R,S), r=Ml-kDV(Q,R)}, (221)

where the constant \ > 0 is defined by Q = \P.

Proof From Lemma 2 and Proposition 9, we have the following relations:

bV, sy =DV(P,0)+ DY (0, 5),
DY, R) =DV (P, Q)+ DY) (Q,R),
DY 0,8 =DV, R + DV (R, S) — kDY) (0, RAD(R, S).

Using these equations, we see the statement holds. O

Owing to the negativity of the curvature kg, we have the following application of
the Proposition 10 on the minimality condition of D) (e, e) measured from a point
P € PD(n, R) to a certain submanifold in L;.
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Fig. 2.2 Decomposition of
divergences when R and S are
on a leaf £; and 4 and 4* are
orthogonal at R

Corollary 2 Let P be a point in PD(n, R) and let N be a V*-autoparallel subman-
ifold in L. A point R in N satisfies DY) (P, R) = mingens DY) (P, S) if and only if
the V-geodesic connecting Q = \P € Rp N L and R is orthogonal to N at R.

Proof For arbitrary point S € A it follows from Proposition 10
DY (P, 5) = DV(P,R) + M1 — kDY (Q, R)IDV (R, S), (2.22)

where Q and )\ are uniquely defined by O € Rp N L and Q = AP.
Since 1 —k;D™Y)(Q, R) and )\ are positive constants respectively, DY) (P, S) takes
the minimum value DY (P, R) if and only if DY) (R, §) = 0, i.e., S = R. O

Dual results for *DY) to the above ones also hold.

2.6 Dualistic Geometries on U-Model and Positive Definite
Matrices

We explore a close relation between the dualistic geometries induced from
U-divergence and V-potential. In the field of statistical inference, the well-established
method is the maximum likelihood method, which is based on the Kullback-Leibler
divergence.

To improve robustness performance of the method maintaining its theoretical
advantages, such as efficiency, the methods of minimizing general divergences have
been recently proposed as alternatives to the maximum likelihood method, in robust
statistical analysis for pattern recognition, machine learning, principal component
analysis and so on [4, 6, 13, 22, 24, 41].

For example the beta-divergence

B+1 _ +1 B8 _ 8
Dﬂ(ﬂg):/g(X) SO f{g)” —f(x) }dx (2.23)

f+1 B
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is utilized in the literature. As (3 goes to 0, it reduces to the Kullback-Leibler diver-
gence; On the other hand, as /3 goes to 1, it reduces to the squared L2-distance. Thus
the efficiency increases as 3 goes to 0, while the robustness increases as 3 goes to 1
[5, 39]. In this sense we could find an appropriate /3 between O and 1 as a trade-off
between efficiency and robustness. The beta-divergence is strongly connected to the
Tsallis entropy [42].

Let us make more general discussion on divergence functionals.

Definition 2 [4] Let U(s) be a smooth convex function with the positive derivatives
u(s) = U’(s) and v/ (s) on R or its (semi-infinite) interval and £ be the inverse function
of u there. If the following functional for two functions f(x) and g(x) on R”

Duf.g) = / U(E(®) — UER) — [E(e) — £ fx

exists and converges, we call it the U-divergence.

It follows that Dy (f, g) > 0 and Dy (f, g) = O if and only if f = g because the
integrand U (&) — [U(&) + u(€) (& — &)1, where & = £(f) and & = £(g). is
interpreted as the difference of the convex function U and its supporting function.
While our U-divergence can be regarded as a dual expression [35] of the ordinary
Bregman divergence, the expression is proved convenient in statistical inference
from empirical data rather than the ordinary one [4, 24]. If we set U(s) = ﬁ

(1 4 Bs)W*D/B g =~ _1/3, then the corresponding U-divergence is the beta-
divergence defined in (2.23).

When we consider the family of functions parametrized by elements in a man-
ifold M, the U-divergence induces the dualistic structure on M in such a way as
Proposition 1. Here, we confine our attention to the family of multivariate probability
density functions specified by P in PD(n, R). The family is natural in the sense that
it is a dually flat statistical manifold with respect to the dualistic geometry induced
by the U-divergence.

Definition 3 [4] Let U and u be the functions given in Definition 2. The family of
elliptical distributions with the following density functions

My = [f(x, P)=u (—%xTPx - cU(detP)) ‘ P € PD(n, R)],

is called the (zero-mean) U-model associated with the U-divergence. Here, we set
f(x, P) = 0 if the right-hand side of f is undefined, and cy (det P) is a normalizing
constant satisfying

/f(x, P)dx = (det P)~? / u (—%yTy — cy(det P)) dy=1,

where we assume that the integral converges for the specified P.
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For the case when the support of f is bounded, a straightforward computation
shows that

1 w2 P r n_q
/u (_EyTy _ CU(detP)) dy = F(g) /0 u (—5 — CU(detP)) rz ' dr

where p satisfies u(—p/2 —cy(det P)) = 0. Hence, the normalizing constant is given
by

[(%)(det P2

cy(detP) = 1“,71(
3.U

with the inverse function of I7, ,, which is defined by

—2¢-2£(0) r
Fa,u(C):/ M(—E—C) r“_ldr.
0

A similar argument is also valid for the case of unbounded supports. See for examples
of the calculation in [33].

Note that if the function U(s) satisfies a sort of self-similarity [33], the density
function f in the U-model can be expressed in the usual form of an elliptical distri-
bution [8, 23], i.e.,

f(x. P) = g(det P)2u (— %xTPx)

with a constant ¢ .

Now we consider the correspondence between the dualistic geometry induced
by Dy on the U-model and that on PD(n, R) induced by the V-potential function
discussed in the Sects.2.3 and 2.4.

Theorem 4 Define the V-potential function o\ via
_1 1 T
Vi)y=s2 | U —Ex x—cy(s) )dx+cy(s), s>0. (2.24)

Assume that V satisfies the conditions (2.5), then the dualistic structure (g, V,
*“V)) on PD(n,R) coincides with that on the U-model induced by the
U-divergence in such a way as Proposition 1.

The proof can be found in the Appendix E.

From the above theorem it follows that the geometry of U-model derived from U-
divergence is completely characterized by the geometry associated with V-potential
function defined via (2.24).



48 A. Ohara and S. Eguchi

2.7 Conclusion

We have studied dualistic geometry on positive definite matrices induced from the
V-potential instead of the standard characteristic function.

First, we have derived the associated Riemannian metric, mutually dual affine con-
nections and the canonical divergence. The induced geometry is, in general, proved
SL(n, R)-invariant while it is GL(n, R)-invariant in the case of the characteristic
function (V(s) = —logs). However, when V is of the power form, it is shown that
orthogonality and a pair of mutually dual connections are GL(n, R)-invariant.

Next, we have investigated a foliated structure via the induced geometry. Each
leaf (the set of positive definite matrices with a constant determinant) is proved to
be a homogeneous statistical manifold with a constant curvature depending on V.
As a consequence, we have given a new decomposition relation for the canonical
divergence that would be useful to solve the nearest point on a specified leaf.

Finally, to apply the induced geometry to robust statistical inferences we have
established a relation with geometry of U-model (or symmetric elliptical densities).

Further applications of such structures and investigation of the other form of
potential functions are left in the future work.

Acknowledgments We thank the anonymous referees for their constructive comments and careful
checks of the original manuscript.

Appendices

A Proof of Theorem 1

It is observed that —vj(det P) # 0 on PD(n, R) is necessary because the second
term is not positive definite. Hence, the Hessian can be represented as

VX, Y) = —vi(det P) (P~ XP~'Y) — 5V (det Py (P~ X)ue (P! Y))

—vy(det P)VecT(f() (Inz — ﬁ(v) (det P)vec(In)VecT(In)) vec(f/).

Here X = P~1/2XP~1/2 )Y = P=1/2yP~1/2 vec(e) is the operator that maps A =
(aij) € R to [a11, - ,an1,a12,- - , a2, -+ ,Q1p, -+, ann]T € an» and I,
and 7> denote the unit matrices of order n and n?, respectively. By congruently
transforming the matrix 7, — 3) (det P)vec(l,,)vec” (I,) with a proper permutation
matrix, we see the positive definiteness of g!") is equivalent with —v;(det P) > 0
and

I, — BV detP)117 >0, where1=1[1,1,---,1]" € R
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Let W be an orthogonal matrix that has 1/,/n as the first column vector. Since
the following eigen-decomposition

1 —npY(detP) 0 ---0
0 1 :

I — BV (det P)11T = W o lwT
0 - 01
holds, the conditions (2.5) are necessary and sufficient for positive definiteness of
¢, Thus, the statement follows. O
B Proof of Theorem 2

Since the components of P* is an affine coordinate for the connection *V("), the
parallel shift 7, (Y) along the curve ~ satisfies

(gradp™),.(Y) = (gradp™) . (m,(Y))

for any ¢.
From Lemma 1, this implies

d
E[Vz(detP,)tr{Pf ' (VYP = vi(det POP; i (V)P l] =0

forany z (—e <t < €).
By calculating the left-hand side, we get

ldPt —1 —1 —ldPt —1 —1
E tI'(Pt W[(Y))Pt —VQ(St)tI' Pt d—Pt 7T[(Y) P

ldw,(Y)) 1 dP;

v3(se)tr (Pt_

7 P_ —Vz(st)tr(P_ T (Y)P, —P_

+ va(sp)tr (Pt_ o

1dP; 4Pt ~1
—a(s)tr (| P o P 7rl(Y)P +vi(s) P, 7 —P; ' (Y)P,

dm, (Y dp
1dm( )P " soP i m(ry P =P =0,

— P
Vl(sl) t dt dr

where s; = det P;. If t = 0, then this equation implies that

TP X)r@P'NHP — v a@ ' xply)p!
dm(Y)

+ vy (s)tr [P_l ( "

) ]P‘l — ()P 'Yy P~ Ixp!
=0
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— ()t (P’IX) PlyP~! 4 1 ()P~ xP~yp!

dry(Y
— (P! (%) P+ (P lYPIxP =0,
t=0

where s = det P. Hence we observe that

vi(s)P~! (%) (2.25)
t=0

B L (dm(Y)
= | (55) )

+u )P xPly + P lyp1X)
— 1y (s) {tr (P_lY) P X +ur (P_IX) p-! Y}

T (o)t (P’IX) tr (P’lY) I — ()t (P’IYP’IX) I.

Taking the trace for both sides of (2.25), we get

(V1(s) — nva(s)tr [P—l (@) ] (2.26)
=0

=Qui(s) — nn()tr (PT'XPTIY) + (nu3(s) — 2va(s)tr (P7'X) tr (P7'Y).

From (2.25) and (2.26) it follows that

P_l (dﬂ't(Y))
dt =0

=P 'xply + P~ lyPlx
v2(s) -1 —1 -1 -1
- {tr (P X)P Y +tr (P Y)P X}
N W3()vi(s) — 2v2()P)tr (P7IX) tr (PT'Y) + ma(s)vi ()tr (P71 XP71Y) ;
v1(s)(v1(s) — nva(s)) '

This completes the proof. O

C Proof of Proposition 4

Since geometric structure (Lg, g(V)) is also invariant under the transformation 7
where Q € SL(n, R), it suffices to consider at M € L, where \ = s!/7.
Let X € X(Ly) be a vector field defined at each P € L by
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- - 0
X =Y X(P)— =P'’XP'? X eTiL ={X|u(X)=0, X=X},
i Ox!

where X' are certain smooth functions on L. Consider the curve P; = Aexp Xt € L;
starting at # = 0 and a vector field Y along P; defined by

- 124 1172 i 0
Yp, = P}?y,P)/ =ZY’(P,)ﬁ,
i

where Y; is an arbitrary smooth curve in 7;£; with ¥y = Y and Y! are smooth
functions on P;. We show that the (TMES)l-component of (@;{V) Y ) , 1.e., the
covariant derivative at \I orthogonal to T); L, vanishes for any X and Y € T; L if
and only if 1, (s) = 0.

We see
dP;

(Pr)i=o0 = AL, (dt

) =\X, Yy=)\Y
=0

hold. Note that

= l oo | & 12dY; 12
Z¥p = —(X¥p, + ¥pX) +P/PLpP)2,
7 P 2( P+ YpX) + P, PR
then using (2.13) and corollary 1, we obtain
~ ~ d-~\ [~ ~i~:n 0
(V) = (5Tn) (XY
x I \dt ) — a7 OX
b M

A d
= —(XY+YX MM =Y,
2( +YX) + (dt t)t_O

1
—5 {)\(XY FYX) + @OX, AY, AT) + ®-(\X, AY, )\1)}
d 1,
“MZy,) —Zotox,ar, .
dt ),y 2

For the third equality we have used that @ (AX, \Y, \[) = Oforany X andY € T;L;.
Since it holds that

g&? ((%;}V)?)M s 1) =\"! (=v1(s) + 12 (s)m)tr (@)(?V)f/)/\]

and —v| (s) + v2(s)n # 0 by (2.5), the (T); Ly)*-component of (@;}V) f/) N vanishes
forany X and Y € T;L; if and only if

o 1
tr (VEV> y) — ——tr (X, AV, M) = 0.
X A 2
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Here, we have used tr((dY;/dt);—0) = 0. The above equality is equivalent to
12(s) = 0. Hence, we conclude that the statement holds. m|

D Proof of Proposition 6

The statements (i) and (ii) follow from direct calculations. Since (*@;{V) f/)P is

the orthogonal projection of (*V)(?V) f/)P to TpL, with respect to g}v), it can be
represented by
(*907) = (*vF) —op, seR,
X P X P

where ¢ is determined from the orthogonality condition

V) ((*@{V)f/) P) -0
gP X P ) .

1/n

Similarly to the proof of Proposition 4 where A = s'/”, we see that

5 d - o 0
*vﬁv)y) ~(%y iy L
( x v T \a " t:0+ 2 2 O

i M

—)\(XY—i—YX)—i—)\ dy
) d'),_

— {A(XY FYX) + @OX, AY, AT) + (X, \Y, )\I)}

d A
=\ (—Y,) — Z(XY + YX) — &1 (X, \Y, AD).
d ),y 2

Since @(\X, \Y, \) € (T\;Ly)* and (dY;/dt),—o € Txi Ly, the orthogonal pro-
jection of (*V;V) ?) 0 Ty Ly is that of A(d¥,/dr) o = A(YX +XY)/2. Thus, from
the orthogonality condition we have

~ (V) =~ d A A
Vi, 'Y) =M —Y, — —(XY + YX) + —tr(XY)I,
( X ),\1 (dt t)[:O 2( * )+nr( )

which is independent of V (s). O

E Proof of Theorem 4

For P and Q in PD(n, R), we shortly write two density functions in a U-model as

fp(x) =f(x, P) and fo(x) = f(x, Q).
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It suffices to show the dual canonical divergence *D")(P, Q) = DY) (Q, P) of
(PD(n,R), V, g(V)) givenby (2.10) coincides with Dy (fp, fp). Note that an exchange
of the order for two arguments in a divergence only causes that of the definitions
of primal and dual affine connections in (2.3) but does not affect whole dualistic
structure of the induced geometry.

Recalling (2.6), we have

gradpV) (P) = (V/(det P) det P)P—1 — 11 (det P)P~ !,

where V' denotes the derivative of V by s. On the other hand, we can directly differ-
entiate o) (P) defined via (2.24)

grado') (P)

1
= grad [/ U (— ExTPx — cy(det P)) dx + cy(det P)}
1
- / Fo () [—gxxT - (c/U(det P) det P)P—1 ] dx + (c/U(det P) det P)P—1
1 T 1 T
=—2 [ fPxx"dx = —ZEp(xx’),
2 2
where Ep is the expectation operator with respect to fp(x). Thus, we have
-1 1 T
vi(detP)P™" = —EEp(xx ). (2.27)
Note that
1 7 1 7
£(fp) = 5% Px —cy(detP), &(fo) = 5% QOx — cy(det Q)

because & (u) is the identity. From the definition, U-divergence is

Dy(fe.fo) = / U (— %xTQx — cy(det Q)) -U (— %xTPx — cy(det P))
—fp(x) I—%xTQx — cy(det Q) + %xTPx + cy(det P)] dx
= <p(v) (det Q) — @(V) (det P) + %Ep (xTQx — xTPx) .
Using (2.27), the third term is expressed by

%Ep (xTQx —x"Px) = %tr{Ep(xxT)(Q —P))

= vi(det P)tr(P~1 (P — Q).
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Hence, Dy (fp, fp) = *DY) (P, Q) = DV)(Q, P). o
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Chapter 3
Hessian Structures and Divergence Functions
on Deformed Exponential Families

Hiroshi Matsuzoe and Masayuki Henmi

Abstract A Hessian structure (V, &) on a manifold is a pair of a flat affine con-
nection V and a semi-Riemannian metric 4 which is given by a Hessian of some
function. In information geometry, it is known that an exponential family natu-
rally has dualistic Hessian structures and their canonical divergences coincide with
the Kullback-Leibler divergences, which are also called the relative entropies. A
deformed exponential family is a generalization of exponential families. A deformed
exponential family naturally has two kinds of dualistic Hessian structures and confor-
mal structures of Hessian metrics. In this paper, geometry of such Hessian structures
and conformal structures are summarized. In addition, divergence functions on these
Hessian manifolds are constructed from the viewpoint of estimating functions. As an
application of such Hessian structures to statistics, a generalization of independence
and geometry of generalized maximum likelihood method are studied.

Keywords Hessian manifold - Statistical manifold - Deformed exponential family -
Divergence - Information geometry - Tsallis statistics

3.1 Introduction

In information geometry, an exponential family is a useful statistical model and it
is applied to various fields of statistical sciences (cf. [1]). For example, the set of
Gaussian distributions is an exponential family. It is known that an exponential family
can be naturally regarded as a Hessian manifold [28], which is also called a dually flat
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space [1] or a flat statistical manifold [12]. A pair of dually flat affine connections has
essential roles in geometric theory of statistical inferences. In addition, a Hessian
manifold has an asymmetric squared-distance like function, called the canonical
divergence. On an exponential family, the canonical divergence coincides with the
Kullback-Leibler divergence or the relative entropy. (See Sect.3.3.)

A deformed exponential family is a generalization of exponential families, which
was introduced in anomalous statistical physics [22]. (See also [23, 32] and [33].)
A deformed exponential family naturally has two kinds of dualistic Hessian struc-
tures, and such geometric structures are independently studied in machine learning
theory [21] and statistical physics [3, 26], etc. For example, a g-exponential family
is a typical example of deformed exponential families. One of Hessian structures on
a g-exponential family is related to geometry of J-divergences (or density power di-
vergences [5]). The other Hessian structure is related to geometry of a-divergences.
(In the g-exponential case, these geometry are studied in [18].) In addition, confor-
mal structures of statistical manifolds play important roles in geometry of deformed
exponential families.

In this paper, we summarize such Hessian structures and conformal structures on
deformed exponential families. Then we construct a generalized relative entropy from
the viewpoint of estimating functions. As an application, we consider generalization
of independence of random variables, then elucidate geometry of the maximum
g-likelihood estimator. This paper is written based on the proceeding [19].

3.2 Preliminaries

In this paper, we assume that all objects are smooth, and a manifold M is an open
domain in R".

Let (M, h) be a semi-Riemannian manifold, that is, / is assumed to be nonde-
generate, which is not necessary to be positive definite (e.g. the Lorentzian metric in
relativity). Let V be an affine connection on M. We define the dual connection V*
of V with respect to & by

Xh(Y,Z) = h(VxY.Z) + h(Y, ViZ),

where X, Y and Z are arbitrary vector fields on M. It is easy to check that (V*)* = V.
For an affine connection V, we define the curvature tensor field R and the torsion
tensor field T by

R(X,Y)Z := VxVyZ — VyVxZ — Vix.1|Z.
T(X,Y) := VxY¥ — VyX — [X, Y],

where [X, Y] := XY — YX. We say that V is curvature-free if R vanishes everywhere
on M, and the one is forsion-free if T vanishes everywhere.
For pair of dual affine connections, the following proposition holds (cf. [16]).
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Proposition 1 Consider the conditions below:

V is torsion-free.

V* is torsion-free.

VO = (V + V*)/2 is the Levi-Civita connection with respect to h.
Vh is totally symmetric, where Vh is the (0, 3)-tensor field defined by

R~

(Vxh)(Y,Z) :=Xh(Y,Z) — h(VxY,Z) — h(Y, VxZ).

Assume any two of the above conditions, then the others hold.

From now on, we assume that an affine connection V is torsion-free.

We say that an affine connection V is flat if V is curvature-free. For a flat affine con-
nection V, there exists a coordinate system {#’} on M locally such that the connection
coefficients {I"I-jV k } (i, j, k=1,...,n)of V vanish on its coordinate neighbourhood.

We call such a coordinate system {#'} an affine coordinate system.

Let (M, h) be a semi-Riemannian manifold, and let V be a flat affine connection
on M. We say that the pair (V, h) is a Hessian structure on M if there exists a function
1), at least locally, such that & = Vd1i) [28]. In the coordinate form, the following

formula holds: 5

0
hij(p(0)) = Wi/f(l?(e)),

where p is an arbitrary point in M and {#'} is a V-affine coordinate system around p.
Under the same assumption, we call the triplet (M, V, h) a Hessian manifold. For a
Hessian manifold (M, V, k), we define a totally symmetric (0, 3)-tensor field C by
C := Vh. We call C the cubic form for (M, V, h).

For a semi-Riemannian manifold (M, k) with a torsion-free affine connection V,
the triplet (M, V, h) is said to be a statistical manifold if Vh is totally symmetric [12].
Originally, the triplet (M, g, C) is called a statistical manifold [14], where (M, g)
is a Riemannian manifold and C is a totally symmetric (0, 3)-tensor field on M.
From Proposition 1, these definitions are essentially equivalent. In fact, for a semi-
Riemannian manifold (M, ) with a totally symmetric (0, 3)-tensor field C, we can
define mutually dual torsion-free affine connections V and V* by

1

h(VxY,Z) == h(V Y, Z) — SCX.Y.2), 3.1)
1

h(ViY,Z) = h(VY, Z) + 5CX.Y.2), (3.2)

where V(@ is the Levi-Civita connection with respect to 4. In this case, Vi and V*h
are totally symmetric. Hence (M, V, h) and (M, V*, h) are statistical manifolds.
Atriplet (M, V, h) is aflat statistical manifold if and only if it is a Hessian manifold
(cf. [28]). Suppose that R and R* are curvature tensors of V and V*, respectively.
Then we have
MR(X,Y)Z,V) = —h(Z,R*(X,Y)V).
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Hence the condition that the triplet (M, V, h) is a Hessian manifold is equivalent to
that the quadruplet (M, h, V, V¥*) is a dually flat space [1].

For a Hessian manifold (M, V, h), we suppose that {#'} is a V-affine coordinate
system on M. Then there exists a V*-affine coordinate system {7);} such that

0 0 ;
h—,— ) =4.
(aél’anj) I

We call {n;} the dual coordinate system of {#'} with respect to h.

Proposition 2 Let (M, V, h) be a Hessian manifold. Suppose that (0} is a V-affine
coordinate system, and {n;} is the dual coordinate system of {6'}. Then there exist
Sfunctions 1 and ¢ on M such that

0 0 . "
8—Z~ =i, % =0, () +op) - Z@l(p)m(p) =0, (peM), @(33)
! i=1
P i T
v 89’5(9/ ’ o a’rha’)’)] ’

where (hjj) is the component matrix of a semi-Riemannian metric h with respect to
(0"}, and (hY) is the inverse matrix of (h;;). Moreover,

Y

e 4
00106 Dok 34

Cijk =

is the cubic form of (M, V, h).

For proof, see [1] and [28]. The functions ¢ and ¢ are called the 8-potential and
the n-potential, respectively. From the above proposition, the Hessians of -potential
and n-potential coincide with the semi-Riemannian metric A:

o _ Oy _, 00 P
001 0000 T Oy T 9oy

=Ky (3.5)

In addition, we obtain the original flat connection V and its dual V* from the potential
function . From Eq. (3.4), we have the cubic form of Hessian manifold (M, V, h).
Then we obtain two affine connections V and V* by Egs. (3.1), (3.2) and (3.4).

Under the same assumptions as in Proposition 2, we define a function D on M x M
by

D(p,r) =)+ 6(r) = DO EIni(r), (p,r € M).

i=1

We call D the canonical divergence of (M, V, h). The definition is independent of
choice of an affine coordinate system. The canonical divergence is an asymmetric
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squared distance like function on M. In particular, the canonical divergence D is
non-negative if the metric £ is positive definite. However, we assumed that /4 is a
semi-Riemannian metric, hence D can take negative values. (cf. [12] and [15].)

We remark that the canonical divergence induces the original Hessian manifold
(M, V, h) by Eguchi’s relation [7]. Suppose that D is a function on M x M. We define
a function on M by the following formula:

DXy, ... Xi|Y1, ... Yl(p) == X1)p - - - XD)p (Y1) - - - (X)) D(p, 1) [p=rs

where X1, ..., X;and Y1, - - -, ¥ are vector fields on M. We say that D is a contrast
functionon M x M if

L. D[ 1(p) = D@, p) =0,
2. DIX|1(p) = D[ |X](p) =0,
3. h(X,Y) = —D[X|Y] (3.6)

is a semi-Riemannian metric on M.
For a contrast function D on M x M, we define a pair of affine connections by

h(VxY,Z) = —D[XY|Z],
h(Y,ViZ) = —D[Y|XZ].

By differentiating Eq. (3.6), two affine connections V and V* are mutually dual with
respect to 1. We can check that V and V* are torsion-free, and Vi and V*h are totally
symmetric. Hence triplets (M, V, h) and (M, V*, h) are statistical manifolds. We call
(M, V, h) the induced statistical manifold from a contrast function D. If (M, V, h) is
a Hessian manifold, we say that (M, V, h) is the induced Hessian manifold from D.

Proposition 3 Suppose that D is the canonical divergence on a Hessian manifold
(M, V, h). Then D is a contrast function on M x M which induces the original
Hessian manifold (M, V, h).

Proof From the definition and Eq. (3.3), we have D[ | ] = O and D[X| | = D[ |X] = 0.
Let {0'} be a V-affine coordinate and {7} the dual affine coordinate of {#}. Set
0; = 0/00". From Egs. (3.3) and (3.5), we have

D[9:19;1(p) = (O0)p(0)rDp, Dlp=r = Oy {ni(p) — 10i(r)} Ip=r

— ()N p=r = —hi(P).

This implies that the canonical divergence D is a contrast function on M x M. Induced
affine connections are given by

Tjx = —D[0i0j10k] = (0)p0)r {nj() — 0j(")} Ip=r
_(8i)p(ak)r77j(r)|p=r =0,
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F,'ZJ = _D[aﬂazak] = (0)r(00)r {77/'(17) - nj(")} |p=r

_(6i)r(ak)r77j(r)|p:r = _(ai)r(ak)r(aj)r'(b(r”p:r
= Cikj,

where I7; x and I ; are Christoffel symbols of the first kind of V and V*, respec-
tively. From Egs. (3.1) and (3.2), since & is nondegenerate, the affine connection V
coincides with the original one of (M, V, h). O

At the end of this section, we review generalized conformal equivalence for statis-
tical manifolds. Fix a number o € R. We say that two statistical manifolds (M, V, h)
and (M, V, h) are a-conformally equivalent if there exists a function ¢ on M such
that

h(X,Y) = e?h(X,Y),
_ 1+« l—«
VxY = VxY — Th(x, Y)grad, o + — {do(V)X +dp(X) Y},

where grad,, o is the gradient vector field of ¢ with respect to £, that is,
h(grad,p, X) := X¢.

(The vector field grad,y is often called the natural gradient of ¢ in neurosciences,
etc.) We say that a statistical manifold (M, V, h) is a-conformally flat if it is locally
a-conformally equivalent to some Hessian manifold [12].

Suppose that D and D are contrast functions on M x M. We say that D and D are
a-conformally equivalent if there exists a function ¢ on M such that

_ 1+« 1l —«
D(p,r) = exp [T@(P)} exp [Tso(r)} D(p,r).

In this case, induced statistical manifolds (M, V, h) and (M, V, h) from D and D,
respectively, are a-conformally equivalent.

Historically, conformal equivalence of statistical manifolds was introduced in
asymptotic theory of sequential estimation [27]. (See also [11].) Thenitis generalized
in affine differential geometry (e.g. [10, 12, 13] and [17]). As we will see in Sects. 3.5
and 3.6, conformal structures on a deformed exponential family play important roles.
(See also [2, 20, 24] and [25].)

3.3 Statistical Models

Let (£2, F, P) be a probability space, that is, £2 is a sample space, F is a completely
additive class on £2, and P is a probability measure on §2. Let Z be an open subset
in R". We say that S is a statistical model if S is a set of probability density functions
on 2 with parameter ¢ = (¢!, ..., ¢") € & such that
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S:=1pkx; & /p(x; dx =1, p(x;€) >0, £E€ £E CR"
2

Under suipable conditions, S can be regarded as a manifold with local coordinate
system {£'} [1]. In particular, we assume that we can interchange differentials and
integrals. Hence, the equation below holds

/ (G_QP(X; f)) dx = 5_5‘ /p(x; Odx = a_gil =0.
Q

2

For a statistical model S, we define the Fisher information matrix g (¢) = ( gg. ©)
by

0 0
g5 (6) = / (a—gilogp(x; 5)) (8—§jlogp<x; 5>)p(x; §) dx (3.7)
2

= Eploilcdjlel,

where 0; = 0/0¢", le = 1(x; §) = logp(x; &), and E,[f] is the expectation of f(x)
with respect to p(x; £). The Fisher information matrix g’ is semi-positive definite
in general. Assuming that g© is positive definite and all components are finite, then
g" can be regarded as a Riemannian metric on S. We call g© the Fisher metric on S.
The Fisher metric g/ has the following representations:

0 0
85(5) =/(a—§ip(x; §)) (8_51 log p(x; {)) dx (3.8)
2
[ s (Ger=e) (ggremo)
= | —— \ 735P® O ) | 55Px: 8 ) dx. (3.9)
J p(x; &) \9¢ o

Next, let us define an affine connection on S. For a fixed « € R, an a-
connection V® on S is defined by

o -«
Fi;,k) &) =E, |:(3,‘3jlg + T@,’lgajlg) ((9klg)i|a

where FU(C;() is the Christoffel symbol of the first kind of V(%.

We remark that V@ is the Levi-Civita connection with respect to the Fisher
metric g©'. The connection V© := V1 is called the the exponential connection and
v .= v is called the mixture connection. Two connections V© and V™ are
expressed as follows:
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i = Epl(@idyle) (Okle)] = / 0i0)log p(x; §)Okp(x; E)dx, (3.10)
2

Iy = Epl(Did)le + Ol 0jle) (Ohle)] = / 00 (x; )k log p(x; Edx.  (3.11)
2

We can check that the a-connection V(@ is torsion-free and V(@ gF is totally
symmetric. These imply that (S, V(®, gf') forms a statistical manifold. In addition,
it is known that the Fisher metric g' and the a-connection V@ are independent
of choice of dominating measures on §2. Hence we call the triplet (S, v, gF ) an
invariant statistical manifold. The cubic form CF of the invariant statistical manifold
(S, V@, g is given by

C = Tj% = I

A statistical model S, is said to be an exponential family if

n
S, = [p(x; 0) | p(x; 0) = exp [Z O'Fi(x) — w(e)] ,0e®CR" ] ,
i=1
under a choice of suitable dominating measure, where F (x), . . ., F;,(x) are functions
on the sample space £2,0 = (A, ..., §") is a parameter, and v)(6) is a function of 6 for

normalization. The following proposition is well-known in information geometry [1].

Theorem 1 (cf. [1]) For an exponential family S, the following hold:

1. (S., v, gF) and (S,, v, gF) are mutually dual Hessian manifolds, that is,
(Se, g5, V© VY is a dually flat space.

2. {0} is a VO-affine coordinate system on Se.

3. For the Hessian structure (V©, g¥') on S,, 1(0) is the potential of g© and C
with respect to {6'}:

g (0) = 0iojp(0), (9 = 0/00"),
Cpi(0) = 8i0;03(0).
4. Set the expectation of Fi(x) by n; := Ep[F;(x)]. Then {n;} is the dual affine

coordinate system of {6'} with respect to g*.
5. Set ¢(n) := Epllogp(x; 0)]. Then ¢(n) is the potential of g with respect to {n;}.

Since (S,, v, gF ) is a Hessian manifold, the formulas in Proposition 2 hold.
For a statistical model S, we define a Kullback-Leibler divergence (or a relative
entropy) by
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@dx
r(x)

Dgr(p,r) = /P(x) log
2
= Epllogp(x) —logr(x)], (p(x),rx) €5).

The Kullback-Leibler divergence Dk on an exponential family S, coincides with
the canonical divergence D on (S,, vim, gF ).
We define an R" valued function s(x; &) = (s'(x; &), ..., s"(x; €))7 by

; 0
' &) = g log p(x; &).
We call s(x; &) the score function of p(x; &) withrespect to £. In information geometry,
s'(x; &) is called the e-(exponential) representation of 0/0&', and 0/0E p(x; €) is
called the m-(mixture) representation. The duality of e- and m-representations is
important. In fact, Eq.(3.8) implies that the Fisher metric g’ is nothing but an L?
inner product of e- and m-representations.
Construction of the Kullback-Leibler divergence is as follows. We define a cross
entropy dkr(p, r) by
dgr(p, ) := —Ep[log r(x)].

A cross entropy dgz. (p, r) gives a bias of information — log r(x) with respect to p(x).
A cross entropy is also called a yoke on S [4]. Intuitively, a yoke measures a dissim-
ilarity of two probability density functions on S. We should also note that the cross
entropy is obtained by taking the expectation with respect to p(x) of the integrated
score function at r(x). Then we have the Kullback-Leibler divergence by

Dkir(p, 1) = —dkL(p, p) + dgrp, 1)
= Ep[log p(x) — log r(x)].

The Kullback-Leibler divergence Dgy is a normalized yoke on S, which satisfies
Dgr.(p, p) = 0. This argument suggests how to construct divergence functions. Once
a function like the cross entropy is defined, we can construct divergence functions in
the same way.

3.4 The Deformed Exponential Family

In this section, we review the deformed exponential family. For more details, see
[3, 22, 23] and [26]. Geometry of deformed exponential families relates to so-called
U-geometry [21].

Let x be a strictly increasing function from (0, co) to (0, c0). We define a deformed
logarithm function (or a x-logarithm function) by
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N

1
logX(s) :=/%dt.

1

We remark that log, (s) is strictly increasing and satisfies log, (1) = 0. The do-
main and the target of log, (s) depend on the function x(¢). Set U = {s €
(0,00) | [log, (s)| < oo} and V = {log, (s)|s € U}. Then log, (s) is a function
from U to V. We also remark that the deformed logarithm is usually called the
¢-logarithm [23]. However, we use ¢ as the dual potential on a Hessian manifold.

A deformed exponential function (or a y-exponential function) is defined by the
inverse of the deformed logarithm function log (s):

t

exp, (1) :=1 +/)\(s)ds,

0

where A(s) is defined by the relation )x(logx (s)) := x(s).
When x (s) is a power function x (s) = s9, (¢ > 0, g # 1), the deformed logarithm
and the deformed exponential are given by

l—q_l
, (s > 0),
l—¢q

exp, (1) = (1 + (1 — @)™, (1+ (1 — )t > 0).

logq(s) =

The function log, (s) is called the g-logarithm and exp, () the g-exponential. Taking
the limit ¢ — 1, the standard logarithm and the standard exponential are recovered,
respectively.

A statistical model S, is said to be a deformed exponential family (or a x-
exponential family) if

n
Sy = {p(x; 0) |p(x; 0) = exp, [Z 0'Fi(x) — ww)} fcOCR" ] :
i=1
under a choice of suitable dominating measure, where F1 (x), .. ., F,,(x) are functions
on the sample space §2, 0 = {91 , ..., 0"} is a parameter, and ¢ (0) is the function of ¢

for normalization. We assume that S is a statistical model in the sense of [1]. That s,
p(x; 0) has support entirely on §2, there exits a one-to-one correspondence between
the parameter 6§ and the probability distribution p(x; 8), and differentiation and inte-
gration are interchangeable. In addition, functions {F;(x)}, 1/(f) and parameters {6’}
must satisfy the anti-exponential condition. For example, in the g-exponential case,
these functions satisfy

D 0TFi(x) — 0(0) < L
i=1 q-1
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Then we can regard that S is a manifold with local coordinate system {61}. We also
assume that the function 1) is strictly convex since we consider Hessian metrics on
Sy later. A deformed exponential family has several different definitions. See [30]
and [34], for example.

For a deformed exponential probability density p(x; 6) € S,, we define the escort
distribution P (x; 0) of p(x; §) by

Py (x;0) := xip(x; 0)},

Zy(0)
where Z, (0) is the normalization defined by
2,6)i= [ xiptas o))
2
The x-expectation E,, ,|f] of f (x) with respect to P, (x; 0) is defined by

1
Z\(9)

Eylf] = / FOOP(x: 0) dx = / FOxIp(: ).
2 2

When x is a power function x(s) = s7, (¢ > 0,9 # 0), we denote the escort
distribution of p(x; ) by P,(x; ), and the x-expectation with respect to p(x; 0) by
Eq pl*].

Example 1 (discrete distributions [3]) The set of discrete distributions S, is a
deformed exponential family for an arbitrary x. Suppose that £2 is a finite set:
2 = {x0, x1, ..., X, }. Then the statistical model S,, is given by

>0, pln) = D midix), D mi= 1} :
i=0 i=0

Sp 1= {p(x; )

where g :=1—>"", n; and

oy T e=x0),
0i(x) = [0 (x # xp).
Set 0" = log, p(x;) — log, p(xo) = log, 7; —log, 10, Fi(x) = 6;(x) and ¢ (0) =
—log, no. Then the x-logarithm of p(x) € S, is written by
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n

log, p(x) = > (log, 1; — log, o) 6i(x) + log, (1)

i=1

=D OFix) — v().

i=1
This implies that S, is a deformed exponential family.

Example 2 (g-normal distributions [20]) A g-normal distribution is the probability
distribution defined by the following formula:

Pqlxs p, 0) =

b

I p 1—qa—uﬂy?

Zy(0) 3-—gq o2 n

where [*]+ := max{0, %}, {i, o} are parameters —oo < pu < 00,0 < ¢ < oo, and
Z4(0) is the normalization defined by

V3 - 2—q 1

: g (l—q E) o, (—oo<g<l),
Zy(0) =1 V=1 —4

V3= g ( 3—qg 1

Jg—1 2g—1)72

Here, B (%, *) is the beta function. We restrict ourselves to consider the case g > 1.

Then the probability distribution p,(x; , ) has its support entirely on R and the set
of g-normal distributions S, is a statistical model. Set

)a, (1 <g<3).

2 1 1

0" = E{Zq(g)}q_1%, 0 = —E{Zq(cﬂ}q_lg,
Y {Z oy -1
V() == — =

then we have

1

log, pg(x; ) = E({pq(x; Oy~ —1)
1 [ 1 ( l—q(x—u)z) ]
1—q [ {Z4(0)}1=9 3—q o7
_ 20z, (Z0) !,

G-qo? = (B-gqo"
B C21G0) o G o)
3—¢q o2 l—gq
= 0'x + 0%x* — ().
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This implies that the set of g-normal distributions S, is a g-exponential family.
For a g-normal distribution p, (x; u, o), the g-expectation 1, and a g-variance 03 are
given by

tg = Eqplx] = p,
02 =E,, [(x _ u)z] = o2,
We remark that a g-normal distribution is nothing but a three-parameter version of
Student’s 7-distribution when ¢ > 1. In fact, if ¢ = 1, then the g-normal distribution
is the normal distribution. If ¢ = 2, then the distribution is the Cauchy distribution.

We also remark that mathematical properties of g-normal distributions have been
obtained by several authors. See [29, 31], for example.

3.5 Geometry of Deformed Exponential Families Derived
from the Standard Expectation

In this section, we consider geometry of deformed exponential families by general-
izing the e-representation with the deformed logarithm function. For more details,
see [21, 26].

Let S, be a deformed exponential family. We define an R" valued function

S 0) = (801 (x: 0), ..., (s9)"(x; 0))" by

(s (x; 0) := % log, p(x:0), (i=1,....n). (3.12)

We call sX(x; 0) the y-score function of p(x; 6). Using the x-score function, we
define a (0, 2)-tensor field g on S, by

0
gy ) = / Oip(x: 0)0; log, p(x; 0) dx, (&: @)- (3.13)
2

Lemma 1 The tensor field gV on Sy is semi-positive definite.

Proof From the definitions of g™ and log, ., the tensor field gM is written as

g ) = / X(p(x; 0)) (Fi(x) — 9p(9)) (Fj(x) — 9(6)) dx. (3.14)

2

Since Y is strictly increasing, gV is semi-positive definite. (]
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From now on, we assume that g™ is positive definite. Hence g™ is a Riemannian
metric on S, . This assumption is same as in the case of Fisher metric. The Riemannian
metric g is a generalization of the Fisher metric in terms of the representation (3.8).

We can consider other types of generalizations of the Fisher metric as follows.

gg(ﬁ) — / (31' log, p(x; 0)) (GJ log, p(x; 0)) Py (x; 0)dx
Q
= E\ p[0:i, ()91, (D],

1
g (0) :=!m(&-p(x; 0)) (Op(x; 0)) dx,

where [, (0) = log, p(x; 6). Obviously, g% and gV are generalizations of the Fisher
metic with respect to the representations (3.7) and (3.9), respectively.

Proposition 4 Let S, be a deformed exponential family. Then Riemannian metrics
gf, g™ and gV are mutually conformally equivalent. In particular, the following
formulas hold:

Z,(0)g"0) = g (0) = Vo),

Z\(0)

where Z,,(0) is the normalization of the escort distribution Py (x; 0).

Proof For a deformed exponential family S, the differentials of probability density
functions are given as follows:

0 0
g P 0) = x(p(x: 0)) (Fi(x) - w?ﬁ(@)),
0

SO,

0
77 108y Px; 0) = Fi(x) —

From the above formula and the definitions of Riemannian metrics g£ and gV, we
have

1
g5 (0) = Z—w)/x(p(x; 0)) (Fi(x) — 9:(0)) (Fj(x) — 9yp(8)) dx,
X 2

gy () =2, / X(p(x; 0) (Fi(x) — 9:0(0)) (Fj(x) — 9p3(8)) dx.
Q

These equations and Eq.(3.14) imply that Riemannian metrics g%, g” and gV are
mutually conformally equivalent. O

Among the three possibilities of generalizations of the Fisher metric, g™ is espe-
cially associated with a Hessian structure on S, as we will see below. Although the
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meaning of gZ is unknown, gV gives a kind of Cramér-Rao lower bound in statistical
inferences. (See [22, 23].)

By differentiating Eq.(3.13), we can define mutually dual affine connections
VM@ and VMM on Sy by

ljuk(e)(e) = /8kp(x 0)9,9;10g, p(x; 0)dx,

") = / :p(x; )0 log, p(x; O)dx.

From the definitions of the deformed exponential family and the deformed log-
arithm function, 1"l M© \anishes identically. Hence the connection V¥( is flat,

and (VM@ gM) is a Hessian structure on S,. Denote by CM the cubic form of
(Sy» VM) M) that is,

M)
lj k

Me)
- Fij,k

C]k - ij,k

For t > 0, set a function V, (¢) by

t

Vi (®) :=/logx(s) ds.

1

We assume that V,(0) = lim;_. 1o Vy(?) is finite. Then the generalized entropy
functional I, and the generalized Massieu potential ¥ are defined by

I (o) = — / (Vi (px: 0)) + (plx: 6) — DV, (0)} d.

2

() = /P(X; 0)log, p(x; O)dx + Iy (pg) + 4 (0),
2

respectively, where 1 is the normalization of the deformed exponential family.

Theorem 2 (cf. [21, 26]) For a deformed exponential family S, the following hold.:

1. (Sy, M) gM ) and (Sy, M) gM ) are mutually dual Hessian manifolds, that
is, (Sy, gM, M) VM(’")) is a dually flat space.

2. {0} is a VMO affine coordinate system on Sy

3. W () is the potential of g™ and CM with respect to {0'}, that is,

$10) = 0,0, (9),
CH(0) = 0i0,0% ().
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4. Set the expectation of Fi(x) by n; := Ep[Fi(x)]. Then {n;} lS a VM) -affine
coordinate system on S, and the dual of {9’} with respect to gM
5. Set @(n) := —1I,(pg). Then ®(n) is the potential of M with respect to {n;}.

Let us construct a divergence function which induces the Hessian manifold
Sy, VM) oMy We define the bias corrected x-score function up X(x; 0) of p(x; 6)
by

0 0
)/ (53 0) = oz log, plx: 0) — [aebapaeq

Set a function U, (#) by

N

U, (s) :=/expx(t) dt.

0

Vi(s) = slogX(s) — /t (% logX(t)) dt

1
log, (s)

= slogX(s) — / expx(u)du
0
= slogX (s) — UX(logX(s)).

Then we have

Since 9/060'V (p(x; 0)) = (8/00'p(x; 0)) log, p(x: B), we have

0 0
px; 9)( 7 log, p(x; 9)) Ux(logxp(x 0)).

Hence, by integrating the bias corrected x-score function at r(x; ) € S, with respect
to 0, and by taking the standard expectation with respect to p(x; 6), we define a
X-cross entropy of Bregman type by

dY'(p.r)=— / p(x)log, r(x)dx + / Uy (log, r(x))dx.
2 2

Then we obtain the y-divergence (or U-divergence) by

Dy(p,r) = =d\ (p.p) +dY (p, 1)
= [ {utog, r) - U tog, p)

2
—p(0)(log, r(x) — log, p(x))} dx.
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In the g-exponential case, the bias corrected g-score function is given by

8 0
u (x 0) = logqp(x 0) — |:6'9 logqp(x 9):|

0

1 1
= PO — —— L 0)>4d
55 | T=g"" 2_q/p<x) x
2

= p(x; 0)' 795" (x; 0) — Eplp(x; 0)' 95 (x; 0)].

This score function is nothing but a weighted score function in robust statistics. The
x-divergence constructed from the bias corrected g-score function coincides with
the B-divergence (8 =1 — q):

Di—4(p, 1) = _dl—q(p»p) + dl—q(p’ r)
1 g
- d
(1—q><2—q)!p(x) *

—;/p(x)r(x)lfqu—l— L/r(x)zf"d)c.
1—g¢g 2—¢q
2 2

3.6 Geometry of Deformed Exponential Families Derived
from the x-Expectation

Since S is linearizable by the deformed logarithm function, we can naturally define
geometric structures from the potential function ).
A x-Fisher metric gX and a x-cubic form CX are defined by

81(60) = D00 (6),
Cl(0) = 8,0;00(0),

respectively [3]. In the g-exponential case, we denote the x-Fisher metric by g7, and
the y-cubic form by C?. We call g7 and C? a g-Fisher metric and a g-cubic form,
respectively.

Let VX© be the Levi-Civita connection with respect to the y-Fisher metric gX.
Then a y-exponential connectionVX© and a y-mixture connectionVX" are defined
by

. 1
X (VY9y,7) = (v} Vv, 7) - SCNX.Y.2),

1
§' VY. 2) = g (VY. 2) + SCNX. Y. 2),
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respectively. The following theorem is known in [3].
Theorem 3 (cf. [3]) For a deformed exponential family S, the following hold:
1. (Sy, VX©  oX) and (Sy» VXU | oX) are mutually dual Hessian manifolds, that
is,_(SX, gX, v, VX(’”)) is a dually flat space.
2. {0} is a VX©-affine coordinate system on Sy. .
3. ¥(0) is the potential of gX and CX with respect to {0'}.
4. Set the x-expectation of Fi(x) by n; 1= E\ plFi (X)]. Then {n;} is a VX" _qaffine
coordinate system on Sy and the dual of {0'} with respect to gX.
5. Set ¢(n) := Ey pllog, p(x; 0)]. Then ¢(n) is the potential of gX with respect to
{ni}-
Proof Statements 1, 2 and 3 are easily obtained from the definitions of x-Fisher
metric and x-cubic form. From Eq.(3.3) and n; = E, ,[F;(x)], Statements 4 and 5
follow from the fact that

Ey pllog, p(x: 0)] = X,{Z@'F(x) (@} Za’m ¥(0). O

Suppose that sX(x; 6) is the x-score function defined by (3.12). The y-score is unbi-
ased with respect to y-expectation, that is, E, p[(sX)i (x; #)] = 0. Hence we regard
that sX(x; 0) is a generalization of unbiased estimating functions.

By integrating a x-score function, we define the x-cross entropy by

dX(p, r) 1= —Ey pllog, r()]

= —/P(x) logX r(x)dx.

2

Then we obtain the generalized relative entropy DX(p, r) by

DX(p,r) := —dX(p,p) +dX(p, 1)
= Ey pllog, p(x) —log, r(x)]. (3.15)

The generalized relative entropy DX (p, r) coincides with the canonical divergence
D(r, p) for (Sy, VX ¢X) In fact, from (3.15), we can check that

DX(p(9), p(8)) = Ey [(Z 0'Fi(x) — ww)) - (Z(e’)"ﬂ(x) — ww’)ﬂ
i=1 i=1

= (O) + D0 — (O — D (0" = D(p@©), p(6)).

i=1

i=1

Let us consider the g-exponential case. We assume that a g-exponential family S,
admits an invariant statistical manifold structure (S, V@, gF ).
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Theorem 4 ([20]) For a g-exponential family S,, the invariant statistical manifold
Sy v@g-b, gF) and the Hessian manifold (S, v, g?) are 1-conformally
equivalent. In this case, the invariant statistical manifold (S, vQ@a=D oFy g
1-conformally flat.

Divergence functions for (S, Vi@ ¢9) and (Sq> v@a=D oFy are given as fol-
lows. The a-divergence D (p, r) with a = 1 — 2g is defined by

DU2D(p, r) := ; 1-— /p(x)qr(x)l_qu .
q(1 —¢q) 2

On the other hand, the normalized Tsallis relative entropy Dg(p, r) is defined by

Dg(p’ r) = /Pq(x) (1qup(x) —log, r(x)) dx
2
= Egpllog, p(x) —log, r(x)].

We remark that the invariant statistical manifold (S, vU=29 oFyisinduced from
the a-divergence with o = 1 — 2¢, and that the Hessian manifold (S, vae g9
is induced from the dual of the normalized Tsallis relative entropy. In fact, for a
g-exponential family S,, divergence functions have the following relations:

D(r,p) = D} (p,r)

px)?
= log, p(x) —log, r(x))d
!Zq@)( gqpx gqrx) X

_ 1 /(P(x) —p@?  p@)rx)' —p(X)q)dx
Z4(p) 2 l—gq 1—g

1
(= 9Zp)

q (1-2¢9)
=—-D a4 ) r)5
Zy(r) v

1—/p(x)qr(x)]7qu
2

where D is the canonical divergence of the Hessian manifold (S,, V4 © g9).
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3.7 Maximum g¢-Likelihood Estimators

In this section, we generalize the maximum likelihood method from the viewpoint of
generalized independence. To avoid complicated arguments, we restrict ourselves to
consider the g-exponential case. However, we can generalize it to the y-exponential
case (cf. [8, 9]).

Let X and Y be random variables which follow probability distributions p1 (x) and
p2(v), respectively. We say that two random variables X and Y are independent if the
joint probability p(x, y) is decomposed by a product of marginal distributions p (x)
and po(Y):

px,y) = p1(x)p2(y).

When p;(x) > 0and pa(y) > 0, the independence can be written with an exponential
function and a logarithm function by

plx,y) = exp [logm x) + logpz(x)] .

We generalize the notion of independence using the g-exponential and g-logarithm.
Suppose that x > 0,y > 0 and x' =7 + y!=9 — 1 > 0 (¢ > 0). We say that x ®q Y is
a g-product [6] of x and y if

1

X®qy = [xl_q +ylm7 — 1]q
= exp, [log, x + log, y].
In this case, the following low of exponents holds:
exp, x ®q exp, y = exp,(x + ),
in other words,
log,(x ® y) =log, x +log, y.

Let X; be a random variable on &; which follows p;(x) (i = 1,2, ..., N). We say that
X1,X>, ..., XN are g-independent with m-normalization (mixture normalization) if

P1(x1) ®q p2(x2) ®g - - - ®g PN (XN)
p(X1, X2, ..., xN) = Z
P1.D2 DN
where p(x1,x2,...,xy) is the joint probability density of Xi, X»,..., Xy and
Zp\ pa,- py 18 the normalization of p1(x1) ®4 p2(x2) ®q - - - @4 pn (xy) defined by

ZPlv.Dz,“'»PN = / / p1(x1) ®qP2(X2) Qg "‘®qu(xN)dxl ceedxy.

XXy
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Let S; = {p(x; I € &} be a g-exponential family, and let {x;, ..., xy} be
N-observations from p(x; §) € S,. We define a g-likelihood function L, (§) by

Ly(§) =p(x158) ®qp(x2; &) ®g -+ - ®g pxn; &).

Equivalently, a g-log-likelihood function is given by

N
log, Ly(§) = D log, p(xi; €).
i=1

In the case ¢ — 1, L, is the standard likelihood function on Z'.
The maximum g-likelihood estimator fA is the maximizer of the g-likelihood func-
tions, which is defined by

(el

é := argmax L, (§) (= argmax log, Lq(§)).
(el

Let us consider geometry of maximum g-likelihood estimators. Let S, be a
g-exponential family. Suppose that {x1, ..., xy} are N-observations generated from
plx; 0) € §,.

The g-log-likelihood function is calculated as

N N n
log, Ly (0) = Zlogqp(xj; 0) = Z IZ9iFi(Xj) - 1P(e)]

=1 j=1 Li=1

n N
= 0> Fi(x)) — Ny(0).

=1 j=I1
The g-log-likelihood equation is
N
0ilog, Ly(0) = D" Fi(xj) — Noup(0) = 0.
j=1
Thus, the maximum g-likelihood estimator for 7 is given by
| N
M= — ZFi(xj)-
N =

On the other hand, the canonical divergence for (S, V¢ (€ g%) can be calculated
as



78 H. Matsuzoe and M. Henmi
DI (p(). p(6)) = D(p(0). p(i)

= () + o) — D_ 0",

i=1

1
= 6(f) — ~ log, Ly(®).

This implies that the g-likelihood attains the maximum if and only if the normalized
Tsallis relative entropy attains the minimum.

Let M be a curved g-exponential family in Sy, that is, M is a submanifold in S, and
is a statistical model itself. Suppose that {xi, ..., xy} are N-observations generated
from p(x; u) = p(x; O(u)) € M. The above arguments implies that the maximum g-
likelihood estimator for M is given by the orthogonal projection of data with respect
to the normalized Tsallis relative entropy.

We remark that the maximum g-likelihood estimator can be generalized by
U-geometry. (See [8, 9] by Fujimoto and Murata.) However, their approach and
ours are slightly different. They applied the y-divergence (U-divergence) projection
for a parameter estimation, whereas we applied the generalized relative entropy. As
we discussed in this paper, the induced Hessian structures from those divergences
are different.

3.8 Conclusion

In this paper, we considered two Hessian structures from the viewpoints of the stan-
dard expectation and the y-expectation. Though the former and the later are known as
U-geometry ([21, 26]) and x-geometry ([3]), respectively, they turn out to be different
Hessian structures in the same deformed exponential family through a comparison
of each other.

We note that, from the viewpoint of estimating functions, the former is geometry
of bias-corrected x-score functions with the standard expectation, whereas the later
is geometry of unbiased x-score functions with the y-expectation.

As an application to statistics, we considered generalization of maximum like-
lihood method for g-exponential family. We used the normalized Tsallis relative
entropy for orthogonal projection, whereas the previous results used y-divergences
of Bregman type.

Acknowledgments The authors would like to express their sincere gratitude to the anonymous
reviewers for constructive comments for preparation of this paper. The first named author is partially
supported by JSPS KAKENHI Grant Number 23740047.
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Chapter 4
Harmonic Maps Relative to a-Connections

Keiko Uohashi

Abstract In this paper, we study harmonic maps relative to a-connections, but not
necessarily relative to Levi-Civita connections, on Hessian domains. For the purpose,
we review the standard harmonic map and affine harmonic maps, and describe the
conditions for harmonicity of maps between level surfaces of a Hessian domain in
terms of the parameter v and the dimension 7. To illustrate the theory, we describe
harmonic maps between the level surfaces of convex cones.

4.1 Introduction

Harmonic maps are important objects in certain branches of geometry and physics.
Geodesics on Riemannian manifolds and holomorphic maps between Kéhler man-
ifolds are typical examples of harmonic maps. In addition a harmonic map has a
variational characterization by the energy of smooth maps between Riemannian
manifolds and several existence theorems for harmonic maps are already known. On
the other hand the notion of a Hermitian harmonic map from a Hermitian manifold
to a Riemannian manifold was introduced and investigated by [4, 8, 10]. It is not
necessary a harmonic map if the domain Hermitian manifold is non-Kéahler. The sim-
ilar results are pointed out for affine harmonic maps, which is analogy to Hermitian
harmonic maps [7].

Statistical manifolds have mainly been studied in terms of their affine geome-
try, information geometry, and statistical mechanics [1]. For example, Shima estab-
lished conditions for harmonicity of gradient mappings of level surfaces on a Hessian
domain, which is a typical example of a dually flat statistical manifold [14]. Level
surfaces on a Hessian domain are known as 1- and (—1)-conformally flat statistical
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82 K. Uohashi

manifolds for primal and dual connections, respectively [17, 19]. The gradient
mappings are then considered to be harmonic maps relative to the dual connection,
i.e., the (—1)-connection [13].

In this paper, we review the notions of harmonic maps, affine harmonic maps
and «a-affine harmonic maps, and investigate different kinds of harmonic maps rela-
tive to a-connections. In Sect. 4.2, we give definitions of an affine harmonic map, a
harmonic map and the standard Laplacian. In Sect.4.3, we explain the generalized
Laplacian which defines a harmonic map relative to an affine connection. In Sect. 4.4,
we present the Laplacian of a gradient mapping on a Hessian domain, as an example
of the generalized Laplacian. Moreover, we compare the harmonic map defined by
Shima with an affine harmonic map defined in Sect.4.2. In Sect. 4.5, a-connections
of statistical manifolds are explained. In Sect. 4.6, we define a-affine harmonic maps
which are generalization of affine harmonic maps and also a generalization of har-
monic maps defined by Shima. In Sect.4.7, we describe the a-conformal equiva-
lence of statistical manifolds and a harmonic map relative to two c-connections. In
Sect. 4.8, we review a-conformal equivalence of level surfaces of a Hessian domain.
In Sect. 4.9, we study harmonic maps of level surfaces relative to two a-connections,
for examples of a harmonic map in Sect. 4.7, and provide examples on level surfaces
of regular convex cones.

Shima [13] investigated harmonic maps of n-dimensional level surfaces into
an (n + 1)-dimensional dual affine space, rather than onto other level surfaces.
Although Nomizu and Sasaki calculated the Laplacian of centro-affine immer-
sions into an affine space, which generate projectively flat statistical manifolds
(i.e. (—1)-conformally flat statistical manifolds), they did not discuss any harmonic
maps between two centro-affine hypersurfaces [12]. Then, we study harmonic maps
between hypersurfaces with the same dimension relative to general a-connections
that may not satisfy o« = —1 or 0 (where the O-connection implies the Levi-Civita
connection). In particular, we demonstrate the existence of non-trivial harmonic maps
between level surfaces of a Hessian domain with a-parameters and the dimension 7.

4.2 Affine Harmonic Maps and Harmonic Maps

First, we recall definitions of an affine harmonic map and a harmonic map.
Let M an m-dimensional affine manifold and {)c1 ,...,x™}alocal affine coordinate
system of M. If there exist a symmetric tensor field of degree 2

g= gijdxidxj

on M satisfying locally
%o

= Oxiow D

9ij
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for a convex function o, M is said to be a Kéhler affine manifold [2, 7]. A matrix [g;;] is
positive definite and defines a Riemannian metric. Then for the Kéhler affine manifold
M, (M, D, g) is a Hessian manifold, where D is a canonical flat affine connection for
{)c1 , ..., x™}. We will mention details of Hessian manifolds and Hessian domains in
later sections of this paper.

The Kdhler affine structure (4.1) defines an affinely invariant operator L by

m 82
L= gj7r ERENE (4.2)

i,j=1
A smooth function f : M — R is said to be affine harmonic if
Lf =0.

For a Kdhler affine manifold (M, g) and a Riemannian manifold (N, &), a smooth
map ¢ : M — N is said to be affine harmonic if

m n
G rn 000 O
v I ree— F/)—.—. =O, :],..., y 43
ijzzl I Ox'Ox/ + 6;1 08 oxi i i " “4.3)

where I” is the Christoffel symbol of the Levi-Civita connection for a Riemannian
metric 4, and n = dim N.

Let us compare an affine harmonic map with a harmonic map. For this purpose, we
give a definition of a harmonic function at first. For a Riemannian manifold (M, g),
a smooth function f : M — R is said to be a harmonic function if

where A is the standard Laplacian, i.e.,

. 1< ;
Af = div grad f = 77 ijZ:I o (f g’ axj) “.4)
m 82f m L 8f
=29 ( R Z, o (4.5)

./:

Z{e,w) LCenf).

g= det[gij],
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{e1, ..., em} 1s a local orthogonal frame on a neighborhood of x € M, and vie r
are the Levi-Civita connection, the Christoffel symbol of VXC, respectively. Remark
that the sign of definition (4.4) is inverse to the sign of the Laplacian in [3, 21].

For Riemannian manifolds (M, g), (N, h), a smooth map ¢ : M — N is said to
be a harmonic map if

T7(¢p) =0; the Euler-Lagrange equation,

where 7(¢) € I'(¢p~'TN) is the standard tension field of ¢ defined by

m
T(O)(x) = D (VEChre; — 0.V e (), xeM, (4.6)
i=1
ificgb*ei = @éfeigb*ei; the pull-back connection,
and VL€ VLC are the Levi-Civita connections for g, h, respectively. For local coor-
dinate systems {xl, ..., x"™} and {yl, ...,y"} on M and N, the v-th component of
T(¢) at x € M is described by

, a¢5 a¢>
() (x) = Zg ax ax/ Z + Z Fi(e(0)) 5 o
ij=1 0,0=1
4.7)
X m n o 56 3
ij=10,8=

’=yo¢, v=1,....n

where
n

0
(A = UQEOP=2

=1

and F kT 5ﬂ/ﬂ are the Christoffel symbols of V€, vLC, respectively. The original

deﬁmtlon of a harmonic map is described in [3, 21], and so on.

Remark 1 Term (4.5) is not equal to the definition (4.2). Hence an affine harmonic
function is not necessary a harmonic function.

Remark 2 Term (4.7) is not equal to the definition (4.3). Hence an affine harmonic
map is not necessary a harmonic map.
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4.3 Affine Harmonic Maps and Generalized Laplacians

In Sect.4.2, the Laplacian is defined for a function on a Riemannian manifold. In
this section, we treat Laplacians for maps between Riemannian manifolds.

For Riemannian manifolds (M, g) and (N, k), a tension field of a smooth map
¢ : M — N is defined by

7(¢) = Z(ve, (dsei) — $(VECer) € M'(¢7'TN) (4.8)
i=1
m
A 0 0
= ZQU Vo (15*_) — O« VL{)C_) )
£ axl ox/ od OX
ij=1 .
where {e1, ..., en} is a local orthonormal frame for g, {x, ’"} is a local coor-

dinate system on M, VEC is the Levi-Civita connectlon of g, and V is a torsion free
affine connection on N [12]. The affine connection V does not need to be the Levi-
Civita connection. We also denote by V the pull-back connection of V to M. Then
¢ is said to be a harmonic map relative to (g, V) if

T(8) = D (Ve (duei) — 62 (VECe)) = 0.

i=1

If a Riemannian manifold N is an finite dimensional real vector space V, the
tension field 7(¢) is said to be a Laplacian of a map ¢ : M — V. Then a notation A
for the standard Laplacian is often used for the Laplacian of a map as the following;

Ap= Ay g0 =T(): M- V. (4.9)

For V = R, A¢ defined by Eqgs. (4.8) and (4.9) coincides with the standard Laplacian
for a function defined by (4.4).

See in [12] for an affine immersion and the Laplacian of a map, and see in [13,
14] for the gradient mapping and the Laplacian on a Hessian domain.

4.4 Gradient Mappings and Affine Harmonic Maps

In this section, we investigate the Laplacian of a gradient mapping in view of geometry
of affine harmonic maps.

Let D be the canonical flat affine connection on an (n + 1)-dimensional real affine
space A"l andlet {x!, ..., x"*!} be the canonical affine coordinate system on A"+,

i.e., Ddx' = 0. If the Hessian Ddyp = Z:’lel (0%p/0x'Ox)dx'dx’ of a function ¢ is
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non-degenerate on a domain £2 in A" then (£2, D, g = Dd) is a Hessian domain
[14].

For the dual affine space A} | | and the dual affine coordinate system {x{, ..., x;_ |}
of A"+ | the gradient mapping . from a Hessian domain (£2, D, g = Ddy) into
(A, |, D*) is defined by

" Iy
X; OL:—ﬁ.

The dually flat affine connection D’ on 2 is given by
t(DyY) = D1 (Y) forX,Y € I'(T$2), (4.10)
where D5 ¢, (Y) denotes the covariant derivative along ¢ induced by the canonical flat

affine connection D* on A7 ;.
The Laplacian of ¢« with respect to (g, D*) is given by

) — ij * -~ LC ¥
Aupye=2.9 [D(a/ (Vaxf))]

iJ

.. o
= 1, Zg”(D/—VLC)%@ A.11)
i !
ij (o LC 9
=11 4" —D)%% (4.12)
ij o

= Ly (Z OéKi%) .

where is the Levi-Civita connection for g and I" is the Christoffel symbol of
VLC and where aX is the Koszul form, i.e.,

VLC

oX =dlog |det[g,-j]|%, af =15 oK =" glak
: j

([13], p. 93 in [14]). We have the deformation from (4.11) to (4.12) by

DJ;D’ _ ylC.

Details of dual affine connections are described in later sections.

Let VLC* be the Levi-Civita connection for the Hessian metric g* = D*d* on the
dual domain £2* = (), where p* = >, x'(9p/0x') — ¢ is the Legendre transform
of . Then the term (4.12) is described as the follows:



4 Harmonic Maps Relative to a-Connections 87

0
Aoyt =D g”{vw*u*—> (D o 5
Oxt Ox!
ij

Moreover the y-th component of Ay p+)e is

8L P
* , ll =
(Ao’ = E 9 8x 8xf E ‘”8xl a1 7 L...,n+1

where ¢/ (x) = xF o1(x). Therefore, if the gradient mapping ¢ is a harmonic map with
respect to (g, D*), i.e., if Ay p+ye = 0, we have

; L 00 9P
Zg] 8xax] z o ag | =0 v=lontl (4.13)

Equation (4.13) is obtained by putting ¢ on ¢ of Eq. (4.3). Thus considering a Hessian
domain £2 as a Kihler affine manifold, we have the next proposition.

Proposition 1 The followings are equivalent:

(i) the gradient mapping v is a harmonic map with respect to (g, D*);

(ii) the gradient mapping v : (2,D) — (A} 4, VLC*) is an affine harmonic map.

In [13, 14], Shima studied an affine harmonic map with the restriction of the
gradient mapping ¢ to a level surface of a convex function ¢.

The author does not clearly distinguish a phrase “relative to something” with a
phrase “with respect to something”.

4.5 o-Connections of Statistical Manifolds

We recall some definitions that are essential to the theory of statistical manifolds and
relate a-connections to Hessian domains.

Given a torsion-free affine connection V and a pseudo-Riemannian metric 4 on a
manifold N, the triple (N, V, h) is said to be a statistical manifold if Vh is symmetric.
If the curvature tensor R of V vanishes, (N, V, h) is said to be flat.

Let (N, V, h) be a statistical manifold and let V’ be an affine connection on N
such that

Xh(Y,Z) = h(VxY,Z) + h(Y,VyZ) forX,Y and Z € I'(TN),

where I"(TN) is the set of smooth tangent vector fields on N. The affine connection
V'’ is torsion free and V’h is symmetric. Then V' is called the dual connection of
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V. The triple (N, V', h) is the dual statistical manifold of (N, V, h), and (V, V', h)
defines the dualistic structure on N. The curvature tensor of V' vanishes if and only if
the curvature tensor of V also vanishes. Under these conditions, (V, V', h) becomes
a dually flat structure.

Let N be a manifold with a dualistic structure (V, V', h). For any « € R, an affine

connection defined by
1+« v l—a
2 2

V@ .=

v/ (4.14)

is called an a-connection of (N, V, h). The triple (N, V@ 1) is also a statistical
manifold, and V(= is the dual connection of V(®. The 1-connection VD, the
(—1)-connection V(_l), and the 0-connection V© correspond to the V, V', and the
Levi-Civita connection of (N, h), respectively. An a-connection does not need to be
flat.

A Hessian domain is a flat statistical manifold. Conversely, a local region of a
flat statistical manifold is a Hessian domain. For the dual connection D’ defined by
(4.10), (£2, D', g) is the dual statistical manifold of (£2, D, g) if a Hessian domain
(£2, D', g) is a statistical manifold [1, 13, 14].

4.6 o-Affine Harmonic Maps

In this section, we give a generalization of an affine harmonic map.
Considering a Hessian domain (£2, D, g) as a statistical manifold, we have the
a-connection of (£2, D, g) by

1+« l—a
——D+ ——D
2 + 2

D@ —

for each a € R. Let D(* be an a-connection of (£2*, D*, g*) which is the dual
statistical manifold of (£2, D, g). Then the Laplacian of the gradient mapping 1 with
respect to (g, D'®*) is given by

_ ij (@)= Iy Lc Y
A(Q,D((’)*)L = Zg [D(;z’ (L* 8)(/) Ly (va(zl 6_x/)]

ij

. 9
=14 > I DY -V 5 =
oxl i/
ij Ox 8x
= > D), 2
o Ox/
i Ox 6x
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0
_ ] LCx (av)
Sy - (02 5)]

L]

If A(q’D(a)*)L = (0, we have

| &% oY N T i
ij _ k o _
Zg Oxio )Zr'fak Z 5 g o [ = O

Lj
y=1,....,n+ 1.
In general, we define the notion of a-affine harmonic maps as follows:

Definition 1 For a Kihler affine manifold (M, g) and a Riemannian manifold (V, h),
amap ¢ : M — N is said to be an «-affine harmonic map if

) d 9¢° 0
> g lg,_(l— )z Uka¢k+z “aﬁt a(i =0, (415

ij
y=1,...,dim N.

Then we obtain that the gradient mapping ¢ is a harmonic map with respect to
(g, D'“*)ifand only if themap ¢ : (£2, D'¥) — (A*,,, V*) is an a-affine harmonic
map.

n+1°

Remark 3 For a = 1, a 1-affine harmonic map is an affine harmonic map.

Remark 4 For o« = 0, a 0-affine harmonic map is a harmonic map in the standard
sense.

They are problems to find applications of a-affine harmonic maps and to investi-
gate them.

4.7 Harmonic Maps for a-Conformal Equivalence

In this section, we describe harmonic maps with respect to a-conformal equivalence
of statistical manifolds.

For a real number «, statistical manifolds (N, V, k) and (N, V, i_l) are regarded
as a-conformally equivalent if there exists a function ¢ on N such that
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h(X,Y) = e®h(X,Y), (4.16)

_ 1+«
h(VxY,Z) = h(VxY,Z) — Td(b(Z)h(X, Y)

+ 1_TO[{ng)(X)h(Y,Z) +dop(Y)h(X, Z)} 4.17)

for X,Y and Z € I'(IN). Two statistical manifolds (N, V, k) and (N, V, h) are
a-conformally equivalent if and only if the dual statistical manifolds (N, V’, ) and
(N, V', }_z) are (—a)-conformally equivalent. A statistical manifold (N, V, h) is said
to be a-conformally flat if (N, V, h) is locally a-conformally equivalent to a flat
statistical manifold [19].

Let (N, V, h) and (N, V, ) be a-conformally equivalent statistical manifolds of
dimn > 2, and {xl, ...x"} alocal coordinate system on N. Suppose that 4 and h
are Riemannian metrices. We set i; = h(9/0x, 9/0x) and [hV] = [h;]~". Let
g : (N, V,h) — (N, V, h) be the identity map, i.e., iz (x) = x forx € N, and 74,
the differential of ;.

We define a harmonic map relative to (h, V, @) as follows:

Definition 2 ([16, 18]) If a tension field Thv.9) (m;q) vanishes on N, i.e.,
T(h,vﬁ)(ﬂ'id) =0,

the map myg : (N, V,h) — (N, v, 1_1) is said to be a harmonic map relative to
(h, V, V), where the tension field is defined by

0 0
T(h‘v’ﬁ)(’ffid) z K I . (ﬂ'id*(@)) — Tid« (Vo% (97)61)] € F(7r TN)

i,j=1
Z WYy ——-Vay —) e I'(TN). (4.18)
ij=1 dx’ Oxl ox/

Then the next theorem holds.

Theorem 1 ([16, 18]) For a-conformally equivalent statistical manifolds (N, V., h)
and (N, V h) ofdim N > 2 satisfying Eqs.(4.16) and (4.17), ifa« = —(n— 2)/(n+2)
or ¢ is a constant function on N, the identity map wwiq : (N, V,h) — (N, V,h) isa
harmonic map relative to (h, V, @).

Proof By Eqgs.(4.17) and (4.18), for k € {1, ..., n} we have

h (T(h v.9) (Tid) , ik)
o Ox

0 0
[ Swi(v, L ov, 2), 2
Z ( o O = ﬁxf) Oxk

i,j=1
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I+« 0 g 0
= hl] ey ]’l —_— ., —
”zl { 2 gb(@x") (6x’ 8x/)
1 - o 0
d
- oo () (5 5w)
0 o 0
“"b(w)h(%w)”
AR B 96 9
=2’“i‘TWU+ 2 (8thf"+afh"‘)}
1+«
= _ 2 .n.axk lk+z ‘k
<b

( 14+« 11—« )

2 2 Dxk
=——{(n+2)a+(n—2)} gi])(

where ¢ is the Kronecker’s delta. Therefore, if 7, g §)(miz) = 0, it holds that
(n+2)a+ (m—2)=0ordp/0x* =0forall k € {1,...,n} at each point in N.
Thus we obtain Theorem 1. O

4.8 a-Conformal Equivalence of Level Surfaces

We show our previous results of a-conformal equivalence of level surfaces.
The next theorem holds for a 1-conformally flat statistical submanifold.

Theorem 2 ([19]) Let M be a simply connected n-dimensional level surface of ¢
on an (n + 1)-dimensional Hessian domain (§2, D, g = Ddy) with a Riemannian
metric g, and suppose that n > 2. If (§2, D, g) is a flat statistical manifold, then
(M, DM, gM)y is a 1-conformally flat statistical submanifold of (§2, D, g), where DM
and g™ are the connection and the Riemannian metric on M induced by D and g,
respectively.

Seein [15, 17-19] for realization problems related with a.-conformal equivalence.

‘We now consider two simply connected level surfaces of dimn > 2 (M, D, g) and
(M , D, g), which are 1-conformally flat statistical submanifolds of (£2, D, g). Let
be a function on M such that e)‘(p)L(p) € Z(M ) for p € M, where [ is the restriction
of the gradient mapping ¢ to M, and set (¢)(p) = ¢*?). Note that the function ¢*
projects M to M with respect to the dual affine coordinate system on 2.

We define a mapping 7 : M — M by
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where ¢ (as denoted above) is the restriction of the gradient mapping ¢ to M. Let D’
be an affine connection on M defined by

T (DyY) = b;*(x)w*(Y) for X,Y € I'(TM),
and g be a Riemannian metric on M such that
IX.Y) = e*g(X,Y) = j(m(X), m ().
The following theorem has been proposed elsewhere (cf. [9, 11]).

Theorem 3 ([20]) For affine connections D' and D' on M, the following are true:

() D' and D' are projectively equivalent.
(i) M, D', g) and (M, D', §) are (—1)-conformally equivalent.

Let D be an affine connection on M defined by
To(DxY) = Dy, (xyms(Y) for X, Y € I'(TM).

From the duality of Dand D/ , D is the dual connection of D’ on M. Then the next
theorem holds (cf. [6, 9]).

Theorem 4 ([20]) For affine connections D and D on M, we have that

(i) D and D are dual-projectively equivalent.
(i) (M, D, g) and (M, D, g) are 1-conformally equivalent.

For a-connections D and D@ = D~ defined similarly to (4.14), we obtain
the following corollary by Theorem 3, Theorem 4, and Eq. (4.17) with ¢ = A [15].

Corollary 1 For affine connections D@ and DY on M, M, D@ qg) and (M, D@
g) are a-conformally equivalent.

4.9 Harmonic Maps Relative to a-Connections on Level
Surfaces

We denote bj(:ﬁx) m.(Y) by ﬁgk)ﬂ'*(Y), considering it in the inverse-mapped section

F(W’ITA;I). Let {x!, ..., x"} be a local coordinate system on M. The notion of a
harmonic map between two level surfaces (M, D@, g) and (M, D@, g) is defined
as follows:

Definition 3 ([16, 18]) If a tension field T(g’D(Q)’D(n))(ﬂ') vanishes on M, i.e.,

T(g,D(“>,b(”)) (ﬂ-) = Oa
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the map 7 : (M, D@, g) — (M, D@, §) is said to be a harmonic map relative to
(g, D'Y, D'9), where the tension field is defined by

n
. 0 y 0 SRS
T(g. D@ pen () = ijzz:l gY [D;%: (W*(@)) — Ty (D((EI)W)] e I'(x~'Ti).
(4.19)

We now specify the conditions for harmonicity of a map 7 : M — M relative to
(9. D@, D).

Theorem 5 ([16, 18]) Let (M,D'Y, g) and (M, b(“),ﬁ) be simply connected
n-dimensional level surfaces of an (n + 1)-dimensional Hessian domain (2, D, g)
withn > 2. If« = —(n — 2)/(n + 2) or X\ is a constant function on M, a map
T (M, D@, qg) — (M, b(a), q) is a harmonic map relative to (g, D@ b(a)),
where

lom=¢et, (Mp) =P, SPup)eid), peM,

and 1, T are the restrictions of the gradient mappings on S2 to M and M, respectively.

Proof The tension field of the map 7 relative to (g, D@, D@) is described by the
pull-back of (M, D@ g), namely (M, D@, g), as follows:

n
A 0 0
i | p@ (@
Tg.po oy (M = > ¢ [Da (W* (6xf)) o (Do’ii 8x/')]

oxt

ij=1
n
. - 0 0
— ij (@ Y ) () Y
£ () (o30)
l,jzl ox 2%

W
* 2 Ox o On

ij=1
Identifying T ()M with TxM and considering the definition of 7, we obtain
- ) )
) 2 i@ 9 @ 9
Tigpo) oy (M) =€ D g (D 055D 3,@) :
ij=1 Oxt Oxt
By Corollary 1, (M, D@, g) and (M, D@, g) are a-conformally equivalent, so that

Eq. (4.17) holds with ¢ = X\, h = ¢, V. = D and V = D@ for X, Y and
Z € I'(TM). Thus, for all k € {1, ..., n},

0
g (T(g,D(“),b(")) (m), W)
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0 0 0
*”(@)9(@@)”
o\ o\

n
.. 14+a 0N 1—«a
— A jy_ == 4+ = (ZZ . i
¢ i,-Z:lg I 2 kit (axigf” axjg’k)]

NEREX 8A+1—a "8/\5+"8)\5
=e'{— n-—+— —0; —0;
2 Oxk 2 p oxi = o
=(- . .2 il
( "t )eaxk

1 7))

=3 {(n+2)a+ (n-2)} e’\w.
Therefore, if T(g.D@ f)(a))(w) =0, then (n + 2)a + (n — 2) = 0 or IN/OxF = 0 for
all k € {1, ..., n} ateach point in N. Thus we obtain Theorem 5. O

Remark 5 If n = 2, harmonic maps 7 with non-constant functions A exist if and
only if & = 0.

Remark 6 If n > 3, and a map = is a harmonic map with a non-constant function
A, then —1 < a < 0.

Remark 7 For a < —1 and a > 0, harmonic maps 7 with non-constant functions A
do not exist.

Definition 3 and Theorem 5 are special cases of harmonic maps between
a-conformally equivalent statistical manifolds discussed in our previous study [16].

We now provide specific examples of harmonic maps between level surfaces
relative to a-connections.

Example I (Regular convex cone) Let 2 and ¢ be a regular convex cone and its
characteristic function, respectively. On the Hessian domain (£2, D, g = Dd log ),
dlog) is invariant under a 1-parameter group of dilations at the vertex p of £2, i.e.,
x —> é'(x —p) +p,t € R[5, 14]. Then, under these dilations, each map between
level surfaces of log 1 is also a dilated map in the dual coordinate system. Hence,
each dilated map between level surfaces of log 1 in the primal coordinate system is
a harmonic map relative to an a-connection for any a € R.
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Example 2 (Symmetric cone) Let £2 and v = Det be a symmetric cone and its
characteristic function, respectively, where Det is the determinant of the Jordan
algebra that generates the symmetric cone. Then, similar to Example 1, each dilated
map at the origin between level surfaces of log 1/ on the Hessian domain (§2, D, g =
Dd log 1)) is a harmonic map relative to an a-connection for any o € R

It is an important problem to find applications of non-trivial harmonic maps rel-

ative to a-connections.

Acknowledgments The author thanks the referees for their helpful comments.
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Chapter 5
A Riemannian Geometry in the g-Exponential
Banach Manifold Induced by g-Divergences

Héctor R. Quiceno, Gabriel 1. Loaiza and Juan C. Arango

Abstract Inthischapter we consider a deformation of the nonparametric exponential
statistical models, using the Tsalli’s deformed exponentials, to construct a Banach
manifold modelled on spaces of essentially bounded random variables. As a result of
the construction, this manifold recovers the exponential manifold given by Pistone
and Sempi up to continuous embeddings on the modeling space. The g-divergence
functional plays two important roles on the manifold; on one hand, the coordinate
mappings are in terms of the g-divergence functional; on the other hand, this func-
tional induces a Riemannian geometry for which the Amari’s a-connections and the
Levi-Civita connections appears as special cases of the g-connections induced, v(¢).
The main result is the flatness (zero curvature) of the manifold.

5.1 Introduction

The study of differential geometry structure of statistical models, specially its
Riemannian structure, has been developed in two ways, the finite and infinite dimen-
sional cases. The former due to Rao [20], and Jeffreys [11], where the Fisher informa-
tion is given as a metric for a parametric statistical model { p(x, 6), § = 6L, ..., 0" )}
together with the non-flat Levi-Civita connection. Efron [7], introduced the concept
of statistical curvature and implicitly used a new connection, known as the expo-
nential connection which was deeply studied by Dawid [6]. The study on the finite
dimensional case culminated with Amari [1] who defined a one-parameter family of
a-connections which specializing to the exponential connection when o« — 1, the
essential concept of duality, and the notions of statistical divergence among others.
This geometry is characterized by the facts that the exponential connection for the
exponential family has vanishing components and zero curvature.
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The infinite-dimensional case, was initially developed by Pistone and Sempi [19],
constructing a manifold for the exponential family with the use of Orlicz spaces as
coordinate space. Gibilisco and Pistone [ 10] defined the exponential connection as the
natural connection induced by the use of Orlicz spaces and show that the exponential
and mixture connections are in duality relationship with the a-connections just as in
the parametric case. In these structures, every point of the manifold is a probability
density on some sample measurable space, with particular focus on the exponential
family since almost every model of the non-extensive physics belongs to this family.
Nevertheless, some models (complex models, see [4]) do not fitin this representations
so a new family of distributions must be defined to contain those models, one of
these families is the g-exponential family based on a deformation of the exponential
function which has been used in several applications using the Tsalli’s index ¢, for
references see [4, 21].

In order to give a geometric structure for this models, Amari and Ohara [3] studied
the geometry of the g-exponential family in the finite dimensional setting and they
found this family to have a dually flat geometrical structure derived from Legendre
transformation and is understood by means of conformal geometry. In 2013, Loaiza
and Quiceno [15] constructed for this family, a non-parametric statistical manifold
modeled on essentially bounded function spaces, such that each g-exponential para-
metric model is identified with the tangent space and the coordinate maps are natu-
rally defined in terms of relative entropies in the context of Tsallis; and in [14], the
Riemannian structure is characterized.

The manifold constructed in [14, 15]; is characterized by the fact that when
q — 1 then the non-parametric exponential models are obtained and the mani-
fold constructed by Pistone and Sempi, is recovered, up to continuous embeddings
on the modeling space, which means that the manifolds are related by some map
L®(p- p) < L°(p - p); which should be investigated.

5.2 g-Exponential Functions and g-Exponential Families

As mentioned, some complex phenomena do not fit the Gibbs distribution but the
power law, the Tsalli’s g-entropy is an example capturing such systems. Based on
the Tsalli’s entropy index g, it has been constructed a generalized exponential family
named g-exponential family, which is being presented, see [4, 16, 21].

Given a real number g, we consider the g-deformed exponential and logarithmic
functions which are respectively defined by

—1
=+ (1—gx]™ if — <x (5.1)
q 1—¢

x1m7 -1
Ing (x) = ﬁ if x> 0. (5.2)
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s =0
7/

Fig. 5.1 exp,(x) forqg <0

The above functions satisfy similar properties of the natural exponential and log-
arithmic functions (Fig.5.1).

5.2.1 q-Deformed Properties and Algebra

It is necessary to show the basic properties of the g-deformed exponential and loga-
rithm functions. Take the definitions given in (5.1) and (5.2) (Fig.5.2).

Proposition 1 1. Forq <0, x € [0, 00), exp, (x) is positive, continuous, increas-
ing, concave and such that:

lim exp, (x) = oo.
X—>0Q

2. For0 <q < 1,x € [0, 00), exp, (x) is positive, continuous, increasing, convex
and such that:
lim exp,(x) = oo.

3. For1 < g, x € [O, q+l) exp, (x) is positive, continuous, increasing, convex
and such that:
lim exp, (x) = oo.

1

x=> (=1

Some graphics are shown for different values of the index ¢, to illustrate the behavior
of exp, (x) (Fig.5.3).
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Fig. 5.3 exp,(x) forg > 1



5 A Riemannian Geometry in the g-Exponential Banach Manifold 101

=-3
q P

g=-1

Fig. 5.4 Ing(x) forg <0

Proposition 2 For the function Ing (x)

1. Forg <0, x € [0, 00), Ing(x) is continuous, increasing, convex and such that:
Xll)néo Ing (x) = oo.

2. For0 < g < 1, x € [0, 00), Ing(x) is continuous, increasing, concave and such
that:
Xll)néo Ing (x) = oo.

3. For1 < g, x € (0, 00), Iny(x) is increasing, continuous, concave and such that:

xlglgolnq(x) = qu

Some graphics are shown for different values of the index g, to illustrate the behavior
of In, (x) (Fig.5.4).

The following proposition shows that the deformed functions, share similar prop-
erties to the natural ones (Fig.5.5).

Proposition 3 1. Product

exp, (x) exp, (y) = exp, (x + y + (1 — g)xy). (5.3)
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Fig. 5.5 Ing(x) for0 < g <1

2. Quotient

exp, (x) ( xX—y )
=exp, | ———— ).
exp, () 1+ (1 —q)y

(exp, x)" = exp, _a— (nx).

3. Power law

4. Inverse
X

—1 _ _
[exp, (x)] " = exp, (—1 T

5. Derivative

d
- [exp, (0] = (exp, ()7 = exp, _1(g).

dx
6. Integral
/equ(nx)dx = ﬁ(equ (nx))>9.
7. Product
Ing(xy) = Ing(x) +1ng(y) — (1 — g) Ing(x) Ing ().
8. Quotient

n (f)z Ing (x) — Ing (y)
“\y)  1+0-q)Ing(y)’

) = expy_y (—2).

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)

(5.9)

(5.10)
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Tl
e
N NW o

Fig. 5.6 In,(x) forg > 1

9. Power law

Ing (x") = < ", ().

10. Inverse | |
In, (x_l) - ng (%) = In,(x).

1+ (1 —¢)Ing(x) x4

11. Derivative J |
o [Ing(x)] = =

12. Integral

/lnq(x)dx = %x)q—l)'

5.2.2 q-Algebra

103

5.11)

(5.12)

(5.13)

(5.14)

For real numbers, there are two binary operations given in terms of the index ¢, as

follows (Fig.5.6).
1. The g-sum @,: R? — R, is given by:

x®gy=x+y+d-qgxy.

2. The g-product ®,: R x RT — R, is given by:

1
x®y=["7+y"7 111" x>0andy>0.

(5.15)

(5.16)
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Proposition 4 The above operations are associative, modulative and commutative,
being 0 and 1 the respective modules.

Proposition 5 Let x # qlTl, then there exist an unique inverse b, for @, denoted
byb = ©4x and givenby b = —m.

Then
X @q (qu) = O

With this definition, the g-difference can be defined as:

_ y (A =g)xy
I+d-qy 1+d—-qy

XOqy=x®g (Sgy) =x

X=y

= (5.17)
I+ =q)y
And so, the following properties follow:
XOq Y =064y Dy x. (5.18)
X0, (¥64y2) =&y By 2. (5.19)

Proposition 6 For x > 0 exist an unique inverse for ®,, denoted @,x and given
1
by b=(2—x!"9)T3,

With the previous proposition, it is defined a g-quotient for reals x y, positive,
such that x' =9 < y!=7 4- 1, given by:

1
XQgy=x®y (@) ="+ 2 -y — T4
1
= (x'7 - yl—q + 1):7' (5.20)

Note that for 0 < x < 2itfollows 1@, (1@, x) = x;andif g < 1, the expression
1 @4 0 is convergent.

xQuy =10, Y@, x) if x'""1<y"141. (5.21)
XQq (Y2 =(xQgy)®;z2=(x®;2)QqY
it 1<yl <xT 41 (5.22)

This definitions among with Proposition 5.3, allow to prove the next proposition.
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Proposition7 .

exp, (¥) exp, (¥) = exp, (x By ¥). (5.23)

exp, (x)
equ(y) = exp, (x4 ). (5.24)
exp, (x) ®q exp, (y) = exp, (x + y). (5.25)
exp, (x) Qg exp, (¥) = exp, (x — y). (5.26)

2.

Ing (xy) = Ing(x) ®, Ing (y). (5.27)
Ing (%) = In, (x) &, In, (). (5.28)
Ing(x ®; y) = Ing(x) +1In,(y). (5.29)
Ing;(x @q ¥) = Ing(x) — Ing (y). (5.30)

5.2.3 The q-Exponential Family

Some interesting models of statistical physics can be written into the following form,

f3(x) = c(x) expy (—a(B) — BH(x)), (5.31)

readers interested in this examples must see [16]. If the g-exponential in the r.h.s.
diverges then f3(x) = 0 is assumed. The function H (x) is the Hamiltonian. The
parameter ( is usually the inverse temperature. The normalization «((3) is written
inside the g-exponential. The function c(x) is the prior distribution. It is a reference
measure and must not depend on the parameter (.

If a model is the above form then it is said to belong to the g-exponential family.
In the limit ¢ — 1 these are the models of the standard exponential family. In that
case the expression (5.31) reduces to

J3(x) = c(x) exp(—a(f) — BH (x))

which is known as the Boltzman-Gibbs distribution.

The convention that f3(x) = 0 when the r.h.s. of (5.31) diverges may seem weird.
However, one can argue that this is the right thing to do, so the integral of the model is
always finite. Also, the example of the harmonic oscillator, given below, will clarify
this point. A reformulation of (5.31) is therefore that either f3(x) = 0 or
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fa(x)
In, (f(—;)) — —a(8) — BH(x).

Models belonging to the such a family share a number of interesting properties.
In particular, they all fit into the thermodynamic formalism. As a consequence, the
probability density f;3(x) may be considered to the be the equilibrium distribution of
the model at the given value of the parameter 3. Some basic examples of this family
are developed in [16], as follows.

5.2.3.1 The g-Gaussian Distribution (¢ < 3)

Many of the distributions encountered in the literature on non-extensive statistical
can be brought into the form (5.31). A prominent model encountered in this context
is the g-Gaussian distribution

1 x2
fx) = —Jequ( ;) (5.32)
q

with

Ccyp = ooex —x3 d
q — pq(x)x

1 1
/—7r F(_i Tl) _
= 1 if 1<q<3,
r (i)
1
- r(1+qj) .
= 1 3 1 if g <1.
1 F(ffm)

Take for instance g = % Then (5.32) becomes

fx) = ;

2
15 «/_ [ x2 j|
+
Note that this distribution vanishes outside the interval [—o, o]. Then, the ¢ — 1
case, reproduces the conventional Gauss distribution. For ¢ = 2 one obtains

g

fx) = (5.33)

T x2+a

This is known as the Cauchy distribution. The function (5.33) is also called a
Lorentzian. In the range 1 < g < 3 the g-Gaussian is strictly positive on the whole
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line. For ¢ < 1 it is zero outside an interval. For ¢ > 3 the distribution cannot be
normalized because

1
fx) ~ >— as |x| — 00.
x| =T

5.2.3.2 Kappa-Distributions 1 < ¢ < 3
The following distribution is known in plasma physics as the kappa-distribution

v2

1
f) = 3 (5.34)

A(n)vo (1 n BN ﬁ)H-k'
K—a U(ZJ

This distribution is a modification of the Maxwell distribution, exhibiting a power
law decay like f(v) ~ v~2" for large v.
Expression (5.34) can be written in the form of g-exponential with g = 1 + 14+;<;

and
f) = —v2 ex v f (5.35)
U a0 TP\ T2 —na ) ‘

However, in order to be of the form (5.31), the pre-factor of (5.35) should not
depend on the parameter vy. Introduce an arbitrary constant ¢ > 0 with the dimen-
sions of a velocity. The one can write

2

4 3 3791
) = Z—:equ (— Iy, |:47rA(/i) (%) ] — |:47TA(I€) (UC—O) } h(g, v)).

12
2—g—(q—Da 2"

In the case ¢ — 1, one obtains the Maxwell-distribution.

where h(q, v) =

5.2.3.3 Speed of Harmonic Oscillator (g = 3)

The distribution of velocities v of a classical harmonic oscillator is given by

1 1
f)=-

T [ 2 5
UO v

It diverges when |v| approaches its maximal value vg and vanished for |v| > vg.
This distribution can e written into the form (5.31) of a g-exponential family with
q = 3.Todoso, let x = v and
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c(x)—ﬁ,

|v|

1 2

ﬁ—zmvo,
e L1
(x) lmvz Ev

3

a(5)=—§-

5.3 Amari and Ohara’s g-Manifold

On 2011, Amari and Ohara [3], constructed a finite dimensional manifold for the
family of g-exponential distributions with the properties of a dually flat geometry
derived from Legendre transformations and such that the maximizer of the g-scort
distribution is a Bayesian estimator.

Let S, denote the family of discrete distributions over (n + 1) elements X =
{xo0, x1,...,xn}; put p; = Prob {x = x;} and denote the probability distribution

vector p = (po, Pl»---» Pn)-
The probability of x is written as

pe) =D pidi(x).
(=0

Proposition 8 The family S,,, has the structure of a q-exponential family for any q.

The proof is based on the fact that the g-exponential family is written as

p(x,8) = exp, (0 - x — g (6)), (5.36)
where 1), () is called the g-potential given by
n
1hg () = —1Ing(po), and po = 1— > pid;(x).
i=0

It should be noted that the family in (5.36), is not in general of the form given in
[16] since it does not have the pre factor (prior distribution) c(x), as in (5.31).
The geometry is induced by a g-divergence defined by the g-potential. Since ¢ is a
convex function, it defines a divergence of the Bregman-type

Dylp(x,01) : p(x, 02)] = 1g(02) — g (01) — Vo (01) - (02 — 01),

which simplifies to
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L 1 _n q .1—q
Dq[p'r]_—(l—q)hq(p)(l gpiri )’

n
where p, r are two discrete distributions and h,(p) = z p;’.
i=0

1=
For two points on the manifold, infinitesimally close, the divergence is
Dylp(x,0) : p(x,0+d0)] = gl.(6)do'de’,

where gl.q/. = 0;0;1(0) is the g-metric tensor.
Note that, when g = 1, this metric reduces to the usual Fisher metric.

Proposition 9 The g-metric is given by a conformal transformation of the Fisher
information metric 95’ as

q 9 F

17 hq (0) L]

With this Riemannian geometry, the geodesics curves of the manifold, given by
Ing[p(x, )] = tIng[p1()] + (I — 1) Ing[p2(x)] — (1),

allows to find the maximizer of the g-score function as a Bayesian estimator, see [3].

5.4 g-Exponential Statistical Banach Manifold

Let (£2, X, u) be a probability space and ¢ a real number such that 0 < g < 1.
Denote by 91, the set of strictly positive probability densities y-a.e. Foreach p € 9,
consider the probability space (§2, X, p - ), where p - u is the probability measure
given by

(p-(A) = / pdp.
A

Thus, the space of essentially bounded functions L°°(p - 1) is a Banach space
respect to the essential supremum norm denoted by || - || 5,00 and is included on the
set of random variables u € L'(p - 11) such that the maps i p R — [0, +00] given
by

ip(t) := /e(”‘)pdu = Ep[e(”‘)],

are finite in a neighborhood of the origin 0.
For each p € 9, consider

Byi=1{ueL®(p-p): Eplul =0},
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which (with the essential supremum norm) is a closed normed subspace of the Banach
space L*°(p - ), thus B, is a Banach space.

Two probability densities p,z € 9, are connected by a one-dimensional
g-exponential model if there exist » € M, u € L*(r - p), a real function of
real variable 1) and 6 > 0 such that for all € (-4, §), the function f defined by

£ = ey

satisfies that there are 19, t; € (—d, ) for which p = f(t) and z = f(t1). The
function f is called one-dimensional ¢g-exponential model, since it is a deformation
of the model (1) = ™ ¥®r, see [18].
Define the mapping M, by

My (u) = Eple{"],

denoting its domain by Dy, C L*(p - p1). Also, define the mapping K, : B) o
(0, 1) — [0, oo], foreach u € B, (0, 1), by

Kp(u) =1ny[M,u)].

Using results on convergence of series in Banach spaces, see [12], it can be proven
that the domain Dy, of M), contains the open unit ball B, o (0, 1) C L>®(p - ).
Also if restricting M, to B), o0 (0, 1), this function is analytic and infinitely Fréchet
differentiable.

Let (£2, X, 1) be a probability space and g a real number with 0 < g < 1. Let
be V), :={u € By : |lullp,o < 1}, for each p € 9M,,. Define the maps

eqp: Vp—> My,

by

’

Sy K (u))
eqpu)=e; " p

which are injective and their ranges are denoted by I{},. For each p € 9, the map

Sq.pt Uy =V,

o (o ()]

is precisely the inverse map of e, ,. Maps s, , are the coordinate maps for the
manifold and the family of pairs (U, s4, ) peM, define an atlas on 9,,; and the
transition maps (change of coordinates), for each

given by

u € sq.p; (Up, ﬂupz)v
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are given by

u By lnq(%) — Ep,[u®y lnq(%)]

1+ (1 - Q)Epz[u @q 1nq(%)]

Spy(ep, () =

Given
u € sq,p Uq,p, ﬂuq,pz)a

the derivative of map s¢, p, o s, ),

is of form

, evaluated at u in the direction of v € L>®(p1 - p)
D(sq,p, 0 55 )W) - v = A() = BW)Ep, [AW)],

where A(u), B(u) are functions depending on u. This, allows to establish the main
result of [15] (Theorem 14), that is, the collection of pairs {(U),, s4,p)} peM, is a
C*°-atlas modeled on B, and the corresponding manifold is called g —exponential
statistical Banach manifold.

Finally, the tangent bundle of the manifold, is characterized, (Proposition 15) [15],
by regular curves on the manifold, as follows.
Let g(¢) be aregular curve for 90, where g(#o) = p, and u(t) € V; be its coordinate
representation over s; ;.

Then
g(f) — eggu(l)quZ(u(l))]Z

and:
1. 41, (M)t:to = Tu'(t) — Q[M,(u(t)))'~7E [/ (1)] for some constants T

p
and Q.
2. If z = p, i.e. the charts are centered in the same point; the tangent vectors are
identified with the g-score function in ¢ given by L% In, (%)mt@ =Tu'(tp).
3. Consider a two dimensional g-exponential model

(tusy K, (tu))
eq q>p p

ft.q) = (5.37)

where if ¢ — 1 in (5.37), one obtains the one dimensional exponential models

e(tu—Kp(tu))p'
d (f (t))
dt P /iy

The g-score function
for a one dimensional g-exponential model (5.37) belongs to span[u] at t = to,
where u € V).

So the tangent space T, (9N,) is identified with the collection of g-score functions
or the one dimensional g —exponential models (5.37), where the charts (trivializing
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mappings) are given by
(9, u) € TUp) — (54,p(9), Aw) — BU)Ep[A)]),

defined in the collection of open subsets U}, x V), of M, x L>(p - p).

5.5 Induced Geometry

In this section, we will find a metric and then the connections of the manifold,
derived from the g-divergence functional and characterizing the geometry of the
g-exponential manifold. For further details see [22].

The g-divergence functional is given as follows [15].
Let f be a function, defined forallt #0and 0 < g < 1, by

1
f(6)=—t In, (;)

and for p, z € 9, the g-divergence of z with respect to p is given by

1
19| p) :=/ pf(i) du=—|:1 —/ 24 p'a du], (5.38)
Q P l—gq Q

which is the Tsallis” divergence functional [9]. Some properties of this functional
are well known, for example that it is equal to the a—divergence functional up to
a constant factor where o = 1 — 2gq, satisfying the invariance criterion. Moreover,
when g — 0 then /@9 (z||p) = 0 and if ¢ — 1 then I (z||p) = K (z|| p) which is
the Kullback-Leibler divergence functional [13]. As a consequence of Proposition
(17) in [15], the manifold is related with the g-divergence functional as

sq.p(2) = ( : ) (lnq (5) + 1<q><p||z)) :
’ 1+ (g — DID(pllz) P

The following result, is necessary to guarantee the existence of the Riemannian
metric of the manifold.

Proposition 10 Let p, z € M, then

@) VGNP =p = (d)p IPzlIP)]=p = O,

where the subscript p, z means that the directional derivative is taken with respect
to the first and the second arguments in 1'D (z||p), respectively, along the direction
ueT,(M,) orveT, M.
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Proof Writing (5.38) as

_ _ p=9) (@)
I(Q)(lep)=/ [A—g)p+ (@)z—p' Pz ]du,

l—gq
it follows

1 —_ J—
(du): I<q)(Z||P) = E/ﬂ [q —qp(l q>Z(q 1)] udpu

and |
@y 19GClIp) = ——— / [0 1= p9:@] v
—qJ

when z = p the desired result holds. O

According to Proposition (16) in [15], the functional 7 @) (z]|p) is bounded, since:

1'9(z||p) = 0 and equality holds iff p = z

I@(znp)g/ z—p)f (5) dp.
2 )4

Then, together with previous proposition, the g-divergence functional induces a
Riemannian metric g and a pair of connections, see Eguchi [8], given by:

and

g, v) = —(dy); (dy)p IPIP)]=p (5.39)
(Vwlt, ) = —(dw); ) dy)p TPl P)]=ps (5.40)
where v € T,(OM,), u € T,(M,) and w is a vector field.

Denote X' (9M,) the set of vector fields u : U, — T,(Up), and F(M,,) the set of
C® functions f : U, — R. The following result establish the metric.

Proposition 11 Let p,z € M, and v, u vector fields, the metric tensor (field)
g: XN, x XN, — F(OM,) is given by

uv
g(u,v) =¢q —dp.
QP
Proof By direct calculation over 19 (z|| p), one gets

1
(dv)pl(q)(z”p) = m /Q [(1 —q)—(1-— q)p(fq)z(q)] vdp

and
() (d)p 19GIp) = — /Q [p92971] wvd
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so by (5.39), it follows
uv
g(u,v) =gq — du.
QP

O

Note that when ¢ — 1, this metric reduces to the one induced by the («, (3)-
divergence functional which induces the Fisher metric on parametric models.
The connections are characterized as follows.

Proposition 12 The family of covariant derivatives (connections)
Vilu s ZEN) x EON,) — SO,
are given as
1 —
v Du = dyu — (_q) uw.
p

Proof Considering (d,); (dy)p 1 @ (z||p) as in proof of Proposition 5.11, we get

—(dw)(d)z(dy) IV zlIp) = ¢ / pP [(q — D29 uw + z@*“dwu] vdu.
22

By the previous proposition it follows that

(q)
u
g(vff,’)u,v) = q/ YR vy
2

P
and then
g (vf,?u, v) = (vu, v).
Then,
(q)
_ _ Vuw U

qp 1[(61—1)1t7 1uw+dwu] =q 1; ,

)

1 —
vgg)u =dyu — (—q) Uw.
p

O

It is easy to prove that the associated conjugate connection is given by v*w(q)u =
dyu— %uw. Notice that takingg = I_T“ yields to the Amaris’s one-parameter family
of a—connections in the form

1+«
v&ﬂ”u:dwu—( 2 ) uw;
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and taking ¢ = % the Levi-Civita connection results.

115

Finally, the geometry of the manifold is characterized by calculating the curvature

and torsion tensors, for which it will be proved that equals zero.

Proposition 13 For the g-exponential manifold and the connection given in the
previous proposition, the curvature tensor and the torsion tensor satisfy R(u, v, w) =

0 and T(u,v) =0.

Proof Remember that

R(u,v,w) = vy Vo W— Vy Vu W — V[u,p]W
T(u,v) = vyv— Vou — [u, v].

Using the general form
Vow = dyw + (v, w),

where
L:2,) x X, — XN,

is a bilinear form (the counterpart of the Christoffel symbol); and since
dy (Vyw) = dy (dyw) + T (dyv, w) + T (v, dyw) + dy T,

where d,I" = I'’u is the derivative of the bilinear form I, it follows that

Vu Vo w =dy (dyw) + T (dyv, w) + T (v, dyw) +d, I’
+ T (u,dyw)+T (u, '(v, w)),

and

Vo Vu W =dy (dyw) + T (dyu, w) + T (u, dyw) +d,T
+ I (v, dyw) +T (v, ['(u, w));

moreover,

(5.41)
(5.42)

Viuv]W = d[u,v]w + I (dyv — dyu, w) = d[u,v]w + T (dyv, w) =T (dyu, w),

where [u, v] = d,v — dyu; and then
Viuv]W = dy (dyw) — dy (dyw) + T (dyv, w) — T (dyu, w).

Substituting in (5.41) and (5.42) it follows that

Ru,v,w)=T @, I’'v,w)) —T (v, "'(u, w)) +d,I'(v, w) —d,T" (u, w),
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and
T(u,v) =Tw,v) —T(v,u).
Since I'(u, v) = —l%q uv, and d,T (v, w) = lp;zq uvw, one gets:
1-— 1-—
R(u,v, w):F(u,— qvw) —F(v,— | uw)
V4
1-— 1-—
+ 26] uvw — 26] vuUw
p p
1 — 1-— 1-— 1 —
a3 b K ]
p P p p
=0
and { )
T(u,v):——quv+ 6]vu:0
P V4

O

Since the mapping v < v(@ is smooth, it is expected that the geodesic
curves and parallel transports obtained from the g-connections preserves a smooth
isomorphism with the curves given by a-connections. Also, it must be investigated
if the metric tensor field in Proposition 5.11 is given by a conformal transformation
of the Fisher information metric.
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Chapter 6
Computational Algebraic Methods
in Efficient Estimation

Kei Kobayashi and Henry P. Wynn

Abstract A strong link between information geometry and algebraic statistics is
made by investigating statistical manifolds which are algebraic varieties. In particular
it is shown how first and second order efficient estimators can be constructed, such as
bias corrected Maximum Likelihood and more general estimators, and for which the
estimating equations are purely algebraic. In addition it is shown how Grobner basis
technology, which is at the heart of algebraic statistics, can be used to reduce the
degrees of the terms in the estimating equations. This points the way to the feasible
use, to find the estimators, of special methods for solving polynomial equations,
such as homotopy continuation methods. Simple examples are given showing both
equations and computations.

6.1 Introduction

Information geometry gives geometric insights and methods for studying the statis-
tical efficiency of estimators, testing, prediction and model selection. The field of
algebraic statistics has proceeded somewhat separately but recently a positive effort
is being made to bring the two subjects together, notably [15]. This paper should be
seen as part of this effort.

A straightforward way of linking the two areas is to ask how far algebraic methods
can be used when the statistical manifolds of information geometry are algebraic,
that is algebraic varieties or derived forms, such as rational quotients. We call such
models “algebraic statistical models” and will give formal definitions.
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In the standard theory for non-singular statistical models, maximum likeli-
hood estimators (MLEs) have first-order asymptotic efficiency and bias-corrected
MLEs have second-order asymptotic efficiency. A short section covers briefly the
basic theory of asymptotic efficiency using differential geometry, necessary for our
development.

‘We shall show that for some important algebraic models, the estimating equations
of MLE type become polynomial and the degrees usually become very high if the
model has a high-dimensional parameter space. In this paper, asymptotically efficient
algebraic estimators, a generalization of bias corrected MLE, are studied. By alge-
braic estimators we mean estimators which are the solution of algebraic equations.
A main result is that for (algebraic) curved exponential family, there are second-order
efficient estimators whose polynomial degree is at most two. These are computed
by decreasing the degree of the estimating equations using Grobner basis methods,
the main tool of algebraic statistics. We supply some the basic Grobner theory in
Appendix A. See [22].

The reduction of the degree saves computational costs dramatically when we use
computational methods for solving the algebraic estimating equations. Here we use
homotopy continuation methods of [19, 24] to demonstrate this effect for a few
simple examples, for which we are able to carry out the Grobner basis reduction.
Appendix B discusses homotopy continuation methods.

Although, as mentioned, the links between computational algebraic methods and
the theory of efficient estimators based on differential geometry are recent, two
other areas of statistics, not covered here, exploit differential geometry methods.
The first is tube theory. The seminal paper by Weyl [26] has been used to give exact
confidence level values (size of tests), and bounds, for certain Gaussian simultaneous
inference problems: [17, 20]. This is very much related to the theory of up-crossings
of Gaussian processes using expected Euler characteristic methods, see [ 1] and earlier
papers. The second area is the use of the resolution of singularities (incidentally
related to the tube theory) in which confidence levels are related to the dimension
and the solid angle tangent of cones with apex at a singularity in parameters space
[12, 25]. Moreover, the degree of estimating equations for MLE has been studied
for some specific algebraic models, which are not necessarily singular [11]. In this
paper we cover the non-singular case, for rather more general estimators than MLE,
and show that algebraic methods have a part to play.

Most of the theories in the paper can be applied to a wider class of Multivariate
Gaussian models with some restrictions on their covariance matrices, for example
models studied in [6, 14]. Though the second-order efficient estimators proposed in
the paper can be applied to them potentially, the cost for computing Grobner basis
prevents their direct application. Further innovation in the algebraic computation is
required for real applications, which is a feature of several other areas of algebraic
statistics.

Section 6.2 gives some basic background in estimation and differential geome-
try for it. Sections 6.3 and 6.4, which are the heart of the paper, give the algebraic
developments and Sect. 6.5 gives some examples. Section 6.6 carries out some com-
putation using homotopy continuation.
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6.2 Statistical Manifolds and Efficiency of Estimators

In this section, we introduce the standard setting of statistical estimation theory, via
information geometry. See [2, 4] for details. It is recognized that the ideas go back to
at least the work of Rao [23], Efron [13] and Dawid [10]. The subject of information
geometry was initiated by Amari and his collaborators [3, 5].

Central to this family of ideas is that the rates of convergence of statistical esti-
mators and other test statistics depend on the metric and curvature of the parametric
manifolds in a neighborhood of the MLE or the null hypothesis. In addition Amari
realized the importance of two special models, the affine exponential model and the
affine mixture model, e and m frame respectively. In this paper we concentrate on
the exponential family model but also look at curved subfamilies. By extending the
dimension of the parameter space of the exponential family, we are able to cover
some classes of mixture models. The extension of the exponential model to infinite
dimensions is covered by [21].

6.2.1 Exponential Family and Estimators

A full exponential family is a set of probability distributions {d P (x|0) | 6 € @} with
a parameter space @ C R? such that

dP(x|0) = exp(x;0' — (0))dv,

where x € R? is a variable representing a sufficient statistic and v is a carrier measure
on R?. Here x;0" means >, x;¢' (Einstein summation notation).

We call 6 a natural parameter and n = 7(6) := E[x|6] an expectation parameter.
Denote E = E(®) := {n®) | 8 € O} C R? as the corresponding expectation
parameter space. Note that the relation 7(0) = Vg1 (0) holds. If the parameter space
is restricted to a subset Vg C @, we obtain a curved exponential family

{dP(x]0) | 0 € Vo).

The corresponding space of the expectation parameter is denoted by Vg := {n(6) |
0eVo} CE.

Figure 6.1 explains how to define an estimator by a local coordinate. Let (1, v) €
R? x RY~P with a dimension p of Vg be a local coordinate system around the true
parameter 6* and define &/ C R” such that {0(u, 0)|u € U} = Vg. For a full expo-
nential model with N samples obtained by composing a map (X1, ..., X)) -
0(77)|n:5( and a coordinate projection map 0(u, v) + u, we can define a (local)

estimator (X, ..., X)) » u. We define an estimator by 7(, v) similarly. Since
X is a sufficient statistic of § (and 7) in the full exponential family, every estimator
can be computed by X rather than the original data {X;}. Therefore in the rest of the
paper, we write X as shorthand for X.
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Fig. 6.1 A projection to the n 3
model manifold according to
a local coordinate defines an
estimator

X

6.2.2 Differential Geometrical Entities

Let w := (u, v) and use indexes {i, j, ...} for 6 and 7, {a, b, ...} for u, {k, A, ...}
for v and {«, 3, ...} for w. The following are used for expressing conditions for
asymptotic efficiency of estimators, where Einstein notation is used.

Differential geometrical entities

d
- ni(0) = —(6),
1i(6) = 557 0(0) 2
. . 0~ (6)
— Fisher metric G = (g;;) w.r.t. 8: g;;(0) = 89:/)891"
— Fisher metric G = (¢"/) wrt.: G = G~ !,
. On; (w)
— Jacobian: B;,(0) := :
acobian ) e

o2 - 0
A ions @ i ——
e-connection: Faﬁﬁ (6wa8wﬁ9 (w)) (6w’Y N (w)),

o2 0
— - 1 * (m) = —_— 7 e !
m-connection: I“a[M (8waawﬁ ni (w)) (8w’Y 0 (w)),

6.2.3 Asymptotic Statistical Inference Theory

Under some regularity conditions on the carrier measure v, potential function ¢ and
the manifolds Vg or Vg, the asymptotic theory below is available. These condi-
tions are for guaranteeing the finiteness of the moments and the commuting of the
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expectation and the partial derivative %Ea[ fl= Ee[?}—g]. For more details of the
required regularity conditions, see Sect.2.1 of [4].

1. If & is a consistent estimator (i.e. P(||z — u|| > ¢) — 0as N — oo for any
€ > 0), the squared error matrix of # is

Eul(h — )@ —u) '] = E (29 — u®)(@" — u®)]
=N"gab — gang™ gp21"" + O(N72).

Here [-]~! means the matrix inverse. Thus, if g, = O for all @ and &, the main
term in the r.h.s. becomes minimum. We call such an estimator as a first-order
efficient estimator.

2. The bias term becomes

E 0% —u®l = QN) " 'p%u) + O(N7?)

for each a where b%(u) :=TI" (”‘)‘C‘ d(u)ng (u). Then, the bias corrected estimator
0= 4% — b4(0) satisfies E,[i% — u®] = O(N~2).
3. Assume g, = 0 for all a and &, then the square error matrix is represented by

1 1 (m) () (m)
Eu[(ﬁa _ua)(’/\zb _ Mb)] Ngab + 2N2 anb +2 H2ab + Hiab +0(N 2)

See Theorem 5.3 of [4] and Theorem 4.4 of [2] for the definition of the terms in
the r.h.s. Of the four dominating terms in the r.h.s., only

(m)
Hi%lab — gfi g/\VH(m)a H(m)b

j22

depends on the selection of the estimator.

Here H (’”)Z , is an embedding curvature and equal to I (’”)z y When g4, = 0 for
Hiah(m)

every a and k. Since is the square of I (’")Z y» the square error matrix

attains the minimum in the sense of positive definiteness if and only if

02 a
rpaw)| (avha i (w ))( <w>)

Therefore the elimination of the m-connection (6.1) implies second-order
efficiency of the estimator after a bias correction, i.e. it becomes optimal among
the bias-corrected first-order efficient estimators up to O (N —2).

—0. (6.1

v=0
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6.3 Algebraic Models and Efficiency of Algebraic Estimators

This section studies asymptotic efficiency for statistical models and estimators which
are defined algebraically. Many models in statistics are defined algebraically. Perhaps
most well known are polynomial regression models and algebraic conditions on
probability models such as independence and conditional independence. Recently
there has been considerable interest in marginal models [7] which are typically linear
restrictions on raw probabilities. In time series autoregressive models expressed by
linear transfer functions induce algebraic restrictions on covariance matrices. Our
desire is to have a definition of algebraic statistical model which can be expressed
from within the curved exponential family framework but is sufficiently broad to
cover cases such as those just mentioned. Our solution is to allow algebraic conditions
in the natural parameter ¢, mean parameter 7 or both. The second way in which
algebra enters is in the form of the estimator.

6.3.1 Algebraic Curved Exponential Family

We say a curved exponential family is algebraic if the following two conditions are
satisfied.

(C1) Ve or Vg is represented by a real algebraic variety, i.e. Vg := V(f1, ..., fr)
= {0 e RYf1(0) =--- = fi(d) = 0} or similarly Vg := V(g1, ..., g) for
fi e RO, ...,0% and g; € R[n1, ..., n4l.

(C2) 0+ n(f)orn — 6(n)isrepresented by some algebraic equations, i.e. there are
hi, ..., h; € R[0,n] such that locally in Vg x Vg, h;(0,n) =0iff n(d) =n
orf(n) = 6.

Here R[6!, ..., 6¢] means a polynomial of 01, ..., 09 over the real number field R
and R[6, n] means R[A', ..., 089, n1, ..., ng]. The integer k, the size of the genera-
tors, is not necessarily equal to d — p but we assume Vg (or V) has dimension p
around the true parameter. Note that if /() is a rational form or the logarithm of a
rational form, (C2) is satisfied.

6.3.2 Algebraic Estimators

The parameter set Vo (or Vg) is sometimes singular for algebraic models. But
throughout the following analysis, we assume non-singularity around the true para-
meter 0* € Vg (or n* € Vg respectively).

Following the discussion at the end of Sect.6.2.1. We call 6(u, v) or n(u, v) an
algebraic estimator if

(C3) w > n(w) or w — O(w) is represented algebraically.
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We remark that the MLE for an algebraic curved exponential family is an algebraic
estimator.

If conditions (C1), (C2) and (C3) hold, then all of the geometrical entities in
Sect. 6.2.2 are characterized by special polynomial equations. Furthermore, if 1/(0) €
R(0) UlogR(#) and O(w) € R(w) U log R(w), then the geometrical objects have
the additional property of being rational.

6.3.3 Second-Order Efficient Algebraic Estimators,
Vector Version

Consider an algebraic estimator n(u, v) € R[u, v]4 satisfying the following vector
equation:

d p
X=nw.0)+ D vi_pei)+c- Y fiu v)eju) (6.2)

i=p+1 j=1

where, for each u, {e;(u); j =1,..., p}U{e;(u);i = p+1,...,d}is acomplete
basis of R such that (ejm), (Vvum)g = 0 and f;(u,v) € Rlu][v]>3, namely a
polynomial whose degree in v is at least 3 with coefficients polynomial in u, for
j =1,..., p. Remember we use a notation X = X = % Zi X;. The constant c is
to control the perturbation (see below).

A straightforward computation of the m-connection in (6.1) at v = 0 for

d p
nw) =1, 0)+ D vipei)+c- D fiu, v)e;w)

i=p+1 j=1
shows it to be zero. This gives

Theorem 1 Vector equation (6.2) satisfies the second-order efficiency (6.1).

We call (6.2) a vector version of a second-order efficient estimator. Note that if
¢ = 0, (6.2) gives an estimating equation for the MLE. Thus the last term in (6.2)
can be recognized as a perturbation from the MLE.

Figure6.2 is a rough sketch of the second-order efficient estimators. Here the
model is embedded in an m-affine space. Given a sample (red point), the MLE
is an orthogonal projection (yellow point) to the model with respect to the Fisher
metric. But a second-order efficient estimator maps the sample to the model along a
“cubically” curved manifold (red curve).
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Fig. 6.2 Image of the vector
version of the second-order
efficient estimators

6.3.4 Second-Order Efficient Algebraic Estimators,
Algebraic Version

Another class of second-order efficient algebraic estimators we call the algebraic
version, which is defined by the following simultaneous polynomial equations with

Nu = n(u, 0).

(X_nM)Téj(uv nu)+c'hj(Xsu7nu7X _Tlll) =0f0rj = 17"'9p (6'3)

where {¢;(u,n,) € Rlu, nu]d; j =1,..., p}span ((V,n(u, 0))16)LE for every
wand h;(X,u,ny, t) € RIX,u,n,]lt]; (degree = 3in¢) for j = 1,..., p. The
constant c is to control the perturbation. The notation G represents the Fisher metric
on the full-exponential family with respect to n. The notation (V,,n(u, 0))1¢ means
the subspace orthogonal to span(9,n(u, O))fl7 | with respect to G and (-)“£ means
the orthogonal complement in the sense of Euclidean vector space. Here, the term
“degree” of a polynomial means the maximum degree of its terms. Note that the
case (X — nu)Téj (u,my) =0for j =1,..., p gives a special set of the estimating
equations of the MLE.

Theorem 2 An estimator defined by a vector version (6.2) of the second-order effi-
cient estimators is also represented by an algebraic version (6.3) where h;(X, u,

M t) = fiu, & O, @ (X—n))I_)) withafunction fj(u, v, v) € Rlu, 51[v]3

1

such that f(u, v,v) = f(u,v).

Proof Take the Euclidean inner product of both sides of (6.2) with each ¢; which is
a vector Euclidean orthogonal to the subspace span({e;|i # j}) and obtain a system
of polynomial equations. By eliminating variables v from the polynomial equations,
an algebraic version is obtained. (|
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Theorem 3 Every algebraic equation (6.3) gives a second-order efficient estimator
(6.1).

Proof Writing X = n(u, v) in (6.3), we obtain
((u, v) — 1, 0)"&; ) + ¢ - hj(nu, v), u, n, 0), n(u, v) — n(u, 0)) = 0.

Partially differentiate this by v twice, we obtain

2 T

v=0

OvA Ok

since each term of i (n(u, v), u, n(u, 0), n(u, v) — n(u, 0)) has degree more than 3
in its third component (7; (u, v) — n; (u, O))l‘.l:1 and n(u, v) — n(u, 0)|,—o = 0. Since

span{é;(u); j = 1,..., p} = ((Vun(u, 0)16) t = span{Goy,,m;a = 1,..., p},
we obtain

(m) _ Pni ;00 0
RAdly—0 " Gurdur T dut|,_,
This implies the estimator is second-order efficient. ]

By Theorems 1, 2 and 3, the relationship between the three forms of the second-
order efficient algebraic estimators is summarized as

H<=2)=03)=0).

Furthermore, if we assume the estimator has a form 7 € R(u)[v], that is a polynomial
in v with coefficients rational in u, every first-order efficient estimator satisfying (6.1)
can be written in a form (6.2) after resetting coordinates v for the estimating manifold.
In this sense, we can say (1) = (2) and the following corollary holds.

Corollary 1 Ifn € R(u)[v], the forms (1), (2) and (3) are equivalent.

6.3.5 Properties of the Estimators

The following theorem is a straightforward extension of the local existence of MLE.
That is to say, the existence for sufficiently large sample size. The regularity con-
ditions are essentially the same as for the MLE but with an additional condition
referring to the control constant c.

Proposition 1 (Existence and uniqueness of the estimate) Assume that the Fisher
matrix is non-degenerate around n(u*) € Vg. Then the estimate given by (6.2) or
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(6.3) locally uniquely exists for small c, i.e. there is a neighborhood G (u*) C R? of
nw*) and 6 > 0 such that for every fixed X € G(u*) and —6 < ¢ < 0, a unique
estimate exists.

Proof Under the condition of the theorem, the MLE always exists locally. Further-
more, because of the nonsingular Fisher matrix, the MLE is locally bijective (by the
implicit representation theorem). Thus (u1, ..., up) = (g1(x—1), ..., gp(x—"4))
for gj(x —ny) = (X — n,,)Téj (u, my) in (6.3) is locally bijective. Since {g;} and
{h;} are continuous, we can select 6 > 0 for (6.3) to be locally bijective for every
—) <c<d. (|

6.3.6 Summary of Estimator Construction

We summarize how to define a second-order efficient algebraic estimator (vector
version) and how to compute an algebraic version from it.

Input:
e a potential function ¢ satisfying (C2),

e polynomial equations of 7, u and v satisfying (C3),
o my,...,mg—p € R[n]such that Vg = V(my, ..., mg_p) gives the model,
o f; € Rlu][v]>3 and ¢ € R for a vector version

Step 1 Compute ¢ and 6(n), G(n), (I" (’")(77) for bias correction)

Step 2 Compute f,; € R[I11, ..., pal1 st faj€its.. ., €pa) =
Oyam j for &y 1= 0,6m;.

Step3 Find epy1,...,eq4 € (Vum)'é by eliminating {&qj} from
(i, Quamd = ei(mg® (& = 0and fuj (i1, ..., Epa) = 0.

Step 4 Select ey,...,e, € R[n] st e(n),...,eq(n) are linearly
independent.

Step 5 Eliminate v from

d p
X =n(u,0) + Zi:p-‘,—l Vi—péi +C- Zj:l fiu,v)e;

and compute (X — n)'é; and h € (R[yI[X — n]3)?, given by
Theorem 2.

Output(Vector version):

X =00+ 3 vispeln e D i ve;m).
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Output(Algebraic version):

X—n)Té+c-h(X—n) =0.

6.3.7 Reduction of the Degree of the Estimating Equations

As wenoted in Sect. 6.3.4, if we set h; = O for all j, the estimator becomes the MLE.
In this sense, ch j can be recognized as a perturbation from the likelihood equations.
If we select each h;(X,u,n,,t) € R[X,u,n,][t]; tactically, we can reduce the
degree of the polynomial estimating equation. For algebraic background, the reader
refers to Appendix A.

Here, we assume u € R[7,]. For example, we can set u; = 7;. Then ¢;(u, 1) is
a function of 7, so we write it as ¢;(n). Define an ideal 73 of R[X, 1] as

I3 = ({(Xi =) (Xj = )Xk —m) | 1 =i, j, k < d}).

Select a monomial order < and set n; > --- > ng > X1 > --- > X4. Let
G< ={g1,...,gm} be a Grobner basis of Z3 with respect to <. Then the remainder
(normal form) r; of (X — n)Téj (), the first term of the Lh.s. of (6.3), with respect
to G, is uniquely determined for each j.

Theorem 4 [f the monomial order < is the pure lexicographic,

L. rjfor j=1,..., p has degree at most 2 with respect to n, and
2. rj=0for j=1,..., parethe estimating equations for a second-order efficient
estimator.

Proof Assume r; has a monomial term whose degree is more than 2 with respect
to 17 and represent the term as 7,7p7.q (1, X) with a polynomial ¢ € R(n, X) and a
combination of indices a, b, c. Then {n,mpn: +(Xo —14) (Xa —a) (Xa—14)}g (0, X)
has a smaller polynomial order than n,7m,7.qg (1, X) since < is pure lexicographic
satisfying 71 > --- > mg > X1 > --- > Xg4. Therefore by subtracting
(Xo—na)(Xa—na)(Xa—na)}q (1, X) € I3 fromr, the polynomial degree decreases.
This contradicts the fact ; is the normal form so each r; has degree at most 2.
Furthermore each polynomial in Z3 is in R[X, u, ,][X — n]3 and therefore by
taking the normal form, the condition for the algebraic version (6.3) of second-order
efficiency still holds. U

The reduction of the degree is important when we use algebraic algorithms such
as homotopy continuation methods [18] to solve simultaneous polynomial equations
since computational cost depends highly on the degree of the polynomials.
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6.4 First-Order Efficiency

It is not surprising that, for first-order efficiency, almost the same arguments hold as
for second-order efficiency.
By Theorem 5.2 of [4], a consistent estimator is first-order efficient if and only if

9ra = 0. (6.4)

Consider an algebraic estimator n(u, v) € Rlu, v]4 satisfying the following vector
equation:

d p
X =n(u,0) + Z vifpei(u)+C-ij(u,v)ej(u) (6.5)

i=p+1 j=1

where, for each u, {e;(u); j =1,..., p}U{e;(u);i = p+1,...,d}is acomplete
basis of RY s.t. (ej(u), (Vvum)g = 0and f;(u, v) € Rlu][v]>2, a polynomial whose
degree of v is at least 2, for j = 1,..., p. Similarly, ¢ € R is a constant for
perturbation. Here, the only difference between (6.2) for the second-order efficiency
and (6.5) for the first-order efficiency is the degree of the f;(u, v) with respect to v.

The algebraic version of the first-order efficient algebraic estimator is defined by
the following simultaneous polynomial equalities with 1, = n(u, 0).

(X =) &, m) +c-hj(X,u,me, X —m) =0for j=1,....,p  (6.6)

where {€;(u,n,) € Rlu, nu]d;j =1,..., p}span ((Vyn(u, 0))1é)LE for every u
and h; (X, u,ny, t) € R[X,u,n,][t]> (degree = 2 wrt. t) for j = 1,..., p. Here,
the only difference between (6.3) for the second-order efficiency and (6.6) for the
first-order efficiency is the degree of the 4 ; (X, u, 7,, t) with respect to ¢.

Then the relation between the three different forms of first-order efficiency can
be proved in the same way manner as for Theorem 1, 2 and 3.

Theorem S (i) Vector version (6.5) satisfies the first-order efficiency.

(ii) An estimator defined by a vector version (6.5) of the first-order efficient estimators
is also represented by an algebraic version (6.6).

(iii) Every algebraic version (6.6) gives a first-order efficient estimator.

The relationship between the three forms of the first-order efficient algebraic esti-

mators is summarized as (4) < (5) = (6) = (4). Furthermore, if we assume the

estimator has a form n € R(u)[v], the forms (6.4), (6.5) and (6.6) are equivalent.
Let R := Z[X, n] and define

Iy = ({Xi —m)(X; —mp) |1 <i,j <d})
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as an ideal of R. In a similar manner, let < be a monomial order such thatn > --- >
Na > X1 >---> Xq.LetG< = {g1, ..., gn} be a Grobner basis of 7, with respect
to <. The properties of the normal form r; of (X — n(u, 0)) " &; (u) with respect to
G < are then covered by the following:

Theorem 6 If the monomial order < is the pure lexicographic,

() ri fori =1,...,d has degree at most 1 with respect to n, and
() r; = O0fori = 1,...,d are the estimating equations for a first-order efficient
estimator.

6.5 Examples

In this section, we show how to use the algebraic computation to design asymptoti-
cally efficient estimators for two simple examples. The examples satisfy the algebraic
conditions (C1), (C2) and (C3) so it is verified that necessary geometric entities have
an algebraic form as mentioned in Sect. 6.3.2.

6.5.1 Example: Periodic Gaussian Model

The following periodic Gaussian model shows how to compute second-order effi-
cients estimators and their biases.

e Statistical Model:

0 1 a d® a
X ~ N, S@)withp= | 2| and 2@y = | 4 ! aall i 0<a<l
’ 0 a2 a1l a - ’

0 aa®a l

Here, the dimension of the full exponential family and the curved exponential
family are d = 3 and p = 1, respectively.
e Curved exponential family:

log f(x]0) =2 (x1x2 + x2x3 + x3x4 4+ x4x1) 02 + 2 (x3x1 + x4X2) 03 — Y(0),
e Potential function:
V(O) = —1/2 log(01* —40120,% +860,0,%03 —260,%203> — 46,703 +05*) +2 log(2 ),

e Natural parameter:

1 a a? :|T

9 = s T )
(@) |:1—2a2~|—4a4 1—2a% + 4a* 1242 + 4d*
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e Expectation parameter: 7(a) = [—2, —4a, —2a*]",
e Fisher metric with respect to 7:

y 2a*+4a>+2 8a(l+d?) 8a?
(¢7)=| 8a(l+a*) 4+24a>+4a* 8a(l+d?) |,
8a” 8a(l+a?) 2a*+4a*>+2

e A set of vectors ¢; € R3:
eo(a) =10, —1,a]" € dyn(a),
e1(@) :=[3a* + 1,4a,01", ex(a) := [—a* —1,0,2]" € (Dun(a))*c.

A vector version of the second-order efficient estimator is, for example,

x—n—i—vl-e1+v2~ez+c~vf~e0:0.

A corresponding algebraic version of the second-order efficient estimator: by elim-
inating vy and vy, we get g(a) + ¢ - h(a) = 0 where

g(a) = 8(a — D*(a+ 1)*(1 +2a>)>*(4a’ —8a> + 2a°x3 — 3x2a” + 4a + 4ax; + 2ax3—x2)

and
h(a) = (Za4 + a3x2 — a2x3 +2a% + axy; —2x; — x3 — 4)3.

e An estimating equation for MLE:
40 — 8a° + 2a3x3 — 3x2a2 +4a + 4ax; + 2ax3 — xp = 0.

Bias correction term for an estimator a: a(a® —4a®+6a* —4a>+1)/(1+2a>).

6.5.2 Example: Log Marginal Model

Here, we consider a log marginal model. See [7] for more on marginal models.

e Statistical model (Poisson regression):

d.d
Xij Y Po(Np;j) s.t. pijj € (0,1) fori = 1,2 and j = 1, 2, 3 with model con-
straints:

P11+ pi2+piz+pa+pn+pa=1,
P+ pi2 + p13 = p21 + p22 + pa3,
pi/p2_ pi2/p2
pi2/p2  pi3/p3

6.7)
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Condition (6.7) can appear in a statistical test of whether acceleration of the ratio
P1j/p2j is constant.

In this case,d = 6 and p = 3.
e Log density w.r.t. the point mass measure on ZEO:

log f(x|p) =log { [ [e "7 (Npip¥ii } = =N + > Xijlog(Npi)).
ij ij

e The full expectation family is given by

X1 Xo X3 | X11 X2 X3
X4 X5 X¢ Xo1 X2 Xo3 |’

[m mns| _ [Pz pia
N4 15 16 P21 p2 P3|’
6" = log(n;) and 1)(f) = N.

. . 2
e The Fisher metric w.r.t. §: g;; = % = 6ijni.

e Selection of the model parameters:

[u1, uz, uz] := [, m3, nsland [vy, vz, v3] == [12, N4, M6].

e A set of vectors ¢; € RO:

n3(ns — )
—13(1a — N6)
0
O a2 — 2mmane | © (VarD).
0
n30% + 2mnane
n m(—=mn2 + mnd) n(mnz — m3n2)
m M2(—=1113 — 2mnane) m2(mn3 + 2m14m6)
[e1,e2,e3] : = 13 0 0
e 0 namns —mne) || ma@minzns + n3ne)
0 05 (314 + 2113m5) 0
0 0 16314 + 21177375)

€ (Vym)t6)?
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e A vector version of the second-order efficient estimator is, for example,
X—77+v1~e1+v2-ez+v3~e3+c~v%~eo=0.

e The bias correction term of the estimator = 0.
e A set of estimating equations for MLE:

{xim2na®ne — xim mane> — xammna®ne + xammnane? — 2 xamimnane® —
X456 + 2 XeMM2Na> N6 + X611730475°,

—X2M3 4N + Xamm3nane” + X3 mane — X3 nane® — Xaminanstne —
2 x4mm3nane” + XeM1M3NANS> + 2 X6217304% 16,

—2x4mm3ns5* 6 — Xam2>NansTe -+ Xs122N4% 16 — Xs122nane + 2 X6 M31aTs” +
X612214M576,

Mmsns? —m>nate, M +m A0 = — 15— N, —N — 2 — M3 — T — 15 — N6+ 1}

The total degree of the equationsis 5 x 5 x 5 x4 x 1 x 1 =500.
e A set of estimating equations for a 2nd-order efficient estimator with degree at
most 2:

{—=3x1x2x4° X612 + 6 X1 X242 X676 + X1 X2X4 1276 — 2 X1 X2X4° N6 + 3 X1 X2X4X6° 12 —
6 X1X2X4X62 14 + 2 X1 X2XaX6T274 — 2 X1 X2X4 X676 — X1X2X621214 + 2 X1 X2X6 214> +
3 X1X3X4X5206 — 2 X X3X4X57)57]6 — 3 X1X3X5° X674 -+ 2 X1 X3X5X67aT)5 + X1X42X612% —
2x1x4% X676 — X1X4X5°1306 — X1X4X6212% + 2X1X4X6°T004 + X1X5°X61304 +
3x22xa’xem — x22x4>mine — 3x27xax62M — 2xX2%xaxemina + 2 x22X4x61106 +
X% xe?mma — xXaxa’xeminy — 2Xx2X4°xXeMNe + X2XaXe N2 + 2 X2X4X67M1N4 —
X3X4X521)1 76 + X3X57X6T114,

3 X1X3X4X5216 — 2 X1 X3X4X57)57)6 — 3 X1X3X52X6T4 +2 X1 X3X5X61)47)5 — X1 X4X5°1]37]6 +
x1x52xem3ns + 3x27xa%x6m3 — x22xa?mane — 3x27xax6 3 — 2X2°x4x6M374 +
222 xax6m3M6 + X22x62 304 — 3 x2x3%4° X672 + 6 X2X3X42X6T6 + X2X3%42 1006 —
2 x2x3X4°16% +3 X2X3X4X6 1) — 6 X2X3X4X6° 14 +2 X2 X3X4X6T214 — 2 X2 X3X4X6 1216 —
X2X3X6° N4 + 2X2x3%6%4% — XoX4 X613 — 2X2X47X61306 + X2XaXe 213 +
2 X246 1314+ X3X42 X612 % —2 X342 X6 12106 — X3X4X5 1)1 16 —X3X4X6 T2 +2 X3X4X6°
214 + X3x52x6771774,

6x1x3x4x52776—4 X1X3X4X57576—06 x1x3X52x6774—|—4 X1X3X5X674M)5—2 X1X4X52T)37]6+
2x1x52x6m3m4 + 3x2%x4%x6m5 — x22x4°05m6 — 3 X27x4x5x6M4 + 3 X22X4X5X67)6 +
X% x4x5m4m6 — X22X4x5M6% — 3 X27x4x671)5 — X22X4X6M4T)5 + X2 X4X6N5M6 + X272 X5
x6M4% — X22X5X674M6 -+ X22X6 21475 — 2 X2X42X6M215 + 2 X2 X4X5X6T214 — 2 X2X4X5X6
M6 + 2 X2XaX6>1215 — 2 X3X4X521176 + 2 X3X52X67174,

s —manane, M+ A== 05— N6, —m — M2 — 3 —a—15— 16+ 1}.

The total degree of the polynomial equations is 32.
e A set of estimating equations for a first-order-efficient estimator with degree at
most 1:
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Table 6.1 Computational

time for each estimate by the Algorithm Estimator #Paths Running time (s)
h - . (avg. £ std.)
omotopy continuation
methods Linear MLE 500 1.137 £ 0.073
Homotopy 2nd eff. 32 0.150 £ 0.047
Polyhedral MLE 64 0.267 £ 0.035
Homotopy 2nd eff. 24 0.119 + 0.027

{—x52x4m613+Xx52 X674 103 +2 X6 214X1 X2X4 — 2 X421)6X1 X2 X6 — X6 2 X1 X212 X4+
X42X1X27}2X6 + )C22X627]1X4 - X42)C227]]X6,

—x52X47M6X1X3 4 X52X6M4X1X3 + 2 X6 211 X2X3X4 — 2 X4 )6 X2X3X6 — X6 > X2 X312 X4 +
x42x2x3m0%6 + x22x6213X4 — X422 136,

—2x52x4m6X1X3 + 2 X52X6M4X1X3 — X4X6X5X2° N6 + XaX5X2214X6 — Xa2X221)5X6 +
X4x62x2%1s,

mnansE —m>mane, M4m0 — 1 —15—16 . —N1 — 12— 13— 14— 15— 16 +6}.

The estimating equations for a second-order-efficient estimator above look much
more complicated than the estimating equation for the MLE, but each term of the
first three polynomials are at most degree 2. Thanks to this degree reduction, the
computational costs for the estimates become much smaller as we will see in Sect. 6.6.

6.6 Computation

To obtain estimates based on the method of this paper, we need fast algorithms to
find the solution of polynomial equations. The authors have carried out computations
using homotopy continuation method (matlab program HOM4PS2 by Lee, Li and
Tsuai [18]) for the log marginal model in Sect. 6.5.2 and a data X=(,1,1,1,1,1.

The run time to compute each estimate on a standard laptop (Intel(R) Core (TM)
17-2670QM CPU, 2.20 GHz, 4.00 GB memory) is given by Table 6.1. The computa-
tion is repeated 10 times and the averages and the standard deviations are displayed.
Note the increasing of the speed for the second-order efficient estimators is due to
the degree reduction technique. The term “path” in the table heading refers to a prim-
itive iteration step within the homotopy method. In the faster polyhedron version,
the solution region is subdivided into polyhedral domains.

Figure 6.3 shows the mean squared error and the computational time of the MLE,
the first-order estimator and the second-order efficient estimator of Sect. 6.5.2. The
true parameter is set n* = (1/6,1/4,1/12,1/12,1/4,1/6), a point in the model
manifold, and N random samples are generated i.i.d. from the distribution with the
parameter. The computation is repeated for exponentially increasing sample sizes
N = 1,...,10°. In general, there are multiple roots for polynomial equations
and here we selected the root closest to the sample mean by the Euclidean norm.
Figure 6.3(1) also shows that the mean squared error is approximately the same for
the three estimators, but (2) shows that the computational time is much more for the
MLE.
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Fig. 6.3 The mean squared error and computation time for each estimate by the homotopy contin-
uation method

6.7 Discussion

In this paper we have concentrated on reduction of the polynomial degree of the
estimating equations and shown the benefits in computation of the solutions. We do
not expect the estimators to be closed form, such as a rational polynomial form in
the data. The most we can expect is they are algebraic, that is they are the solution
of algebraic equations. They lie on a zero dimensional algebraic variety. It is clear
that there is no escape from using mixed symbolic-numerical methods. In algebraic
statistics the number of solution of the ML equation is called the ML degree. Given
that we have more general estimating equations than pure ML equations this points
to an extended theory or “quasi” ML degree of efficient estimator degree. The issue
of exactly which solution to use as our estimators persists. In the paper we suggest
taking the solution closest to the sufficient statistic in the Euclidian metric. We could
use other metrics and more theory is needed.

Here we have put forward estimating equations with reduced degree and shown the
benefits in terms of computation. But we could have used other criteria for choosing
the equations, while remaining in the efficient class. We might prefer to choose an
equation which reduces the bias further via decreasing the next order term. There
may thus be some trade off between degree and bias.

Beyond the limited ambitions of this paper to look at second-order efficiency lie
several other areas, notably hypothesis testing and model selection. But the question
is the same: to what extent can we bring the algebraic methods to bear, for example by
expressing additional differential forms and curvatures in algebraic terms. Although
estimation typically requires a mixture of symbolic and numeric methods in some
cases only the computation of the efficient estimate requires numeric procedures and
the other computations can be carrying out symbolically.
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A Normal Forms

A basic text for the materials in this section is [9]. The rapid growth of modern
computational algebra can be credited to the celebrated Buchberger’s algorithm [8].

A monomial ideal I in a polynomial ring K [x1, ..., x,] over a field K is an ideal
for which there is a collection of monomials fi, ..., f;; such that any g € I can be
expressed as a sum

9= gi(x)fi(x)

i=1

with some polynomials g; € K[x1, ..., x,]. We can appeal to the representation of
amonomial x® = x{"' ... x," by its exponent & = (ay, ..., ). If 3 > 0 is another
exponent then

x¥xP = xoth

and a + (3 is in the positive (shorthand for non-negative) “orthant” with corner at
a. The set of all monomials in a monomial ideal is the union of all positive orthants
whose “corners” are given by the exponent vectors of the generating monomial
f1s--., fm. A monomial ordering written x® < x” is a total (linear) ordering on
monomials such that for y > 0, x® < x” = x**7 < x#*7. Any polynomial f (x)
has a leading terms with respect to <, written LT (f).

There are, in general, many ways to express a given ideal / as being generated
fromabasis I = (f1, ..., fm). Thatis to say, there are many choices of basis. Given
an ideal I a set {gj, ...gm} is called a Grobner basis (G-basis) if:

(LT(g1), ... LT(gm)) = (LT(I)),

where (LT (I)) is the ideal generated by all the monomials in /. We sometimes
refer to (LT (I)) as the leading term ideal. Any ideal I has a Grobner basis and any
Grobner basis in the ideal is a basis of the ideal.

Given a monomial ordering and an ideal expressed in terms of the G-basis, I =
(91, -, gm), any polynomial f has a unique remainder with respect the quotient
operation K[xy, ..., x;]/I. Thatis
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f=si(0)gi(x) +rx).

i=1

We call the remainder r (x) the normal form of f with respect to I and write N F (f).
Or, to stress the fact that it may depend on <, we write N F'(f, <). Given a monomial
ordering <, a polynomial f = > _; 0,x® for some L is a normal form with respect
to < if x* ¢ (LT (f)) for all @« € L. An equivalent way of saying this is: given an
ideal I and a monomial ordering <, for every f € K|[xy, ..., xx] there is a unique
normal form N F(f) suchthat f — NF(f) € I.

B Homotopy Continuation Method

Homotopy continuation method is an algorithm to find the solutions of simultaneous
polynomial equations numerically. See, for example, [19, 24] for more details of the
algorithm and theory.
We will explain the method briefly by a simple example of 2 equations with 2
unknowns
Input: f, g € R[x, y]

Output: The solutions of f(x, y) = g(x,y) = 0.

Step 1 Select arbitrary polynomials of the form:

fox, y) = fox) := arxt —b; =0,
go(x, ¥) = go(y) = a2y® — by =0 6.8)
where d; = deg(f) and d» = deg(g). Polynomial equations in this form are

easy to solve.
Step 2 Take the convex combinations:

fr@,y) i=tf(x,y) + A —=1) folx,y),
gr(x,y) :==tg(x,y) + 1 —=1)golx, y)

then our target becomes the solution for ¢ = 1.

Step 3 Compute the solution for t = § for small ¢ by the solution for # = 0 numer-
ically.

Step 4 Repeat this until we obtain the solution for t = 1.

Figure 6.4 shows a sketch of the algorithm. This algorithm is called the (linear)
homotopy continuation method and justified if the path connects t = O and r = 1
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0 t 1

Fig. 6.4 Paths for the homotopy continuation method

continuously without an intersection. That can be proved for almost all a and b.
See [19].

For each computation for the homotopy continuation method, the number of the
paths is the number of the solutions of (6.8). In this case, the number of paths is dd>.
In general case with m unknowns, it becomes [[/L, d; and this causes a serious
problem for computational cost. Therefore decreasing the degree of second-order
efficient estimators plays an important role for the homotopy continuation method.

Note that in order to solve this computational problem, the authors of [16] pro-
posed the nonlinear homotopy continuation methods (or the polyhedral continuation
methods). But as we can see in Sect. 6.5.2, the degree of the polynomials still affects
the computational costs.
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Chapter 7

Eidetic Reduction of Information Geometry
Through Legendre Duality of Koszul
Characteristic Function and Entropy: From
Massieu—Duhem Potentials to Geometric
Souriau Temperature and Balian Quantum
Fisher Metric

Frédéric Barbaresco

Abstract Based on Koszul theory of sharp convex cone and its hessian geometry,
Information Geometry metric is introduced by Koszul form as hessian of Koszul-
Vinberg Characteristic function logarithm (KVCFL). The front of the Legendre map-
ping of this KVCFL is the graph of a convex function, the Legendre transform of this
KVCFL. By analogy in thermodynamic with Dual Massieu—Duhem potentials (Free
Energy and Entropy), the Legendre transform of KVCFL is interpreted as a “Koszul
Entropy”. This Legendre duality is considered in more general framework of Contact
Geometry, the odd-dimensional twin of symplectic geometry, with Legendre fibra-
tion and mapping. Other analogies will be introduced with large deviation theory
with Cumulant Generating and Rate functions (Legendre duality by Laplace Princi-
ple) and with Legendre duality in Mechanics between Hamiltonian and Lagrangian.
In all these domains, we observe that the “Characteristic function’ and its derivatives
capture all information of random variable, system or physical model. We present
two extensions of this theory with Souriau’s Geometric Temperature deduced from
covariant definition of thermodynamic equilibriums, and with Balian quantum Fisher
metric defined and built as hessian of von Neumann entropy. Finally, we apply Koszul
geometry for Symmetric/Hermitian Positive Definite Matrices cones, and more par-
ticularly for covariance matrices of stationary signal that are characterized by spe-
cific matrix structures: Toeplitz Hermitian Positive Definite Matrix structure (covari-
ance matrix of a stationary time series) or Toeplitz-Block-Toeplitz Hermitian Posi-
tive Definite Matrix structure (covariance matrix of a stationary space—time series).
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By extension, we introduce a new geometry for non-stationary signal through Fréchet
metric space of geodesic paths on structured matrix manifolds. We conclude with
extensions towards two general concepts of “Generating Inner Product” and “Gen-
erating Function”.

Keywords Koszul characteristic function - Koszul entropy + Koszul forms + Laplace
principle - Massieu—Duhem potential + Projective legendre duality - Contact geom-
etry + Information geometry + Souriau geometric temperature + Balian quantum
information metric + Cartan—Siegel homogeneous bounded domains *+ Generating
function

7.1 Preamble

The Koszul-Vinberg Characteristic Function (KVCF) is a dense knot in important
mathematical fields such as Hessian Geometry, Kidhlerian Geometry, Affine Differ-
ential Geometry and Information Geometry. As essence of Information Geometry,
this paper develops KVCF as transverse concept in Thermodynamics, in Probability,
in Large Deviation Theory, in Statistical Physics and in Quantum Physics. From
general KVCEF definition, the paper defines Koszul Entropy, that coincides with the
Legendre transform of minus the logarithm of KVCF, and interprets both by analogy
in thermodynamic with Dual Massieu—Duhem potentials.

In a second step, the paper proposes to synthesize and unified the three following
models: Koszul model (with Koszul entropy) in Hessian Geometry, Souriau model
in statistical physics (with new notion of geometric temperature) and Balian model
in quantum physics (with Fisher metric as hessian of von Neumann entropy). These
three models are formally similar in the characteristic function, the entropy, Legendre
transform, dual coordinate system, Hessian metric and Fisher metric. These facts
suggest that there exist close inter-relation and beautiful inner principle through
these fields of research.

Finally, the paper studies the space of symmetric/hermitian positive definite matri-
ces from view point of the Koszul theory though KVCEF tool and extend the theory
for covariance matrices for stationary and non-stationary signals characterized by
Toeplitz matrix structure.

The paper concludes with extensions towards two general concepts of “Generating
Inner Product” and “Generating Function”. This tutorial paper will help readers to
have a synthetic view of different domains of science where Hessian metric manifold
is the essence, emerging from Information Geometry Theory.

This paper is not only a survey of different fields of science unified by Koszul
theory, but some new results are introduced:
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e Computation of Koszul Entropy from general definition of Koszul Characteristic
function ¥rq(x) = f o e~ &Y de Vx € Q and Legendre transform:
O*(x*) = (x, x*) — ®(x) withx* = D, ® and x = D+ ®* where ®(x) = —log ¥ (x)
O* (") = &F ( IE ~px(s>dé> =~ [ @) togputras witnx” = [ & puterae
Q* Q* Q*

e Definition of Koszul density by analogy of Koszul Entropy with Shannon Entropy

e‘(f,@*l(é)) ithx — @1 (E dE = O@) = dd(x)
[ e (507 () g withx =©7"(§) and £ = O(x) = —

Q*

pz(§) =

where & = [ . & - pz (£)dé and ®(x) = —log [ . e "FdE
e Property that Barycenter of Koszul Entropy is equal to Entropy of Barycenter
E[0*(§)] = @* (E[£]),VE € @*

/ O (E)pa(E)dE = @7 / Epu(E)de | Ve € @
Q*

Q*

e Property that Koszul density is the classical Maximum Entropy solution

J px(®)dg =1

[— Q*
1;/{?))( /px(é) log px(§)d§ | such f £ pe(E)dE = x*
Q* Q*
e (x.8)
- px(§) = W
¥ =071, 0@ = 14w

e Strict equivalence between Hessian Koszul metric and Fisher metric from Infor-
mation Geometry

9% logp.(§)] _ 9% log yo(x)
I X) = _E =
) § [ 0x2 0x2
e Interpretation of Information Geometry Dual Potentials in the framework of Con-
tact Geometry through the concept of Legendre fibration and Legendre mapping.
e Computation of Koszul Density for Symmetric/Hermitian Positive Definite
Matrices
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n+l ntl
2

pel) =g predet (1) 7 TIEN) with i = (ngr 1)2 and

§=/s~px<s>-ds
Q*

e Computation of Koszul Metric for (Toeplitz-Block) Toeplitz Hermitian Positive
Definite covariante matrices of stationary signal by means of Trench/Verblunsky
Theorem and Complex Autoregressive model; that proves that a stationary space—
time state of an Electromagnetic Field is coded by one point in product space
RxD"~'xSD"~'where D is the Poincaré unit disk, and SD is the Siegel unit disk.
The metric is given by:

2 2 met o ldpil?
ds’ =n-m-(dlog (P0)* +n)  _ (m—i———0
- (1= 1wil?)
< kak+) !k Kt k7 ket
+ > = RTr | (1 - AfALT)  anf (1-afraf)  aaf
k=1

Ro — (1og (Po) , [i1, -+ s m—1) € R x D"V with D = {z/zz* < 1}

e New model of non-stationary signal where one time series can be split into sev-
eral stationary signals on a shorter time scale, represented by time sequence of
stationary covariance matrices or a geodesic polygon/path on covariance matrix
manifold.

e Definition of distance between non-stationary signals as Fréchet distance between
two geodesic paths in abstract metric spaces of covariance matrix manifold.

with [ (Ro. AL A1Z}) & THPD,, x SD™" with SD = {2/22* < I}

drvicher (R1. Ro) = Inf Max {dgeo (R1(a(0)). Ra(B(1))}
o, B tel0,1]
2
with d2,, (R @(0), Ra(B@)) = [log (R} > @R BO)R; @@ |

e Introduction of a modified Fréchet distance to take into account close dependence
of elements between points of time series paths

1

o (R, R2) = I / dyeo (Ry(@(1)), Ra(B(1)) di
’ 0

We will begin this exposition by a global view of all geometries that are interrelated
through the cornerstone concept of Koszul-Vinberg characteristic function and
metric.
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7.2 Characteristic Function in Geometry/Statistic/
Thermodynamic

In the title of the paper “Eidetic Reduction” is a reference to Husserl phenomenology
[149], but should be understood in the context of following Bergson’s definition
of “Eidos” (synonymous of “Idea” or “morphe” in greek philosophy), emerging
from his philosophy during this time period called by Frédéric Worms [152—-154]
“Moment 1900” which is still decisive, a hundred years later. In 1907, Henri Bergson
(Philosopher, the 1927 Nobel Prize in Literature, Professor at College de France,
member of Académie Francaise, awarded in 1930 by highest French honour, the
Grand-Croix de la Légion d’honneur) gave his definition of greek concept of “Eidos”
in the book “Creative Evolution” [150, 151]:

The word, eidos, which we translate here by “Idea”, has, in fact, this threefold meaning.
It denotes (1) the quality, (2) the form or essence, (3) the end or design (in the sense of
intention) of the act being performed, that is to say, at bottom, the design (in the sense of
drawing) of the act supposed accomplished. These three aspects are those of the adjective,
substantive and verb, and correspond to the three essential categories of language. After the
explanations we have given above, we might, and perhaps we ought to, translated eidos by
“view” or rather by “moment.” For eidos is the stable view taken of the instability of things:
the quality, which is a moment of becoming; the form which is a moment of evolution; the
essence, which is the mean form above and below which the other forms are arranged as
alterations of the mean; finally, the intention or mental design which presides over the action
being accomplished, and which is nothing else, we said, than the material design, traced
out and contemplated beforehand, of the action accomplished. To reduce things to Ideas is
therefore to resolve becoming into its principal moments, each of these being, moreover,
by the hypothesis, screened from the laws of time and, as it were, plucked out of eternity.
That is to say that we end in the philosophy of Ideas when we apply the cinematographical
mechanism of the intellect to the analysis of the real.

The paper title should be then considered as echo of this Bergson’s citation on
“Eidos” with twofold meaning in our development: “Eidos” considered with meaning
of “equilibrium state” as defined by Bergson “Eidos is the stable view taken of
the instability of things”, but also “Eidos” thought as “Eidetic Reduction” about
“Essence” of Information Geometry from where we will try to favor the emergence of
“Koszul characteristic function” concept. Eidetic reduction considered as the study of
“Information Geometry” reduced into a necessary essence, where will be identified
its basic and invariable components that will be declined in different domains of
Science (mathematics, physics, information theory,...).

As essence of Information Geometry, we will develop the “Koszul Characteris-
tic Function”, transverse concept in Thermodynamics (linked with Massieu—Duhem
Potentials), in Probability (linked with Poincaré generating moment function), in
Large Deviations Theory (linked with Laplace Principle), in Mechanics (linked with
Contact Geometry), in Geometric Physics (linked with Souriau Geometric temper-
ature in Mechanical Symplectic geometry) and in Quantum Physics (linked with
Balian Quantum hessian metric). We will try to explore close inter-relations between
these domains through geometric tools developed by Jean-Louis Koszul (Koszul
forms, ...).
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M. Massieu a montré que, si 'on fait choix pour variables
indépendantes de ¢ et de T ou de p et de T, il existe une
fi ,del
des variables, p, Uet 8 dans le premier cas, ¢, U et 8§ dans
le second, peuvent se déduire facilement, M. Massieu a
donné & cette fonction, dont la forme dépend du choix des
variables, le nom de fonction caractéristigue.’

d'ailleurs i le les trois fi
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Puisque des fonctions de M. Massieu on peut déduire les
autres fonctions des variables, toutes les équations de la
Thermodynamique pourront s'écrire de maniére & ne plus
renfermer que ces fonctions et leurs dérivées; il en résul-
tera dong, dans certains cas, une grande simplification. Nous
verrons bientdt une application importante de ces fonc-
tions.

Fig. 7.1 Text of Poincaré lecture on thermodynamic with development of the concept of “Massieu
characteristic function”

First, we will observe that derivatives of the Koszul-Vinberg Characteristic
Function Logarithm (KVCFL) log o (x) = log [ o* e~ X dg are invariant by the
automorphisms of the convex cone €2, and so KVCFL Hessian defines naturally a
Riemannian metric, that is the basic root of development in Information Geometry.

In thermodynamic, Francois Massieu was the first to introduce the concept of char-
acteristic function ¢ (or Massieu—Duhem potential). This characteristic function or
thermodynamic potential is able to provide all body properties from their derivatives.
Among all thermodynamic Massieu—Duhem potentials, Entropy S is derived from
Legendre—Moreau transform of characteristic function logarithm ¢: S = ¢ — 8 - %

with 8 = % the thermodynamic temperature.

The most popular notion of “characteristic function” was first introduced by Henri
Poincaré in his lecture on probability [40], using the property that all moments of sta-
tistical laws could be deduced from its derivatives. Paul Levy has made a systematic
use of this concept. We assume that Poincaré was influenced by his school fellow
at Ecole des Mines de Paris, Frangois Massieu, and his work on thermodynamic
potentials (generalized by Pierre Duhem in an Energetic Theory). This assertion is
corroborated by the observation that Poincaré had added in his lecture on thermo-
dynamics in second edition [39], one chapter on “Massieu characteristic function”
with many developments and applications (Fig.7.1).

In Large Deviation Theory, Laplace Principle allows to introduce the (scaled
cumulant) Generating Function ¢ (x) Lim,_, % log ¥, (x) with ¥, (x)
= f e™Sp (X, = ¢)dc as the more natural element to characterize behavior of
statistical variable for large deviations. By use of Laplace principle and the fact that
the asymptotic behavior of an integral is determined by the largest value of the inte-
grand, it can be proved that the (scaled cumulant) Generating Function ¢ (x) is the
Legendre transform of the rate Function I(¢) = Lim,_ —% logP (X, € dg).

For all these cases, we can observe that the “Characteristic function” and its
derivatives capture all information of random variable, system or physical model.
Furthermore, the general notion of Entropy could be naturally defined by the Legen-
dre Transform of the Koszul characteristic function logarithm. In the general case,
Legendre transform of KVCFL will be designated as “Koszul Entropy’”.

This general notion of “characteristic function” has been generalized in two dif-
ferent directions by physicists Jean-Marie Souriau and Roger Balian.

In 1970, Jean-Marie Souriau, that had been student of Elie Cartan, introduced the
concept of coadjoint action of a group on its momentum space (or “moment map”),
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based on the orbit method works, that allows to define physical observables like
energy, momentum as pure geometrical objects. For Jean-Marie Souriau, equilibri-
ums states are indexed by a geometric parameter 8 with values in the Lie algebra
of the Lorentz—Poincaré group. Souriau approach generalizes the Gibbs equilibrium
states, 8 playing the role of temperature. The invariance with respect to the group, and
the fact that the entropy S is a convex function of B, imposes very strict conditions,
that allow Souriau to interpreted 8 as a space—time vector (the temperature vector
of Planck), giving to the metric tensor g a null Lie derivative. In our development,
before exposing Souriau theory, we will introduce Legendre Duality between the
variational Euler—Lagrange and the symplectic Hamilton—Jacobi formulations of the
equations of motion and will introduce Cartan—Poincaré invariant.

In 1986, Roger Balian has introduced a natural metric structure for the space of
states D in quantum mechanics, from which we can deduce the distance between a
state and one of its approximations. Based on quantum information theory, Roger
Balian has built on physical grounds this metric as hessian metric ds®> = d*S (D) from

S(b), von Neumann’s entropy S (f)) = —Tr [f) ln(ﬁ)]. Balian has then recovered

same relations than in classical statistical physics, with also a “quantum character-
istic function” logarithm F(X) = In Trexp X, Legendre transform of von-Neuman

Entropy S (b) =F ()A( ) — <D X > In this framework, Balian has introduced the notion

of “Relevant Entropy”.

We will synthetize all these analogies in a table for the three models of Koszul,
Souriau and Balian (Information Geometry case being a particular case of Koszul
geometry).

In last chapters, we will apply the Koszul theory for defining geometry of Sym-
metric/Hermitian Positive Definite Matrices, and more particularly for covariance
matrix of stationary signal that are characterized by specific matrix structures:
Toeplitz Hermitian Positive Definite Matrix structure (covariance matrix of a sta-
tionary time series) or Toeplitz-Block-Toeplitz Hermitian Positive Definite Matrix
structure (covariance matrix of a stationary space—time series). We will see that
“Toeplitz” matrix structure could be captured by complex autogressive model para-
meterization. This parameterization could be naturally introduced without arbitrary
through Trench’s theorem (or equivalently Verblunsky’s theorem) or through Par-
tial Iwasawa decomposition. By extension, we introduce a new geometry for non-
stationary signal through Fréchet metric space of geodesic paths on structured matrix
manifolds.

We conclude with two general concepts of “Generating Inner Product” and “Gen-
erating Function” that extend previous developments.

The Koszul-Vinberg characteristic function is a dense knot in mathematics and
could be introduced in the framework of different geometries: Hessian Geometry
(Jean-Louis Koszul work), Homogeneous convex cones geometry (Ernest Vinberg
work), Homogeneous Symmetric Bounded Domains Geometry (Eli Cartan and Carl
Ludwig Siegel works), Symplectic Geometry (Thomas von Friedrich and Jean-Marie
Souriau work), Affine Geometry (Takeshi Sasaki and Eugenio Calabi works) and
Information Geometry (Calyampudi Rao [193] and Nikolai Chentsov [194] works).
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Through Legendre duality, Contact Geometry (Vladimir Arnold work) is considered
as the odd-dimensional twin of symplectic geometry and could be used to understand
Legendre mapping in Information Geometry. Fisher metric of Information Geometry
could be introduced as hessian metric from Koszul—Vinberg characteristic function
logarithm or from Koszul Entropy (Legendre transform of Koszul-Vinberg charac-
teristic function logarithm).

In a more general context, we can consider Information Geometry in the frame-
work of “Geometric Science of Information” (see first SEE/SMF GSI’ 13 conference
on this topic: http://www.gsi2013.org, organized at Ecole des Mines de Paris in
August 2013). Geometric Science of Information also includes Probability in Metric
Space (Maurice Fréchet work), Probability/Geometry on structures (Yann Ollivier
and Misha Gromov works) and Probability on Riemannian Manifold (Michel Emery
and Marc Arnaudon works).

In Fig.7.2, we give the general landscape of “Geometric Science of Informa-
tion” where “Koszul-Vinberg characteristic function” appears as a key cornerstone
between different geometries.

7.3 Legendre Duality and Projective Duality

In following chapters, we will see that Logarithm of Characteristic function and
Entropy will be related by Legendre transform, that we can consider in the context of
projective duality. Duality is an old and very fruitful Idea (“Eidos”) in Mathematics
that has been constantly generalized [59-65]. A duality translates concepts, theorems
or mathematical structures into other concepts, theorems or structures, in a one-to-
one fashion, often by means of an involution operation and sometimes with fixed
points.

Most simple duality is linear duality in the plane with points and lines (two
different points can be joined by a unique line. Two different lines meet in one point
unless they are parallel). By adding some points at infinity (to avoid particular case
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Fig. 7.3 (On the left) Pascal’s
theorem, (on the right) Brian-
chon’s theorem

of parallel lines) then we obtain the projective plane in which the duality is given
symmetrical relationship between points and lines, and led to the classical principle
of projective duality, where the dual theorem is also a theorem.

Most Famous example is given by Pascal’s theorem (the Hexagrammum Mys-
ticum Theorem) stating that:

e If the vertices of a simple hexagon are points of a point conic, then its diagonal
points are collinear: If an arbitrary six points are chosen on a conic (i.e., ellipse,
parabola or hyperbola) and joined by line segments in any order to form a hexagon,
then the three pairs of opposite sides of the hexagon (extended if necessary) meet
in three points which lie on a straight line, called the Pascal line of the hexagon

The dual of Pascal’s Theorem is known as Brianchon’s Theorem:

e If the sides of a simple hexagon are lines of a line conic, then the diagonal lines
are concurrent (Fig.7.3).

The Legendre(—Moreau) transform [158, 165] is an operation from convex func-
tions on a vector space to functions on the dual space. The Legendre transform is
related to projective duality and tangential coordinates in algebraic geometry, and
to the construction of dual Banach spaces in analysis. Classical Legendre transform
in Euclidean space is given by fixing a scalar product (., .)on R". For a function
F:R" — RU {400} let:

G(y) = LF(y) = Sup {{y, x) — F(x)} (7.1)

This is an involution on the class of convex lower semi-continuous functions
on R".

There are two dual possibilities to describe a function. We can either use a function,
or we may regard the curve as the envelope of its tangent planes (Fig.7.4).

In the framework of Information geometry, Bregman divergence appears as essen-
tially the canonical divergence on a dually flat manifold equipped with a pair of
biorthogonal coordinates induced from a pair of “potential functions” under the
Legendre transform [159].

To illustrate the role of Legendre transform in Information Geometry, we provide
a canonical example, with the relations for the Multivariate Normal Gaussian Law
N (m, R):
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Fig. 7.4 Legendre transform
G(y) of F(x)

e Dual Coordinates systems:

(7.2)

©=(,0)=R"'m 2R
H = n,H) = (m —R +mmT)

e Dual potential functions:

¥ (@) =277 (©71067) — 2! log (det ©) + 2~ Inlog(27e)

& (H) = —27Vlog (1 + nTH='n) — 2~V log (det(—H)) — 2~ nlog 27e)
1.3)

related by Legendre transform:

é(ﬁ):(é,i]>—®( )w1th< >=Tr(0n +®HT) (7.4)

[ =" and {
=H
with ® (H ) =F [log p] the Entropy.
In the theory of Information Geometry introduced by Rao [193] and Chentsov
[194], a Riemannian manifold is then defined by a metric tensor given by hessian of
these dual potential functions:

|
x%lvex

(7.5)
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One of the important concepts in information geometry is mutually dual
(conjugate) affine connections, and could be studied in the framework of Hessian or
affine differential geometry. For more details and other developments on “dual affine
connections” and “alpha-connections”, we invite you to read the two books by Shun
Ishi Amari [191, 192].

In this paper, we will not develop concepts of dual affine connections, but the
“hessian manifolds” theory that was initially studied by Jean-Louis Koszul in a
more general framework. In Sect.7.4, we will expose theory of Koszul-Vinberg
characteristic function on convex sharp cones that will be presented as a general
framework of Information geometry.

7.4 Koszul Characteristic Function/Entropy
by Legendre Duality

We define Koszul-Vinberg hessian metric on convex sharp cone, and observe that
the Fisher information metric of Information Geometry coincides with the canonical
Koszul Hessian metric (Koszul form) [1, 27-32]. We also observe, by Legendre
duality (Legendre transform of Koszul characteristic function logarithm), that we are
able to introduce a Koszul Entropy, that plays the role of general Entropy definition.

7.4.1 Koszul-Vinberg Characteristic Function
and Metric of Convex Sharp Cone

Koszul [1, 27, 32] and Vinberg [33, 146] have introduced an affinely invariant
Hessian metric on a sharp convex cone €2 through its characteristic function .
In the following, €2 is a sharp open convex cone in a vector space E of finite dimen-
sion on R (a convex cone is sharp if it does not contain any full straight line). In dual
space E* of E, Q* is the set of linear strictly positive forms on Q — {0} and Q* is
the dual cone of €2 and is a sharp open convex cone. If § € Q¥, then the intersection
QN{xekE/(x, &) =1} is bounded. G = Aut(2) is the group of linear transform
of E that preserves Q2. G = Aut(€2) operates on Q* by Vg € G = Aut(2) , V&€ € E*
theng-&§ =£og L.

Koszul-Vinberg Characteristic function definition: Let d¢ be the Lebesgue mea-
sure on E*, the following integral:

Va(x) = / e N dE vx e Q (7.7)

Q*
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with Q* the dual cone is an analytic function on Q, withyrq(x) € 10, +o00 [, called
the Koszul-Vinberg characteristic function of cone 2, with the properties:

e The Bergman kernel of 2 + iR"1 is written as Kq (Re(z)) up to a constant where
Kg is defined by the integral:

Ko(x) = / e yon (&) de (7.8)
Q*

e g isanalytic function defined on the interior of 2 and g (x) — 400 asx — IR
If g € Aut(S2) then Vg (gx) = |detg| ™! ¥q(x) and since t/ € G = Aut(S) for
any t > 0, we have

Vo (1x) = Yo (x)/t" (7.9)

e g is logarithmically strictly convex, and ¢q(x) = log (¥ q(x)) is strictly convex

Koszul 1-form «: The differential 1-form
a =dog =dlogyqo =dyo/Va (7.10)
is invariant by all automorphisms G = Aut(2) of Q. If x € Q2 and u € E then
(o, u) = —/ &, u) - e $94¢ and oy € —Q* (7.11)
&+
Koszul 2-form $: The symmetric differential 2-form
B = Da = d* log Y (7.12)
is a positive definite symmetric bilinear form on E invariant under G = Aut(£2).

Da > 0 (Schwarz inequality and d” log ¥ (u, v) = / (&, u) (£, v) e~ &1 gg)

Q*
(7.13)
Koszul-Vinberg Metric: Do defines a Riemanian structure invariant by Aut(€2), and

then the Riemanian metric is given by

g =d*logyo (7.14)
2 _ [ Yud? log Yr,du
d logy(x) =d [log/ wudu:| = —f Vudit

1 [ Yty (dlog ¥, — dlog Y1,)* dudv
+ 2 [ Yuprvdudy



7 Eidetic Reduction of Information Geometry 153
A diffeomorphism is used to define dual coordinate:
x* = —a, = —dlog Yo (x) (7.15)

with (df (x),u) = D,f(x) = % —o f(x + tu). When the cone 2 is symmet-

ric, the map x* = —a, is a bijection and an isometry with a unique fixed
point (the manifold is a Riemannian Symmetric Space given by this isometry):
@** = x, (x,x*) = n and Yo@)Por(x*) = cste - x* is characterized by
x* = argmin {Y(y)/y € Q*, (x,y) = n} and x* is the center of gravity of the cross
section {y € Q*, (x, y) = n}of Q*:

x* =/$~e‘(5”‘)d§//e‘<5”‘>d§,
QF* Q*

(=", h) = dplog Yy (x)
:_/@,m e_<$’x>d$//e_<5”‘)dé (7.16)
QF Q*

7.4.2 Koszul Entropy and Its Barycenter

From this last equation, we can deduce “Koszul Entropy” defined as Legendre
Transform of minus logarithm of Koszul-Vinberg characteristic function ®(x):

O*(x*) = (x, x*) — @(x) with x* = Dy® and x = Dy+®* where ®(x) = —log ¥ (x)
(7.17)

OF () = <(DXCI>)_1 (x*),x*> 0 [(Dxep)—l (x*)] Vit € (Dyd () /x € Q)

(7.18)
By (7.11), and using that — (£, x) = log e~ %) we can write:
—(x*,x) = /log e~ =B gg / e~ Eag (7.19)
Q* Q*

and

QF(x*) = (x,x*) — D(x) = — [loge &M . e=CENgg/ [ e=ENdE 4 log [ e~ EMdE
Q* Q* Q*

P (x*) = [(f e—(éwdg) log [ e €Nde — [loge M . emENgE | ) [ e €N
Q* Q* Q* Q*
(7.20)
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We can then consider this Legendre transform as an Entropy, named Koszul
Entropy if we rewrite equation (7.20) in the new form

P = —/Px(é) log px(§)d§ (7.21)
Q*
with
—(xE)—1 —Exg
pu) = e &Y /€_<E’x>d$ =e e Ogﬂf* ’ : = ¢~ WEHTPM gpd
Q*
Xt = /5 -px(§)d§ (7.22)
We will call py(§) = T e G5 _(E the Koszul Density, with the property that:
logpx(€) = — (x,§) — log / e EVdE = — (x,£) + () (7.23)
Q*
and
Eg [~logpc(®)] = (v, x") — @(x) (7.24)

We can observe that:
d(x) = —log [ e ENds = —log [ e [P EO+PW]ge — o (x) —log [ e ® Eag
Q* Q* Q*
= [ ®Egg =1
Q*
(7.25)
To make appear x* in ®*(x*), we have to write:

log py (&) = log e~ WE+PW — 1og =@ ®) — _p*(¢)
= &% = — [ pu(®) logpe(§)ds = [ D" (E)pe(§)ds = &7(x")
Qo G

(7.26)
The last equality is true if and only if:

/ O* (E)px (£)dE = DF / £ - pe(E)dE | asx” = / Eop®)dE  (727)
* Q*

Q*

This condition could be written:
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E[®*(§)] = @* (E[£]),§ € QF (7.28)

The meaning of this relation is that “Barycenter of Koszul Entropy is Koszul Entropy
of Barycenter”.

This condition is achieved for x* = D, ® taking into account Legendre Transform
property:

Legendre Transform: " (x*) = Sup [(x, x*) - CD(x)]
7 (x*) = (x, x*) — D(x)
=10 = [ O*(E)pe(£)dE
Q*

(7.29)
: dd
equality for x* = <=

. { () = E[0'©)]

7.4.3 Relation with Maximum Entropy Principle

Classically, the density given by Maximum Entropy Principle [188—190] is given by:

[ pe®)dE =1
Mg;« - / px(€) logpy(£)dE | such { < (7.30)
Px(.

J & -pe(§)dE = x*
QF

Q*

If we take gy (§) = =€)/ [, e €0 dg = =081 -108 Jar 5dE quch that:

S a:®) - dg = [ e €0dg) [ emEVdg = 1
Q* QO O
—(x,£)—log [ e~ &¥qg (7.31)

log ‘]x(é) = 10g€ o = — <x’ E> — log f €_<X’S)d$
Q*

Then by using the fact that logx > (1 —x~!) with equality if and only if x = 1, we
find the following:

—/Px(é)IOgPX(s)dS < —/px(é) (1 - %(E))dé (7.32)
Q*

9x(&) px(§)

Q*

‘We can then observe that:

/PX(E) (1 - qX(s))dé =/px($)d€ —/qx(é)df =0 (7.33)
px(§)
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because [o. pr(§)dE = [ qe(§)dE = 1.
Q*
We can then deduce that:

- / pe(®) log ‘%ds <0 / pa(8) log pr(§)dE < — / Pe(€) log 4. (6)dE
Q* ax Q* Q*
(7.34)

If we develop the last inequality, using expression of g, (&):

- / px(&) logpy(£)dE < — / px(®) | — (x, &) — log / e~ 8 ge |dg  (7.35)

QF QF Q*

— / px(&)log pr(§)dE < <x, / £ ~px<é)ds>+1og / el g (7.36)
Q*

Q* Q*

If we take x* = [, & - px(£)d€ and ®(x) = —log [,,. e~ ¥/ dé, then we deduce

that the Koszul density ¢, (&) = e~ ¥/ fQ* e ENgE = o~ nE)—log Jor 60 g 5
the Maximum Entropy solution constrained by [ px(§)dé = 1 and [q. & - px(€)
dé = x™:

- / px(&)logpe(§)dE < (x,x*) — d(x) (7.37)
Q*

- / px(§) logpx(§)dE < @*(x) (7.38)
Q*

We have then proved that Koszul Entropy provides density of Maximum Entropy:

R o E.071(D) it x = ©-L(Fyand E = ©(p) — d®(x) 739
pE(S) = f e_<§’®71(§)>d$ with x = (§)and § = Ox) = (7.39)
Q*
where
E= /g - pz(§)dé and ®(x) = —log/e_(x’adé (7.40)
Q* QF*

We can then deduce Maximum Entropy solution without solving Classical vari-
ational problem with Lagrangian hyperparameters, but only by inversing function
O (x) .This remark was made by Jean-Marie Souriau in the paper [97], if we take vec-

tor with tensor components § = , components of & will provide moments of

Z
2®z
first and second order of the density of probability pg (§), that is defined by Gaussian
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law. In this particular case, we can write:
T 1 7
(g, x)=a"z+ 37 Hz (7.41)

witha € R" and H € Sym(n). By change of variable givenby z’ = H'/?z + H=1/2q,
we can then compute the logarithm of the Koszul characteristic function:

() = —% [aTH*‘a + log det [H’]] + nlog(2n)] (7.42)

We can prove that first moment is equal to —H 'z and that components of variance
tensor are equal to elements of matrix H —1' that induces the second moment. The
Koszul Entropy, its Legendre transform, is then given by:

D*(E) = % [log det [H—l] + nlog 2 - e)] (7.43)

7.4.4 Crouzeix Relation and Its Consequences

The duality between dual potential functions is recovered by this relation:

*

- W s dP do
P (x™) + P(x) = (x,x )Wlthx = andx = where @ (x) = —log Yo (x)
by

dx*
do Lo _ de* -
E=X*:> dr T A e i | i _ [de !
ot _ ik i Y dx T | g
dx* dx*z T dx*
2 2% 1! 2 gk 2 2 g
=>ds2=—d?dx2=— d(I)z .d<I>2_dx* :_dCDZ'dx*Z
dx dx* dx* *
(7.44)
-1
. 2 2 d* . R .
The relation ‘flx—? = ‘2?2 ] has been established by J.P. Crouzeix in 1977 in a short

communication [176] )fcor convex smooth functions and their Legendre transforms.
This result has been extended for non-smooth function by Seeger [177] and Hiriart-
Urruty [178], using polarity relationship between the second-order subdifferentials.
This relation was mentioned in texts of variational calculus and theory of elastic
materials (with work potentials) [178].

This last relation has also be used in the framework of the Monge- Ampere measure
associated to a convex function, to prove equality with Lebesgue measure A:

me(A) = /(p(x)dx = A({VopXx)/x € A}) (7.45)
A

VA € Bg (Borel set in ) and ¢ (x) = det [v2q>(x)]
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That is proved using Crouezix relation: V2® (x) = V2® (VO*(y)) = [v2<1>*(y)]‘1

mae(A) = / o()dx = / det [v2q>(x)] - dx

A A
me(A) = / det [v2q> (VCD*(y))] - det [V2<I>*(y)] dy
(Vo= (A)

= / 1-dy =x({VoX)/x € A)) (7.46)

Vo (A)

7.4.5 Koszul Metric and Fisher Metric

To make the link with Fisher metric given by Fisher Information matrix /(x) , we
can observe that the second derivative of log p,(£) is given by:

—(x.g)—log [ e~¥dg
p(§) = e € / e Eds = e "
Q*
= logpx(€) = — (x, &) — log / e &g (7.47)
Q*

with @ (x) = —log [ e~ &Y dE = —log We (x)
Q*

32 logpy(§) 9P (x) 3 logpe(®) | 82@()  9%logYo()
o a2 W=k ox2 T2 T a2
(7.48)
9% logpe(£)] _ 9*log Yo (x)
I(x) = —E¢ [ e ] = e (7.49)

We could then deduce the close interrelation between Fisher metric and hessian of
Koszul-Vinberg characteristic logarithm, that are totally equivalent.

7.4.6 Extended Results by Koszul, Vey and Sasaki

Koszul [1] and Vey [2, 160] have developed these results with the following theorem
for connected Hessian manifolds:
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Koszul-Vey Theorem: Let M be a connected Hessian manifold with Hessian metric g.
Suppose that admits a closed 1-form « such that Do = g and there exists a group G
of affine automorphisms of M preserving «:

e If M /G is quasi-compact, then the universal covering manifold of M is affinely
isomorphic to a convex domain €2 real affine space not containing any full straight
line.

e If M /G is compact, then €2 is a sharp convex cone.

On this basis, Jean-Louis Koszul has given a Lie Group construction of homo-
geneous cone that has been developed and applied in Information Geometry by
Hirohiko Shima [163, 164] in the framework of hessian geometry.

Sasaki has developed the study of Hessian manifolds in Affine Geometry [49, 50].
He has denoted by S, the level surface of ¥qo: S. = {¥q(x) = ¢} which is a non-
compact submanifold in €2, and by w, the induced metric of d> log {q on S,, then
assuming that the cone €2 is homogeneous under G(£2), he proved that S, is a homo-
geneous hyperbolic affine hypersphere and every such hyperspheres can be obtained
in this way .Sasaki also remarks that w, is identified with the affine metric and S
is a global Riemannian symmetric space when 2 is a self-dual cone. He conclude
that, let 2 be a regular convex cone and let g = d? log Y be the canonical Hessian
metric, then each level surface of the characteristic function /g is a minimal surface
of the Riemannian manifold (€2, g) .

7.4.7 Geodesics for Koszul Hessian Metric

Last contributor is Rothaus [147] that has studied the construction of geodesics for
this hessian metric geometry, using the following property:

i g (0gu  dgi dgk) 1 ;0% logya(x) _ 0% log Yo (x)
3Xj axk Bxl

= = g TV i gy =
) 28 Togoxeax, S0 0,0,
(7.50)

or expressed also according the Christoffel symbol of the first kind:

1(d agi  0g; 1931
[i,jk] _ . 8kl 8jt  98jk _ ! og Yo (x) (7.51)
2 8xj~ axk 3)(1 2 8)«?,‘3)(](8)61
Then geodesic is given by:
dek k dx,- dx]' dek dxi dxj
T T R S 1) i A 7.52
ds? ids ds % gg2 + %] ds ds (7.52)

that could be developed with previous relation:
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d?x;. 92 log ¥ N 1 dx; dx; 93 logyo

= (7.53)
ds?  Axpdx 2 ds ds 0x;0x;0x;
We can then observe that:
d*> [ 10g Vo |  dxidx Blogva  d*x; 9%log g (7.54)
ds? Bxl "~ ds ds 0x;0x;0x; ds?  Oxp0x; '
The geodesic equation can then be rewritten:
d?x; 9% log Yrgy dlog Vo
_— =0 7.55
A2 dxpdx t ds? |: dx; i| (7.55)
That we can put in vector form using notations x* = —d log ¥q and Fisher matrix
I1(x) = d? log Vrq:
d’x  d’x*
Ix)— — —5 =0 7.56
(x) 2 a2 (7.56)

7.4.8 Koszul Forms and Metric for Symmetric Positive
Definite Matrices

Using Koszul results of Sect.7.4.2, let v be the volume element of g. We define a
closed 1-form « and B a symmetric bilinear form by: Dxv = «(X)v and 8 = Do.
The forms « and B, called the first Koszul form and the second Koszul form for a
Hessian structure (D; g) respectively are given by:

V2 Ao = o = — log (det [g,,]) v and

v = (det[gy])
% 197 logdet [gu]

1
bip = a2 axiox/

The pair (D; g) of flat connection D and Hessian metric g define the Hessian
structure. As seen previously, Koszul studied flat manifolds endowed with a closed
1-form « such that De is positive definite, whereupon D« is a Hessian metric. The
Hessian structure (D; g) is said to be of Koszul type, if there exists a closed 1-form «
such that g = Da. The second Koszul form g plays a role similar to the Ricci tensor
for Kéhlerian metric.

We can then apply this Koszul geometry framework for cones of Symmetric
Positive Definite Matrices.

Lettheinner product (x, y) = Tr (xy) , Vx, y € Sym,(R), Q2 be the set of symmetric
positive definite matrices is an open convex cone and is self-dual Q* = Q.
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Yalx) = / & gg = detx—"F w1, (1.57)
O (x, y) = TV(XY)
Q* = Q self-dual

1 1
¢ = d*log Yo = —%cﬂ log det x and x* = —d log Yo = %dlog det x

n+1

-1
7.58
7 X (7.58)

Sasaki approach could also be used for the regular convex cone consisting of
all positive definite symmetric matrices of degree n. (D, Dd log det x) is a Hessian
structure on €2, and each level surface of det x is a minimal surface of the Riemannian
manifold (2, g = —Dd logdetx) .

Koszul [27] has introduced another 1-form definition for homogeneous bounded
domain given by:

o= —%d\ll (X) with W (X) = Tryp [ad (JX) —Jad(X)] VX € g (7.59)

We can illustrate this new Koszul expression for Poincaré’s Upper Half Plane V =
{z =x+iy/y > 0} (most simple symmetric homogeneous bounded domain). Let
vector fields X = y% and Y = ydiy , and J tensor of complex structure V defined by

Tr [ad (JX) — Jad (X)] = 2

JX =Y. As[X,Y]|=—Yand ad (Y). Z = [Y, Z] then Trlad (JY) — Jad (Y)] = 0

(7.60)
The Koszul 1-form and then the Koszul/Poincaré metric is given by:
d 1 ldxAnd dx? + dy*
V) =2 Sgm g = BN g0 AT o6
y 4 2y 2y?

This could be also applied for Siegel’s Upper Half Plane V = {Z =X +iY /Y
> 0} (more natural extension of Poincaré Upper-half plane, and general notion of
symmetric bounded homogeneous domains studied by Elie Cartan and Carl-Luwid
siegel):

SZ = (AZ+ B)D~! o« (AB (0 1
ATD =1.B"D = D'B W1thS_(O D) andJ_(_IO) (7.62)

3p+1 a=—tav =27 (y-laz A v'az)

ds? = 2 (y-lazy—'dz)

Y (dX +idY) = Tr (v~'ax) = [

(7.63)
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To recover the metric of Symmetric Positive Definite (HPD) matrices, we take
Z = iR (with X = 0), the metric ds®> = Tr [(R_ldR)z]. In the context of Information

Geometry, this metric is metric for multivariate Gaussian law of covariance matrix
R and zero mean. This metric will be studied in Sect.7.7

7.4.9 Koszul-Vinberg Characteristic Function as Universal Barrier
in Convex Programming

Convex Optimization theory has developed the notion of Universal barrier that could
be also interpreted as Koszul—Vinberg Characteristic function. Homogeneous cones
that have been studied by Elie Cartan, Carl Ludwig Siegel, Ernest Vinberg and Jean-
Louis Koszul are very specific cones because of their invariance properties under
linear transformations. They were classified and algebraic constructed by Vinberg
using Siegel domains. Homogeneous cones [41, 42, 53-55] have also been studied
for developing interior-point algorithms in optimization, through the notion of self-
concordant barriers. Nesterov and Nemirovskii [145] have shown that any cone in
R" admits a logarithmically homogeneous universal barrier function, defined as a
volume integral. Giiler and Tuncel [37, 38, 143, 148] have used a recursive scheme
to construct a barrier through Siegel domains referring to a more general construction
of Nesterov and Nemirovskii. More recently, Olena Shevchenko [142] has defined a
recursive formula for optimal dual barrier functions on homogeneous cones, based
on the primal construction of Giiler and Tungel by means of the dual Siegel cone
construction of Rothaus [144, 147].

Vinberg and Gindikin have proved that every homogeneous cones can be obtained
by a Siegel construction. To illustrate Siegel construction, we can consider K an
homogeneous cone in R and B(u, u) € K a K-bilinear symmetric form, Siegel Cone
is then defined by:

Csiegel (K. B) = {(x, u, 1) € R'xRPxR/t > 0, tx — B(u, u) € K} (7.64)

and is homogeneous.

Rothaus has considered dual Siegel domain construction by means of a symmetric
linear mapping U(y) (positive definite for y € int K* ) defined by (U(y)u,v) =
(B(u,v), y), from which we can define dual Siegel cone:

Clioger (K. B) = {(y, v, 5) € K*xRPxR/t > 0, 5 > <U(y)*‘v, v>} (7.65)
With respect to the inner product ((x, u, t), (y, v, s)) = {(x,y) + 2 (u, v) + st.

With the condition s > (U M, v) that is equivalent by means of Schur complement
technique to:
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S VT
[V U (y)] >0 (7.66)

7.4.10 Characteristic Function and Laplace Principle
of Large Deviations

In probability, the “characteristic function” has been introduced by Poincaré by anal-
ogy with Massieu work in thermodynamic. For the Koszul-Vinberg characteristic
function, if we replace the Lebesgue measure by Borel measure, then we recover the
classical definition of characteristic function in Probability, and the previous KVCF
could be compared by analogy with:

+00 +o00
Yx(2) = / ¢ dF (x) = / e"“p(x)-dsz[e'U] (7.67)

Let  be a positive Borel Measure on euclidean space V. Assume that the following
integral is finite for all x in an open set

QCV:y(y) = / e O dp(x) (7.68)

For x € Q, consider the probability measure:

p(y.dx) = e U dp(x) (7.69)

Y ()

then mean is given by:

m(y) = / 3P0y dx) = —V log () (7.70)

and covariance
(VOu,v) = / (x = m(y), u) (x —m(y), v) p(y, dx) = D,Dylog ¥ (y) (7.71)

In large deviation theory, the objective is to study the asymptotic behavior of
remote tails of sequences of probability distributions and was initialized by Laplace
[10] and unified formally by Sanov [44] and Varadhan [43]. Large deviations theory
concerns itself with the exponential decline of the probability measures of extreme,
tail or rare events, as the number of observations grows arbitrarily large [45, 46].
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Large deviation principle: Let { X, } be a sequence of random variables indexed by the
positive integer n, and let P (X, € d¢) = P (%, € [¢, ¢ + d¢]) denote the probabil-
ity measure associated with these random variables. We say that X,or P (¥, € dg)
satisfies a large deviation principle if the limit /(¢) = Lim,— —}L logP (X, €dg)
exists The function / (¢) defined by this limit is called the rate function; the para-
meter n of decay is called in large deviation theory the speed. The existence of
a large deviation principle for X, means concretely that the dominant behavior
of P(X, € d¢) is a decaying exponential with n, with rate I (¢): P (¥, € dg) =
e dcorp (S, =c¢)~ e ),

If we write the Legendre-Fenchel transform of a function h(x) defined by g(k) =
Sup {k - x — h(x)}, we can express the following principle and Laplace’s method:

X

Laplace Principle [10]: Let {(2,, Fy,, Py) ,n € N} be a sequence of probability
spaces, ® a complete separable metric space, {Y,,n € N} a sequence of random
variables such that ¥, maps €2, into ®, and I a rate function on ®. Then, Y;, satis-
fies the Laplace principle on ® with rate function / if for all bounded, continuous
functions f mapping ® into R:

Lim - logEp, [e"'f (Yn>] = Sup {f(x) — I(x)} (7.72)

n—-oon xe®

If Y, satisfies the large deviation principle on ® with rate function /, then P,
(Y, € dx) ~ e 0 dy:

n—oon n—o0o n

1 1 X
Lim - IOgEPn I:en.f(yn)] = Lim - log/enf(Yn) . dPn

Qp

1
= Lim — log/e"‘f(x)P,, (Y, € dx)

n—-»oo n
®

Lim l1og / T I gy

n—>o00 n

&

(C]

1 .
= Lim - log / S O=IO] | gy (7.73)

n—o0o n
(€]

The asymptotic behavior of the last integral is determined by the largest value of
the integrand [10]:
1 1
Lim - log Ep, [e"'f(y")] — ~log [sup {en'[foo/(x)]}} = Sup {f(x) — I(x)}
n—oon n xe® xe®
(7.74)

The generating function of X, is defined as:



7 Eidetic Reduction of Information Geometry 165

Yo () = E "] = / ¢ P (T, €dg) (7.75)

In terms of the density p (X,), we have instead

Yn (x) = /enxgp(En =¢)dg (7.76)

In both expressions, the integral is over the domain of %,,. The function ¢ (x) defined
by the limit: ¢ (x) = Lim %log Yn(x) is called the scaled cumulant generating
n—0o0

function of X, . It is also called the log-generating function or free energy function
of ¥,. In the following in thermodynamic, it will be called Massieu Potential. The
existence of this limit is equivalent to writing ¥, (x) & ¢ ?(,

Gdrtner-Ellis Theorem: If ¢ (x) is differentiable, then X, satisfies a large deviation
principle with rate function 7 (¢) by the Legendre—Moreau [158] transform of ¢ (x):

I(¢) =Sup{x- ¢ —px)} (1.77)

Varadhan’s Theorem: If ¥, satisfies a large deviation principle with rate function
1(¢), then its scaled cumulant generating function ¢ (x) is the Legendre—Fenchel
transform of 7(¢):
@(x) =Sup{x- ¢ —1(c)} (1.78)
S

Properties of ¢(x): statistical moments of ¥, are given by derivatives of ¢ (x):

d d?
YO Lim E[5,] and <p(2x) — Lim Var[Z,] (7.79)
dx =g N7 x =g o

7.4.11 Legendre Mapping by Contact Geometry in Mechanics

Legendre Transform is also classically used to derive the Hamiltonian formalism of
mechanics from the Lagrangian formulation. Lagrangian is a convex function of the
tangent space. The Legendre transform gives the Hamiltonian H(p,q) as a function of
the coordinates (p,q) of the cotangent bundle, where the inner product used to define
the Legendre transform is inherited from the pertinent canonical symplectic structure.
More recently, Vladimir Arnold has demonstrated that this Legendre duality could be
interpreted in the framework of Contact Geometry with notion of Legendre mapping
[96] (Fig.7.5).

As described by Vladimir Arnold, in the general case, we can define the Hamil-
tonian H as the fiberwise Legendre transformation of the Lagrangian L:
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Fig. 7.5 Legendre transform

between Hamiltonian and 1
Lagrangian

T f

H{p, q:’ }’=’Sli:p{p_q— Lig.¢.0} : §— pi—L(q.6.0)
- 1

Fig. 7.6 Poincaré—Cartan 4 b ) ]
B P Cj‘p.dq —H(p.q)dr = cJ:p,dq —H (p.q)dt

a L]

H(p,q,1) =Sup(p-¢—L(g,q,1) (7.80)
q

Due to strict convexity, H(p, ¢,t) = p - ¢ — L(q, ¢, t) supremum is reached in a
unique point ¢ such that p = 9;L(q, ¢, 1), and ¢ = 9,H(p, g, 1).
If we consider total differential of Hamiltonian:

dH = gdp + pdq — 9,Ldq — 0;Ldg — 9;Ldt = qdp — 9,Ldq — 0;Ldt (7.81)
= 0p,Hdp + 0,Hdq + 9, Hdt ’
q=0,H
:[—%Lz%H
Euler-Lagrange equation 9,;04L — 9,L = 0 with p = 9;L and —d,L = d,H
provides the second Hamilton equation p = —d,H with § = 0,H in Darboux
coordinates.

Considering Pfaffian form w = p - dq — H - dt related to Poincaré—Cartan integral
invariant [26], based on w = ;L -dq — (4L - ¢ — L) - dt = L - di + d;Le with
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w = dq — ¢ -dt, Dedecker [15] has observed, that the property that among all forms
0 = L-dt modw the form w = p-dg— H -dt is the only one satisfying d6 = O modw,
is a particular case of more general Lepage congruence [16] related to transversally
condition (Fig.7.6).

Contact geometry was used in Mechanic [11, 12] and in Thermodynamic [13,
14, 17, 18, 24, 25], where integral submanifolds of dimension 7 in 2n + 1 dimen-
sional contact manifold are called Legendre submanifolds. A smooth fibration of a
contact manifold, all of whose are Legendre, is called a Legendre Fibration. In the
neighbourhood of each point of the total space of a Legendre Fibration there exist
contact Darboux coordinates (z, g, p) in which the fibration is given by the projection
(z, g, p) => (2, q). Indeed, the fibres (z, g) = cst are Legendre subspaces of the stan-
dard contact space. A Legendre mapping is a diagram consisting of an embedding
of a smooth manifold as a Legendre submanifold in the total space of a Legendre
fibration, and the projection of the total space of the Legendre fibration onto the base.
Let us consider the two Legendre fibrations of the standard contact space R>*+! of
I—jets of functions on R": (u, p, q) — (u,q) and (u,p,q) — (p - q — u, p), the
projection of the I-graph of a function u = S(q) onto the base of the second fibration
gives a Legendre mapping:

BN 3S
qr (qa—q - S(q), @) (7.82)

If S is convex, the front of this mapping is the graph of a convex function, the
Legendre transform of the function S:

(S*(p),p) (7.83)
with §*(p) = ¢ - p — S(q) where p = 5°.

More generally as considered by Vladimir Arnold, all Symplectic geometry of
even-dimensional phase spaces has an odd-dimensional twin contact geometry. The
relation between contact geometry and symplectic geometry is similar to the relation
between linear algebra and projective geometry. Any fact in symplectic geometry
can be formulated as a contact geometry fact and vice versa. The calculations are
simpler in the symplectic setting, but their geometric content is better seen in the
contact version. The functions and vector fields of symplectic geometry are replaced
by hypersurfaces and line fields in contact geometry.

Each contact manifold has a symplectization, which is a symplectic manifold
whose dimension exceeds that of the contact manifold by one. Inversely, Symplectic
manifolds have contactizations whose dimensions exceed their own dimensions by
one. If a manifold has a serious reason to be odd dimensional it usually carries a
natural contact structure. V. Arnold said that “symplectic geometry is all geometry,”
but that he prefer to formulate it in a more geometrical form: “contact geometry is
all geometry”.

Relation between contact structures and Legendre submanifolds are defined by:
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Fig.7.7 Contact geometry by
V. Arnold P @ =dy— p.dx

y=fx p= dfdix)

¥y

»

Space of 1-jets

v

e A contact structure on an odd-dimensional manifold M>"+! is a field of hyperplanes
(of linear subspaces of codimension 1) in the tangent spaces to M at all its points.

e All the generic fields of hyperplanes of a manifold of a fixed dimension are locally
equivalent. They define the (local) contact structures.

As example, a 1-jet of a function:
y=f&1 ... x) (7.84)
at point x of manifold V" is defined by the point
(x,y,p) € R*"* ! where p; = 9f /dx; (7.85)

The natural contact structure of this space is defined by the following condition:
the 1-graphs {x, y = f(x), p = 9f /dx} C J' (V", R) of all the functions on V should
be the tangent structure hyper-plane at every point. In coordinates, this conditions
means that the 1-form dy — p.dx should vanish on the hyper-planes of the contact
field (Fig.7.7).

In thermodynamics, the Gibbs 1-form dy — p - dx will be given by:

dE=T-dS—p-dv (7.86)

A contact structure on a manifold is a non-degenerate field of tangent hyper-planes:

e The manifold of contact elements in projective space coincides with the manifold
of contact elements of the dual projective space

e A contact element in projective space is a pair, consisting of a point of the space
and of a hyper-plane containing this point. The hyper-plane is a point of the dual
projective space and the point of the original space defines a contact element of
the dual space.
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The manifold of contact elements of the projective space has two natural contact
structures:

e The first is the natural contact structure of the manifold of contact elements of the
original projective space.

e The second is the natural contact structure of the manifold of contact elements of
the dual projective space.

The dual of the dual hyper-surface is the initial hyper-surface (at least if both are
smooth for instance for the boundaries of convex bodies). The affine or coordinate
version of the projective duality is called the Legendre transformation. Thus contact
geometry is the geometrical base of the theory of Legendre transformation.

7.4.12 Massieu Characteristic Function and Duhem Potentials
in Thermodynamic

In 1869, Francois Massieu, French Engineer from Corps des Mines, has presented
two papers to French Science Academy on “characteristic function” in Thermody-
namic [3-5]. Massieu demonstrated that some mechanical and thermal properties of
physical and chemical systems could be derived from two potentials called “charac-
teristic functions”. The infinitesimal amount of heat dQ received by a body produces
external work of dilatation, internal work, and an increase of body sensible heat.
The last two effects could not be identified separately and are noted dE (function
E accounted for the sum of mechanical and thermal effects by equivalence between
heat and work). The external work P - dV is thermally equivalentto A - P -dV (with A
the conversion factor between mechanical and thermal measures). The first principle
provides dQ = dE+A-P-dV. For a closed reversible cycle (Joule/Carnot principles)
Ik % = 0 that is the complete differential dS of a function S of dS = %

If we select volume V and temperature T as independent variables:

T-dS=dQ = T-dS—dE =A-P-dV = d (TS)—dE = S-dT +A-P-dV (1.87)

oH oH
If weset H =TS —FE, then wehave dH = S-dT+A-P-dV = ﬁ-dT—i—W‘dV
(7.88)

Massieu has called H the “characteristic function” because all body characteristics

: . . o_ 0H p_ 103H _ _ 7 0H
could be deduced of this function: S = 57 P = 137 andE =TS —H = Ta_T —H

If we select pressure P and temperature T as independent variables: Massieu char-
acteristic function is then given by

H =H—-AP.V (7.89)
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We have
oH' oH'
dH' =dH — AP -dV —AV -dP =S -dT — AV -dP = 5T -dT + P -dP (7.90)
And we can deduce:
oH' 1 0H’
S = and V = —— (7.91)
oT A OP
And inner energy:
, oH' , oH'
E=TS—-H=TS—H —AP-V=>E=T8T —H —I—P-aP (7.92)

The most important result of Massieu consists in deriving all body proper-
ties dealing with thermodynamics from characteristic function and its derivatives:
“je montre, dans ce mémoire, que toutes les propriétés d’un corps peuvent se
déduire d’une fonction unique, que j’appelle la fonction caractéristique de ce
corps” [5].

Massieu results were extended by Gibbs that shown that Massieu functions play
the role of potentials in the determination of the states of equilibrium in a given
system, and Duhem [6-9] in a more general presentation had introduced Thermo-
dynamic potentials in putting forward the analytic development of the mechanical
Theory of heat.

In thermodynamics, the Massieu potential is the Legendre transform of the
Entropy, and depends on the inverse temperature 8 = 1/kT:

¢(B) = —kB-F =S —E/T where F is the Free Energy F = E — TS (7.93)

_ 9B _ IkBF) _ B (aF) ( aT ) “ o4

d(kB) 9 (kp) ﬁa(kﬁ) Frkp 3 (kB) 759
_ 99 (B) 1

=F — =F+ E—-TS)+TS=E (795

PGB + kpB( )( (kﬁ)z) B =( )+ (7.95)

with E the inner energy. The Legendre transform of the Massieu potential provides
the Entropy S:

L(¢) =kp - %—qﬁ(ﬂ)—kﬁ (=E) —kp-F =kBp(F —E) =-S5 (7.96)

On these bases, Duhem has founded Mechanics on the principles of Thermody-
namics. Duhem has defined a more general potential function Q@ = G(E — TS) + W
with G mechanic equivalent of heat. In case of constant volume, W = 0, the potential
2 becomes Helmoltz Free Energy and in the case of constant pressure, W = P-V, the
potential 2 becomes Gibbs—Duhem Free Enthalpy. Duhem has written: “Nous avons
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fait de la Dynamique un cas particulier de la Thermodynamique, une Science qui
embrasse dans des principes communs tous les changements d’état des corps, aussi
bien les changements de lieu que les changements de qualités physiques™ [6].

Classically, thermodynamic potentials and relations are synthetized in the thermo-
dynamic square introduced by Max Born The corners represent common conjugate
variables while the sides represent thermodynamic potentials. The placement and
relation among the variables serves as a key to recall the relations they constitute
(Fig.7.8).

In his “Thermodynamique générale”, four scientists were credited by Duhem with
having carried out “the most important researches on that subject’:

e F. Massieu that had derived Thermodynamics from a “characteristic function and
its partial derivatives”

e J. W. Gibbs that shown that Massieu’s functions “could play the role of potentials
in the determination of the states of equilibrium” in a given system.

e H. von Helmholtz that had put forward “similar ideas”

e A. von Oettingen that had given “an exposition of Thermodynamics of remark-
able generality” based on general duality concept in “Die thermodynamischen
Beziehungen antithetisch entwickelt”, St. Petersburg 1885.

Arthur Joachim Von Oettingen has developed duality in parallel in Thermody-
namic and in Music [66—-76]. In Music, he has introduced Harmonic Dualism: Cate-
gories of music-theoretical work that accept the absolute structural equality of major
and minor triads as objects derived from a single, unitary process that structurally
contains the potential for twofold, or binary, articulation. The tonic fundamental of
the major triad is the structural parallel of the phonic overtone of the minor triad: in
each case these tones are consonant with their respective chord. The Phonic overtone
of the major triad and the tonic fundamental of the minor triad are dissonant with
their respective chord. Oettingen introduced Topographic version of major—minor
opposition: “All pure consonant triads stand in the form of right triangles, whose
hypotenuses all form a diagonal minor third. In the major klang, the right angle is
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oriented to the top (of the diagram); in the minor klang, the right angle is oriented to
the bottom”.

To conclude this chapter on “characteristic function” in thermodynamics, we
introduce recent works of Pavlov and Sergeev [111] from Steklov Mathematical
Institute, that have used ideas of Koszol [112], Berezin [113], Poincaré [114] and
Caratheodory [115] to analyze the geometry of the space of thermodynamical states
and demonstrate that the differential-geometric structure of this space selects entropy
as the Lagrange function in mechanics in the sense that determining the entropy
completely characterizes a thermodynamic system (this development will make one
link with our Sect.7.4.11 related to Legendre transform in Mechanics). They have
demonstrated that thermodynamics is not separated from other branches of theoretical
physics on the level of the mathematical apparatus.

Technically, both analytic mechanics and thermodynamics are based on the same
dynamical principle, which we can use to obtain the thermodynamic equations as
equations of motion of a system with non-holonomic constraints. The special feature
of thermodynamics is that the number of these constraints coincides with the number
of degrees of freedom.

Using notation, 8 = 1/k - T, the laws of equilibrium thermodynamics is based
on the Gibbs distribution:

I _
PGivhs (H) = —e pH (7.97)

where H(p, g, a) the Hamilton function depending on the external parameters
a = (ay, ..., a) and the normalizing factor:

Z(B,a) = Z / e PHdwy (7.98)
N

with the internal Energy:

. —BH
E=fi =2 =S [ don =3 [ Hpoustin) - doy (199
N N
Gibbs distribution to derive thermodynamic states is based on the theorem for-
mulated by Berezin [113] (entropy functional subject to the internal energy and
normalization has a unique maximum at the “point” for the Gibbs distribution).
P.V. Pavlov and V.M. Sergeev define the generalized forces by the formula:

A== / oH H)-d 1 dlogZ (7.100)
— - . gl doy = — .
= 9a PGibbs N B da

The 1-form of the heat source is given by:

da (7.101)

dlogZ 1dlogZ
wQZdE+A~da=—d( Og) _does

B B da
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Using the relation:

1 dlogZ\  _,dlogZ dlogZ
B d(’B—B,B )—ﬁ T d,6+d( 28 ) (7.102)

They obtain correspondence with the Shannon definition of the entropy

dlogZ
Pwg = d(logZ - B o ) = d(— Z/PGibbs(H) -10g pGipws (H) -dMN)
N

=dS (7.103)

providing:

e the second law of thermodynamics:
wo=T-dS (7.104)
e the Gibbs equation:
dE=T-dS—A-daordF = —S-dT —A-dawith F =E—-TS (7.105)
From the last Gibbs equation, the coefficients of the 1-forms are gradients

oF oF
S=——and A = —— (7.106)
oT da

and the free energy is the first integral of system of differential equation.

Pavlov and Seeger note that the matrix of 2-form Qg = dwg is degenerate and
has the rank 2 (nonzero elements of the 2-form matrix 2o are concentrated in the
first row and first column):

2

0A 0°F
Qo = B_TdT ANda = ~3 8TdT Ada (7.107)
a

They observe that from the standpoint of the analogy with mechanical dynamical
systems, the state space of a thermodynamic system (with local coordinates) is a
configuration space. By physical considerations (temperature, volume, mean particle
numbers, and other characteristics are bounded below by zero), it is a manifold with
a boundary. They obtain the requirement natural for foliation theory that the fibers
be transverse to the two-dimensional underlying manifold.

In Pavlov and Seeger formulation, the thermodynamic analysis of a dynamical
system begins with a heuristic definition of the system entropy as a function of
dynamical variables constructed based on general symmetry properties and the geo-
metric structure of the space of thermodynamic states is fixed to be a foliation of
codimension two.
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7.4.13 Souriau’s Geometric Temperature and Covariant Definition
of Thermodynamic Equilibriums

Jean-Marie Souriau in [97-106], student of Elie Cartan at ENS Ulm, has given a
covariant definition of thermodynamic equilibriums and has formulated statistical
mechanics [161, 162] and thermodynamics in the framework of Symplectic Geom-
etry by use of symplectic moments and distribution-tensor concepts, giving a geo-
metric status for temperature and entropy. This work has been extended by Vallée
and Saxcé [107, 110, 156], Iglésias [108, 109] and Dubois [157].

The first general definition of the “moment map” (constant of the motion for
dynamical systems) was introduced by J. M. Souriau during 1970s, with geometric
generalizion such earlier notions as the Hamiltonian and the invariant theorem of
Emmy Noether describing the connection between symmetries and invariants (it is
the moment map for a one-dimensional Lie group of symmetries). In symplectic
geometry the analog of Noether’s theorem is the statement that the moment map of a
Hamiltonian action which preserves a given time evolution is itself conserved by this
time evolution. The conservation of the moment of a Hamilotnian action was called
by Souriau the “Symplectic or Geometric Noether theorem” (considering phases
space as symplectic manifold, cotangent fiber of configuration space with canonical
symplectic form, if Hamiltonian has Lie algebra, moment map is constant along
system integral curves. Noether theorem is obtained by considering independently
each component of momemt map).

In previous approach based on Koszul work, we have defined two convex functions
®(x) and ®*(x*) with dual system of coordinates x and x* on dual cones 2 and Q*:

O (x) = —log/e_@”‘)dé Vx € Qand ®*(x*) = (x,x*) — @ (x)

Q*
= —/px(S)logpx(S)ds (7.108)
Q*
where
X = / £ - pe(§)dE and py(§) = e &/ / e~ EN gg
Q* &
—(x,&)—log [ e~ Mg
. (x.6) Ogﬁf* e § — o EHOW (7.109)
with D 9 D* (x*
o= %W g2 22D (7.110)
dx ax*

Souriau introduced these relations in the framework of variational problems
to extend them with a covariant definition. Let M a differentiable manifold with
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a continuous positive density dw and let E a finite vector space and U(€) a con-
tinuous function defined on M with values in E, continuous positive function p(§)
solution of this variational problem:

[ pEdo =1
: _ M
Arpg(lé\;hn = /p(é) logp(&)dw | such that f UE)pE)do = 0 (7.111)
M M
is given by:
p(&) = 2B =BUE ith d(B) = —1og/e—f"U@>dwandQ
M
f U(S)e‘ﬁ'U(E)da)
M
= TP TE (7.112)
M

Entropy s = — [, 1 (&) log p(§)dw can be stationary only if there exist a scalar @
and an element 8 belonging to the dual of E, where ® and g are Lagrange parame-
ters associated to the previous constraints. Entropy appears naturally as Legendre
transform of ®:

s(Q)=p-0—2(B) (7.113)
—B-UE)
This value is a strict minimum of s, and the equation Q = Ly U@ " ey fU(ff);U@) dwdw has a

maximum of one solution for each value of Q. The function ®(f) is differentiable
and we can write d® = dp - Q and identifying E with its bidual:

L

°=%

(7.114)

Uniform convergence of fM UéE)U (é)e‘ﬁ'U(S)dw proves that —%27? > 0 and

that —® () is convex. Then, Q(B) and B(Q) are mutually inverse and differentiable,
and ds = B - dQ. Identifying E with its bidual:

g= 08 (7.115)
=30 )
Classically, if we take U (§) = ¢ é ¢ ), components of Q will provide moments of

first and second order of the density of probability p(£), that is defined by Gaussian
law.

Souriau has applied this approach for classical statistical mechanic system.
Considering a mechanical system with n parameters ¢, ..., q,, its movement
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could be defined by its phase at arbitrary time ¢ on a manifold of dimension

2n:q1, .. qn,P1s - D
Liouville theorem shows that coordinate changes have a Jacobian equal to unity,

and a Liouville density could be defined on manifold M: dw =dq . . .dg, dp; .. .dp,
that will not depend of choice for 7.

A system state is one point on 2n-Manifold M and a statistical state is a law of
probability defined on M such that |, 1y P(§)dw = 1, and its time evolution is driven

=> I oH_op ﬂ where H is the Hamiltonian.
lj

A thermodynamlc equlhbrlum is a statistical state that maximizes the entropy:

s=— / p(&) logp(§)dw (7.116)

M

among all states giving the mean value of energy Q:

/ HE) - pE)do = © 7.117)

Apply for free particles, for ideal gas, equilibrium is given for 8 = kLT (with k
Boltzmann constant) and if we set S = k - s, previous relation ds = f - dQ provides:
ds = % and S = f % and @ (p) is identified with Massieu—Duhem Potential.

We recover also the Maxwell Speed law:

p(&) = cste - e 1T (7.118)

Main discovery of Jean-Marie Souriau is that previous thermodynamic equilib-
rium is not covariant on a relativity point of view. Then, he has proposed a covariant
definition of thermodynamic equilibrium where the previous definition is a partic-
ular case. In previous formalization, Manifold M was solution of the variationnal

problem:
1
d/ll t.a. Y0 ) g = 0 with ot (7.119)
L qi, — = 0wl = — .
9 dt bi aq]‘

4]

We can then consider the time variable ¢ as other variables ¢g; through an arbitrary
parameter 7, and defined the new variationnal problem by:

1
d
d/L(q,,qJ)dr = Owith t = guy1, gy = %and]: 1,2,...,n+1 (7.120)
T

4]
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where )
. q;\ -
L(gs,q1) =1 (t, gj 7’)t (7.121)

Variables p; are not changed and we have the relation:

dqi
Pt =1=2 pj (7.122)
J

If we compare with Sect.7.4.11 on classical mechanic, we have:

d .
Pn+1 = —H with H = ij . % — [ (H is Legendre transform of /)  (7.123)
j

H is energy of system that is conservative if the Lagragian doesn’t depend explicitly
of time . It is a particular case of Noether Theorem: If Lagrangian L is invariant by an
infinitesimal transform dQ; = F;(Qk). u = >_; pydQy is first integral of variations
equations. As Energy is not the conjugate variable of time #, or the value provided
by Noether theorem by system invariance to time translation, the thermodynamical
equilibrium is not covariant. Then, J. M. Souriau proposes a new covariant definition
of thermodynamic equilibrium:

Let amechanical system with a Lagragian invariant by a Lie Group G. Equilibrium
states by Group G are statistical states that maximizes the Entropy, while providing
given mean values to all variables associated by Noether theorem to infinitesimal
transforms of group G.

Noether theorem allows associating to all system movement &, a value U(§)
belonging to the vector dual A of Lie Algebra of group G. U (&) is called the moment
of the group.

For each derivation § of this Lie algebra, we take:

UE)©) = ZPJ 80y (7.124)
J

With previous development, as E is dual of A, value 8 belongs to this Lie algebra A,
geometric generalization of thermodynamic temperature. Value Q is a generalization
of heat and belongs to the dual of A.

An Equilibrium state exists having the largest entropy, with a distribution function
p(€) that is the exponential of an affine function of U:

p&) = ®PFUE with o (8) = —log/e*ﬁ'U(S)dwandQ
M
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JUEe PV dw

M
= e, (7.125)

M

with
s(Q)=B-0—®(B),dd=dp-Qand ds = B -dQ (7.126)

A statistical state p(£) is invariant by § if § [p(é )] = 0 for all &(then p(&) is invariant
by finite transform of G generated by §).
J. M. Souriau gave the following theorem:

An equilibrium state allowed by a group G is invariant by an element § of Lie
Algebra A, if and only if [6, B] = O (with [.], the Lie Bracket), with B the generalized
equilibrium temperature.
with g = z?_é and [, HE&) - p(§)dw = Q where s = — [}, p(§) logp(§)dw and
Jyp@&do=1.

For classical thermodynamic, where G is abelian group of translation with respect

to time ¢, all equilibrium states are invariant under G.
For Group of transformation of Space—Time, elements of Lie Algebra of G could be
defined as vector fields in Space-Time. The generalized temperature 8 previously
defined, would be also defined as a vector field. For each point of Manifold M , we
could then define:

e Vector temperature:

Vv
= — 7.127
Bu T ( )
with
e Unitary Mean Speed:
y= P in V=1 (7.128)
|Bum|
e Eigen Absolute Temperature:
1
T = . (7.129)
k- |Buml

Classical formula of thermodynamics are thus generalized, but variables are
defined with a geometrical status, like the geometrical temperature B); an element of
the Lie algebra of the Galileo or Poincaré groups, interpreted as the field of space—
time vectors. Souriau proved that in relativistic version Sy is a time like vector with
an orientation that characterizes the arrow of time.
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7.4.14 Quantum Characteristic Function: Von Neumann Entropy
and Balian Quantum Fisher Metric

Information Geometry metric has been extended in Quantum Physics. In 1986, Roger
Balian has introduced a natural metric structure for the space of states Din quantum
mechanics, from which we can deduce the distance between a state and one of its
approximations [88-90, 92-95]. Based on quantum information theory, Roger Balian
has built on physical grounds this metric as hessian metric:

ds> = d*S(D) (7.130)
from S(D), von Neumann’s entropy:
Sy = ~1r [ Dlog(D) | (7.131)

Quantum mechanics uses concepts of

e “observable” O: Random variables, elements of a non-commutative C*-algebra
of operators describing a physical quantity of the system like angular momentum.
For finite systems, “observables” O are represented by Hermitian matrices acting
in a Hilbert space H.

o “state” E(0): Quantum Expected Value considered as Information on the system
allowing to make predictions about it. A quantum state is on the same footing
as a probability distribution in classical physics and a state in classical statistical
mechanics, except for the non-commutation of the observables. (this “expectation”
cannot be given simultaneously for two non-commuting observables which cannot
be measured with the same apparatus).

When observables are represented by matrices in a Hilbert space H, the state can be
implemented in terms of a matrix D in the space H:

E©) =Tr [150] (7.132)

where D is the density matrix, which is a representation of the state, is

e Hermitian: as E (Q) is real for Ot = O .
e Normalized: as E(I) = 1 for the unit observable /
e Non-negative: as E(O%) > 0 for any O.

Through E O) = Tr [b@], each state could be considered as a linear mapping

E(O) = <b, O> of the vector space of observables O onto real numbers, charac-

terized by D that appears as elements of the dual vector space of observables 0.
Liouville representations of quantum mechanics uses that the mathematical repre-
sentation of quantum mechanics can be changed, without any incidence on physics,
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by performing simultaneously in both vector spaces of observables and states a linear
change of coordinates that preserves the scalar product <b,f)>, that leaves invariant
the expectation values

E©) = <i),b>. (7.133)

Roger Balian has looked for a physically meaningful metric in the space of states,
that depend solely on this space and not on the two dual spaces. Then, he considers
the Entropy S associated with a state D that gathers all the information available on
an ensemble E of systems. The Entropy S quantity measures the amount of missing
information because of probabilistic character of predictions.

Von Neumann has introduced, in 1932, an extension of Boltzmann—Gibbs Entropy
of classical statistical mechanics:

S(D) = —Tr [i) 1og(i))] (7.134)

used by Jaynes to assign a state to a quantum system when only partial information
about it is available based on:

e Maximum Entropy Principle: among all possible states that are compatible with
the known expectation values, the one which yields the maximum entropy under
constraints on these data is selected.

that is derived from Laplace’s principle of insufficient reason:

e Identification of expectation values in the Bayesian sense with averages over a
large number of similar systems

e The expectation value of each observable for a given system is equal to its average
over E showing that equi-probability for E implies maximum entropy for each
system.

Then von Neumann’s entropy has been interpreted by Jaynes and Brillouin as:

e Entropy = measure of missing information: the state found by maximizing this
entropy can be regarded as the least biased one, as it contains no more information
than needed to account for the given data.

Different authors have shown that von Neumann Entropy is the only one that
is physically satisfactory, since it is characterized by the properties required for a
measure of disorder:

e Additivity for uncorrelated systems

e Subadditivity for correlated systems (suppressing correlations raises the uncer-
tainty)

e Extensivity for a macroscopic system

e Concavity (putting together two different statistical ensembles for the same system
produces a mixed ensemble which has a larger uncertainty than the average of the
uncertainties of the original ensembles).
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These properties are also requested to ensure that the maximum entropy criterion
follows from Laplace’s principle, since the latter principle provides an unambiguous
construction of von Neumann’s entropy.

Roger Balian has then developed the Geometry derived from von Neumann’s
entropy. using two physically meaningful scalar quantities:

o Tr [ﬁ@] expectation values across the two dual spaces of observables & states

o S=—-Tr [ﬁ log(b)] entropy within the space of states.

The entropy S could be written as a scalar product S = — <b 10g(ﬁ)> where

log(ﬁ) is an element of the space of observables, allowing physical geometric struc-
ture in these spaces. The second differential d°$ is a negative quadratic form of the
coordinates of D that is induced by concavity of von Neumann entropy S. Then,
Roger Balian has introduced the distance ds between the state Danda neighboring
state D + dD as the square root of

ds® = —d2S = Tr [db - dlog[)] (7.135)

where the Riemannian metric tensor is the Hessian of —S (b) as function of a set of
independent coordinates of D.

We recover the algebraic/geometric duality between DandInD through a Legen-
dre transform:

SD) = FX) — <i), X> with S(D) = —TrDlog D = — <15, 1og[)> (7.136)

with X and D conjugate variables in the Legendre transform and where:
F(X) =logTrexpX (7.137)

an operators generalization of the Massieu potential. F’ (X) Characterizes the canon-
ical thermodynamic equilibrium states to which it reduces for X = B- H where H is
the Hamiltonian. R
exp X

dF = TrDdX with D = —~—_
TrexpX

(7.138)

dF the partial derivatives of ' ()A( ) with respect to the coordinates of X .Dis Hermitian,
normalized and positive and can then be interpreted as a density matrix.
Legendre transformation appears naturally with:
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S(D) = —Trﬁ]ogb =-—Tr (15 ()? — log Trexpf())

= —TrDX + Tr (b) -log Tr expf(

Tr (D)

Roger Balian can then define Hessian metric from F, ds> = d” F in the conjugate
space X:

1= SD)=F (X) - <1§, X> (7.139)

ds® = —dS? = TrdDdX = d*F (7.140)

Note that the normalization of D implies TrdD = 0 and TrdD = 0.
For time-dependent problems, predictions of E ©O) =0 =Tr [bf)], given at
some time, is transformed at later times

e Schrodinger Picture: the observables O remain fixed, while the evolution of ﬁ(t)
is governed by the Liouville-von Neumann equation of motion:

ih% = [ﬁ,b] (7.141)

e Heisenberg picture: the density operator D remains fixed while the observables
O change in time according to Heisenberg’s equation of motion.

ih% - [O, H] (7.142)

The Liouville-von-Neumann equation describes the transfer of information from
some observables to other ones generated by a completely known dynamics and
can be modified to account for losses of information during a dynamical process.
The von-Neumann entropy measures in dimensionless units our uncertainty when
summarizes our statistical knowledge on the system, the quantum analogue of the
Shannon entropy.

In the classical limit:

e observables O are replaced by commuting random variables, which are functions
of the positions and momenta of the N particles.

e density operators D are replaced by probability densities D in the 6N-dimensional
phase space.

e the trace by an integration over this space.

e the evolution of D is governed by the Liouville equation.

At this step, we make a digression observing that the Liouville equation has been
introduced first by Henri Poincaré in 1906, in a paper entitled “Réflexions sur la
théorie cinétique des gaz  with this following first sentence:

La théorie cinétique des gaz laisse encore subsister bien des points embarassants pour ceux
qui sont accoutumés a larigueur mathématique... L’un des points qui m’embarassaient le plus
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était le suivant: il s’agit de démontrer que I’entropie va en diminuant, mais le raisonnement
de Gibbs semble supposer qu’apres avoir fait varier les conditions extérieures on attend que
le régime soit établi avant de les faire varier a nouveau. Cette supposition est-elle essentielle,
ou en d’autres termes, pourrait-on arriver a des résultats contraire au principe de Carnot en
faisant varier les conditions extérieures trop vite pour que le régime permanent ait le temps
de s’établir?

In this paper, Poincaré introduced Liouville equation for the time evolution of
the phase-space probability density p (x;, 1) : g—‘; + Z %j‘) = 0 corresponding to
1

a dynamical system defined by the ordinary differential equations ’% = X;. For
a system obeying Liouville theorem > % = 0, Poincaré gave the form g—’; +
i 1

ZX,-% = 0 that can also be written as: g—f = {H, p} = Lp in terms of the Poisson
. 1

blracket {.,.} of the Hamiltonian H with the probability density p, which defines the
Liouvillian operator L.

Back to Balian theory, we can notice that usually, only a small set of data are
controlled.

° O,- will be the observables that are controlled
e O; their expectation values for the considered set of repeated experiments,
e D a density operator of the system, relying on the sole knowledge of the set

0; = TrO;D (7.143)

The maximum entropy criterion consists in:

e Selecting, among all the density operators subject to the constraints O; :ATVO,'I:\),
the one Dg, which renders the von Neumann entropy S(D) = —7rD log D maxi-
mum.

Roger Balian said that:

An intuitive justication is the following: for any other D compatible with O; = TrO;D, we
have by construction S(ﬁ) < S (ﬁR). The choice of f)R thus ensures that our description
involves no more information than the minimum needed to account for the only available
information O; = Tr@,f). The difference S(f)R) - S (f)) measures some extra information
included in D, but not in DR, and hence, not in the only known expectation values O;.
Selecting f)R rather than any other D which satisfies 0; = Tr@,f) is therefore the least
biased choice, the one that allows the most reasonable predictions drawn from the known
set O; about other arbitrary quantities.

At this stage, Roger Balian has introduced the notion of Relevant Entropy as
generalization of Gibbs entropy. For any given set of relevant observables O; , the
expectation values O; of which are known, the maximum of the von Neumann entropy
S(D) = —TrD logﬁ under the constraints O; = TrO;D is found by introducing
Lagrangian multipliers, y; associated with each equation O; = TrO;D and ® asso-
ciated with the normalization of D:
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Dg = ArgMin [S(f)) Ty (0,» - Trb,-f))] such that TrD = 1 (7.144)
b

Its value, S(Dg) is reached for a density operator of the form:

Dg = exp (op — Z y,bi) (7.145)
i

where the multipliers are determined by TrﬁR @i = O; and TrbR =1.

This least biased density operator has an exponential form, which generalizes the
usual Gibbs distributions and the concavity of the von Neumann entropy ensures the
unicity of Dr.

The equations TrDrO; = O; and TrDg = 1 can be written by introducing a gen-
eralized thermodynamic potential ® (y;), defined as function of the other multipliers

Yi by:
D (y;) = —logTrexp |:— Z y,-bi:| (7.146)
i

where ® (y;) is identified with a Massieu thermodynamic potential.
The relations between the data O; and the multipliers y; are then given by:

0® (vi)
Ay

=0, (7.147)

The corresponding entropy S(ﬁR) = Sg(0;j) is a function of the variables O; (or
equivalently y;), as ®(y;):

Sr(0) = D ¥i0i — D (1) (7.148)

1

Roger Balian gave the name of Relevant Entropy S(ﬁR) = Sr(0;) associated
with the set O; of relevant observables selected in the considered situation, measuring
the amount of information which is missing when only the data O; are available.

The relations %@ = O, between the variables y; and the variables O; can
therefore be inverte(f/ as: 35k (01
R (O;

—— Y — 7.149

90; Yi ( )

Roger Balian has given an orthogonal projection interpretation of maximum entropy
solution, where in non-equilibrium statistical mechanics; a central problem consists
in predicting the values at the time ¢ of some set of variables O; from the knowledge
of their values at the initial time 7y. As remarked by Roger Balian, a general solution
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of this inference problem is provided by the projection method of Nakajima [116]
and Zwanzig [117].
The equations of motion of O; (t) should be generated from:

db . -
ihz = [H , D] (the motion equation) (7.150)

TrO;D (7.151)

At initiation, we have:

e O;(1p): initial conditions are transformed into initial conditions on ﬁ(to)
e D(t): the least biased choice given by the maximum entropy criterion:

D = exp (cb - z yi@i) with TrDgO; = O;and TrDg = 1 (7.152)

i

The von Neumann entropy S (f)) = —TrD logﬁ associated with f)(t) remains
constant in time, from the unity of the evolution ihdd—? = [I:I , b] (no information is

lost during the evolution), but in general, ﬁ(t) does not keep the exponential form,
which involves only the relevant observables O; .

The lack of information associated with the knowledge of the variables O; () only
is measured by the Relevant Entropy:

Sr(0) = D vi0; — ®(y) (7.153)

i
where the multipliers y;(¢) are time-dependent:

0P (vi) aSgr (0))
— 7 —0: — =y 7.154
Vi ior 20; Vi ( )

Generally, Sg(O;(¢)) > Sg(O;(t9)) because a part of the initial information on the
set @,- has leaked at the time t towards irrelevant variables., due to dissipation in the
evolution of the variables O; (t)

A reduced density operator DR (1) can be bu11t at each time with the set of relevant
variables O;(t). As regards these variables, DR () is equivalent to D(t)

TrDg(t)O; = TrD(t)O; = 0:(¢) (7.155)
bR (#) has the maximum entropy form retaining any information about the irrel-

evant variables, and is parameterized by the set of multipliers y;(¢) (in one-to-one
correspondence with the set of relevant variables O;(¢)).
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Fig. 7.9 Projection of
b(t), bR(t) that has the max-
imum entropy form retaining
any information about the
irrelevant variables

Diry

Irrelevant

Dty

Regarding density operators as points in a vector space, the correspondence from
D(1) to Dg(t) is interpreted by Roger Balian as a projection onto the manifold R
of reduced states (the space of states D endowed with the previous natural metric:
ds® = —dS* = TrdD - dlog D).

The correspondence b — DR appears as an orthogonal projection [116, 117]
where the projection from DtoDg = PDis implemented by means of the projection
superoperator:

dDg .
P=Dr®I+ 70, ® (oi - 0,~1) (7.156)

where [ is the unit superoperator in the Liouville space. P is defined as a sum of
elementary projections (the tensor product of a state-like vector and an observable-
like vector), lying in the conjugate Liouville spaces. The complementary projection
superoperator Q onto the irrelevant space is defined as:

O=I-P (7.157)
with the following properties:
PP=P,0>=Q,PQ=0and IP =1 (7.158)

The density operator D can thereby be split at each time into its reduced relevant
part DR PD and its irrelevant part DIR QD (Fig.7.9):

D=PD+QD=PD+ (- Q)D=Dg+ D (7.159)

In Liouville representation, the Liouville-von Neumann equation could be written
with Liouvillian L superoperator (tensor with 2 x 2 indices in Hilbert Space):

A

db .~ dD . 1 R
o = o~ ZLaﬂ,yﬁDS)/ = Z 7 (Haé(sﬂy - Hyﬂ‘SOtS) Dsy
dt dt w " ih

(7.160)
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The time-dependence of Dy is given by time-derivative:

dDg _ P b+ PLDg + PLD (7.161)
dt - dt R R IR .
dﬁ]R dP - ~

= —Djr — OLDg — OLD
7 dtIRQRQIR

Roger Balian solves these equations by introduction a Superoperator Green func-
tion.

7.5 Synthesis of Analogy Between Koszul Information Geometry
Model, Souriau Statistical Physics Model and Balian
Quantum Physics Model

We will synthetize in the following Table 7.1 results of Sect. 7.4 with Koszul Hessian
structure of Information Geometry, Souriau model of Statistical Physics with general
concept of geometric temperature, and Balian model of Quantum Physics with notion
of Quantum Fisher Metric deduced from hessian of Von Neumann Entropy. Analogies
between models will deal with Characteristic function, Entropy, Legendre Transform,
Density of probability, Dual Coordinate System, Hessian Metric and Fisher metric.

7.6 Applications of Koszul Theory to Cones for Covariance
Matrices of Stationary/Non-stationary Time Series and
Stationary Space-Time Series

In this chapter, we apply theory developed in first chapters to define geometry of cones
associated to Symmetric/Hermitian Positive Definite Matrices, that correspond to the
case of covariance matrices for stationary signal [35, 36] with very specific matrix
structures [77-79]:

e Toeplitz Hermitian Positive Definite Matrix structure (covariance matrix of a sta-
tionary time series)

e Toeplitz-Block-Toeplitz Hermitian Positive Definite Matrix structure (covariance
matrix of a stationary space—time series).

We will prove that “Toeplitz” structure could be captured by complex autogressive
model parameterization. This parameterization could be naturally introduced through
Trench’s theorem, Verblunsky’s theorem or Partial Iwasawa decomposition theorem.
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7.6.1 Koszul Density for Symmetric Positive Definite (SPD) Matrix

(a) Classical approach based on Maximum Entropy

We can construct a probability model for symmetric positive-definite real random
matrices using the entropy optimization principle [58]. Then, we will compare by the
result obtained by Koszul theory. Let x be a random matrix with values in Sym™ (n)
whose probability distribution p (x) dx is defined by a probability density function
p (x).This probability density function is such that:

/p(x) dx =1 (7.162)

x>0

Available information for construction of the probability model

/p(x)[ix:lwithE(x): /x-p(x)fix:;c (7.163)

x>0 x>0

and E (logdetx) = / log (detx) .p (x) dx = vwith |v| < 400 (7.164)

x>0
where E [logdetx] = vwith |v| < +oo = E Hxil‘;] < +00 (7.165)

Probability model using the maximum entropy principle: construct probability
density function and characteristic function of random matrix x using the maximum
entropy principle and the available information.

L(p) =— /p(x) logp(x) - dx — (£ — 1) - /p(X)gix—l

x>0 >0
—£- / log (det x) - p(x)dx — v (7.166)
>0
p = ArgMax L(p) = p(x) = cg - (detx)* "1 e &%) (7.167)
14

In order to perform this calculation, we need results concerning the Siegel integral
for a positive-definite symmetric real matrix, given by Siegel in hi paper “Uber der
analytische Theorie der quadratischen Formen™:

J(AE) = / e &9 [detx]*ldx (7.168)

x>0
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That could be computed:

mm-n [ M Mo
28 = ™ 111 (2) | o5
=1

+00 (7.169)
roy= [ = lelar
0
If we compute the Characteristic function of x is given by:
®,(0)=FE [e"“”x)] = / O p(x) - dx (7.170)
x>0
_ M—-1+2))

®, () = [det (IM —ig—le)] 2 (7.171)

Considering the analytic extension of the mapping w +— J (A, & — w) by writing
w = Re(w) + i0 . Taking Re(w) = 0, we deduce that:

O, 0)=co-J(A,E—if)and ©,(0)=1= ¢y = 7.172
x(0) =co-J (X, & —i0) and D, (0) o 768 ( )
Finally, characteristic function of x is given by:
() =T (A& —i0)-J (A, 6)" (7.173)
First and second moments derived from characteristic function
—i 0, (0
Efiu] = ——— 22 O8 i E [ ]
(R I LC S P
—i 32®, (0
- ! x (6) (7.174)
(2= 8k) (2= 8j) 066k |o_g
Using:
ddetb
det I+ h) = 1+ 1r(h) +0 (|h|,2,) and 22 (et by - b (7.175)
ik
M—-1+2% __
E[xy] = ——F2 &7 (7.176)

2 J
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1
Elgeyu] = E [ E byw ]+ G725 E el £ o]

+E [x | E b ) (7.177)

First moment derived from characteristic function are given by: £ =
Characteristic function and probability density function of positive-definite ran-
dom matrix:

(M7£+2)»))—671 ‘

. 7(M7;+2)»)
1 -

We deduce first two moments:

(M—=142)) j=—1
P(X) =y - (detx)*.em 7 ) =L (detx)* ! e
B M(M—1421)

(2”)—Mﬂ—(M ) (M—12+2A)f

with ¢, = M (M—1+422)
o) oo™
=1

— 7([”_];2)“) Tr()_c’lx)

(7.179)
If we Maximum Entropy Density with A = 1

n+l

Px(E) = Buk - det (S‘I)T e U ETE) ith

()~ (ngh)
2 (7.180)

fir (=)

(b) Method based on Koszul Density
Another approach is to consider directly Koszul theory with following definition of
the density:

BME =

e (6.071(8) . e _ do(x)
pe(§) = 7 e_@’(_)fl(é))dgwuh x=0"1¢) andé = 0O = (7.181)
S'Z*
where & = / & - pg(§)dE and (x) = —log / e ™8 gg (7.182)
QF QF

To compute this density, we have to define first the inner product (.,.) for our
application considering Symmetric or Hermitian Positive Definite Matrices, that
is a reductive homogeneous space. A homogeneous space G/H is said to be
reductive if there exists a decomposition g = m + h , such that Adg(m) =
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{hAh_1 cheH,Ae m} C m, where g and h are the Lie algebras of G and H. Given a
bilinear form on m , there are associated G-invariant metric and G-invariant affine con-
nection on G/H. The natural metric on G/H corresponds to a restriction of the Cartan—
Kiling form on g (Lie Algebra of G). For covariance matrices, g = gl(n) is the Lie
algebra of nxn matrices, that could be written as the direct sum gl(n) = m—+h, withm
Symmetric or Hermitian matrices and & = so(n) sub-Lie algebra of skew-symmetric
or h = u(n) skew-hermitian matrices: A = 1/2 - (A+AT) +1/2- (A — AT). The
symmetric matrices m are Ado,) -invariant because for any symmetric matrix S and
orthogonal matrix Q, Adp,) (S) = 0S0~! = 0SQT, that is symmetric.

As the set of covariance symmetric matrices is related to the quotient space
GL(n)/0(n) with O(n) orthogonal Lie Group (because for any covariance matrix R,
there is an equivalence class RY20(n)), and the set of covariance hermitian matrices
is related to the quotient space GL(n)/U (n) with U (n) Lie Group of Unitary matrices,
covariance matrices admit a GL(n) -invariant metric and connection corresponding
to the following Cartan—Killing bilinear form (Elie Cartan has introduced this form
in his Ph.D.):

(X, Y, =Tr(XY)atR=1 (7.183)

er(X,Y) = (X, Y)g = Tr (XR_IYR_I) at arbitrary R (7.184)

With this inner product given by Cartan—Killing bilinear form, we can then developed
the expression of the Koszul density:

(-xv )’) = Tr ('xy) ’ vay € Symn(R)

Vo) = [ e E2dg = detx™"T (I,
Q* (x,y) = Tr(xy) (7.185)
Q* = Q self-dual

X =& = —dlogyo = “tdlogdetx = 1y~
By Koszul formula, we have then directly

pe(§) = " TOOTHT logdetr [det (aé_l)]a e M) with

§=/s pa®) - d (7.186)
Q*

But if we use normalization constraint:

[pe®)dE = 1= det ()T [ 08 = e ! with v = "1 E!

Y AR (7.187)
' =0m™ L};[lr( L )}
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That we could write:

n+1

pu(§) = e~ WEH T ogdetx — o gy et (5_1) T ETE) with
n 1\
Px=\— (7.188)

7.7 Geometry of Toeplitz and Toeplitz-Block-Toeplitz Hermitian
Positive Definite Matrices and Representation in Product
Space RxD"~1xSD"~1

The geometry of Toeplitz and Toeplitz-Block-Toeplitz Hermitian Positive Definite
Matrices (THPD and TBTHPD matrices) is addressed in this chapter. In order to
introduce with no arbitrary, the relevant metric, we will jointly introduce it through:

e Information Geometry (Fisher metric that is invariant by all changes of parame-
terization)

e Cartan—Siegel Homogenous Bounded Domains geometry [47, 48] (Siegel metric,
deduced from Symplectic geometry , that is invariant by all automorphisms of
these bounded domains).

Both geometries will provide the same metric, with representation of Toeplitz-
Block-Toeplitz Hermitian Positive Definite Matrices in Product Space RxD"~'x
spr! (with D Poincaré unit disk and SD Siegel unit disk).

To deduce metric of Hermitian Postive Definite Matrices with an additional
Toeplitz matrix structure, we use the Trench [51] theorem proving that there is a
diffeomorphism between THPD matrices and a specific parameterization deduced
from the Toeplitz matrix structure. By analogy, if we consider this THPD, as a covari-
ance matrix of a stationary signal, this parameterization could be exactly identified
with Complex Auto-Regressive (CAR) model of this signal. All THPD matrices are
then diffeomorphic to (rq, 1, - .., it,,) € RTXD" (ry is a real “scale” parameter, i
are called reflection/Verblunsky coefficients of CAR model in D the complex unit
Poincare disk, and are “shape” parameters). This result has been found previously by
Samuel Verblunsky in 1936 [52]. We have observed that this CAR parameterization
of the THPD matrix could be also interpreted as Partial Iwasawa decomposition of
the matrix in Lie Group Theory. At this step, to introduce the “natural” metric of
this model, we use jointly Burbea/Rao results in Information Geometry and Koszul
results in Hessian geometry, where the conformal metric is given by the Hessian of
the Entropy of the CAR model. This metric has all good properties of invariances and
is conformal. To regularize the CAR inverse problem, we have used a “regularized”
Burg reflection coefficient avoiding prior selection of AR model order.
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For TBTHPD matrices, we used matrix extension of Verblunsky theorem (given
the diffeomorphism of TBTHPD matrix with (Ro, My, ...,M,) € Herm(n)™
xSD") and Matrix-Burg like algorithm to compute a Matrix CAR model, where
Verblunsky coefficients My are no longer in unit Poincare disk but in unit Siegel
disk SD.

7.7.1 Metric of Toeplitz Hermitian Positive Definite Covariance
Matrices

Classicaly, when we consider covariance matrix of stationary signal, correlation coef-
ficient are given by ry, ,— = rx = E [znz;_k] and the covariance matrix R, has a
Toeplitz structure. To take into account this matrix structure constraint, Partial Iwa-
sawa decomposition should be considered. This is equivalent for time or space signal
to Complex AutoRegressive (CAR) Model decomposition (see Trench Theorem):

Q= (ap-R) =W, -w+ =1 ). | | Yot
n—((xn' n) = Wn Wy _( _|'u'”| ) A1 Qn—l""An—l'A;—:_—l
(7.189)
S S[1 0 . _ol2 1/2+
n =11 — il 12 | with 2, =€, 7 - @, (7.190)
A”*I anl

where

=)
ot = 1= ety An = [3"_1}+un ﬁ"‘l] and V) = J.v* (7.191)

with J antidiagonal matrix
In the framework of Information Geometry, Information metric coul(j be intro-
duced as Kidhlerian metric where Kihler potential is given by the Entropy ®(R,,, Py):

n—1
&Ry, Po) = log (detR;‘) ~log(m-e)=— > (n—k)-log [1 — |Mk|2]
k=1
—n-log[m-e- Pyl (7.192)
Information metric is then given by hessian of Entropy in Iwasawa parameterization:

92d

L where 0™ =[Py i1 - pur | (7.193)
aei(”) 89/(")* [ n ]

gy =
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with {uk}z;} Regularized Burg reflection coefficient [132] and Py = o, ! mean
signal Power. Kéhlerian metric (from Information Geometry) is finally:

dPy\> = dpil?
ds? = do"™WT [g;]do"™ =n - (P—OO) + Z (n— i)(1|+'||2)2 (7.194)
i=1 — M

7.7.2 Metric of Toeplitz-Block-Toeplitz; Hermitian Positive Definite
Covariance Matrices

Previous approach can be extended to Toeplitz-Block-Toeplitz Hermitian Positive
Definite Covariance Matrices (TBTHPD). Based on “matrix” generalization of
Trench Algorithm, if we consider TBTHPD matrix [82, 83, 86, 87]:

Ro R --- R,
RF Ry - R, R
R — | ™ = | " n 7.195
pJH—l Rl |:R;l|_ R()i| ( 9)
R,J{"'RTRO
0---01J,
Rl ' . P 0
with R, =V | : andV=|" " "7 (7.196)
R, 0 Jy -
Jy 0 - 0

From Burg-like parameterization, we can deduced this inversion of Toeplitz-
Block-Toeplitz matrix:

—~

_1 oy, a, - AT
RIMJrl = ~ n ~ o~ (7.197)
o, Ay Rp’n ‘o, A A,
and . L
-1 + . . At
Rpnt1 = [“" A Ron-An =4, RP*”} (7.198)
_Rp n’ An Rp,n
with

and
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n—1x%
JPAn—l JP

= [An—l ] A (7.199)
Op JpAT” “Jp

n Ip

> )
=
Il

Where we have the following Burg-like generalized forward and backward linear
prediction:

n

n+1
ng(k) = i AT 0z —1) = el (k) + AT bk — 1)
=0

eb (k) = l_zo JATT 0 JZ(k —n+ 1) = el (k — 1) + JA;’i}*Jgﬁ(k)
with
[ eh(k) = eb(k) = Z(k)

+1
Ag =1

N+n N+n ‘ N+n -1
Ay =2 [Z el (k)eb (k — 1)+] [Z eh 0@+ > sfi(k)sﬁ(kﬁ}
k=1 k=1 k=1 (7200)

"1 Burg-Like reflection

Using Schwarz’s inequality, it is easily to prove that A, 7}

coefficient matrix lies in Siegel Disk Aﬁi} € SD, .

Then as we have observed, metric and geometry of Toeplitz-Block-Toeplitz matri-
ces are related to geometry of Siegel Disk considered as an Hermitian Homogeneous
bounded domain [34].

Siegel Disk has been introduced by Carl Ludwig Siegel [56, 84] through Sym-
plectic Group Spz, R that is one possible generalization of the group SLoR = SpaR
(group of invertible matrices with determinant 1) to higher dimensions. This gener-
alization goes further; since they act on a symmetric homogeneous space, the Siegel
upper half plane, and this action has quite a few similarities with the action of SL, R
on the Poincaré’s hyperbolic plane. Let F be either the real or the complex field, the
Symplectic Group is the group of all matrices M € GLy,, F satisfying:

Sp(n, F) = [M € GL(2n, F)/MTIM = J} J = (0 ; 6”) € SL(2n, R)
—n
(7.201)
or
M = (é g) € Sp(n, F) < AT C and BT D symmetric (7.202)
and

ATD-c"B=1,
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The Siegel upper half plane is the set of all complex symmetric n x n matrices
with positive definite imaginary part:

SH, ={Z=X+iY € Sym(n, C)/Im(Z) =Y > 0} (7.203)
The action of the Symplectic Group on the Siegel upper half plane is transitive.

The group PSp(n,R) = Sp(n, R)/ {xl,} is group of SH, biholomorphisms via
generalized Mobius transformations:

M= (/c‘ g) = M(Z) = (AZ+B) (CZ+D)"! (7.204)

PSp(n, R) acts as a sub-group of isometries. Siegel has proved that Symplectic
transformations are isometries for the Siegel metric in SH,,. It can be defined on SH,,
using the distance element at the point Z = X + iY, as defined by:

A = Tr (Y™ @2) Y™ (dZ7)) With Z =X +i¥ (7.205)
with associated volume form:
_ -1 1+
Q="Tr (Y dZ AY~'dz ) (7.206)

C. L. Siegel has proved that distance in Siegel Upper-Half Plane is given by:

n
1
> log? ( + )) with Zy, Z, € SH, (7.207)

ioge1 (1. 22) =
Siegel P 1_\/},—]C

and ry eigenvalues of the cross-ratio:

R(Z1,2Z2) = (2 —20) (21— 2) ' (Zf —2) (zF - 2) ! (7.208)

This is deduced from the second derivative of Z — R (Z1, Z) in Z| = Z given by:
D’R =2dZ (Z - z*)‘1 dztzt—z)y"' =2 -dzylazty™!  (7.209)

and
ds® = Tr (Y—ldzy—ldz+) —2.Tr (DZR) (7.210)

In parallel, in China in 1945, Hua Lookeng has given the equations of geodesic in
Siegel upper-half plane:
¢z Az _dZ _

—_— — =0 7.211
ds?  Uds ds ( )
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Siegel Upper-Half Plane
SH, ={Z = X +iY € Sym(n,C)/Im(Z) =¥ > 0}
det\R7M R R - A1)=0
dR,Ry )= fiog’-z, ]
k=l

ds?= Trm[lR'ldR ?]

/ds’ =Triydz iy dz* )|

Zy=X,4iY,
R(Z,2,)=(2,-2,02,-2; 'z} - 23 |2¢ - 2, '
detiRIZ,,Z,)-rI)=0

Fig. 7.10 Geometry of Siegel upper half-plane

Using generalized Cayley transform W = (Z — il,,) (Z + il,) ", Siegel Upper-half
Plane SH, is transformed in unit Siegel disk SD, = {W/WW™* < I,} where the
metric in Siegel Disk is given by:

ds? = Tr [ (1, — WW*) ™ aw (1, = ww) " aw* ] (7.212)
The differential equation of the geodesics in Siegel Unit disk is then given by:

d*w -
o 2w (1 —ww )

W=0 (7.213)

Contour of Siegel Disk is called its Shilov boundary 9SD, = {W/ WW+—
I, = 0,}. We can also defined horosphere. Let U € 95D, and k € Rj, the fol-
lowing set is called horosphere in siegel disk (Fig.7.10):

Hk,U)={Z/0<k(I-2%Z)— (1 - Z+U) (1-U*z)}

N TR

Hua Lookeng and Siegel have proved that the previous positive definite quadratic
differential is invariant under the group of automorphisms of the Siegel Disk. Con-

S _|AB < I 0 |4 0 ],
51der1ngM—|:CD:| such that M I:O_Inj|M—|:0_Inj|.
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V =MW) = (AZ +B) (CZ+D)~!
= (L —vvH) v (1, —vtv)avt
= (BWF +A) (I, — WWH) " aw (1, — wrw) " aw* (BWT +4)~
= ds‘z/ = ds%v

1

(7.215)
To go further to study Siegel Disk geometry, we need now to define what are the
automorphisms of Siegel Disk SD,,. They are all defined by:

YW € Aut(SD,),3U € U (n, C) /W(Z) = Udz, (Z2)U' (7.216)

-1/2 1/2

Z—20) (1-22)"" (1 - 2 %)
(7.217)

with £ = @4,(2) = (I - Z0Z])

and its inverse:

G=(-22)" s (1-2t2)"=2-2)(1-22)""

Z=0,'(2)=(GZ; + )" (G+ Z) (7.218)
with G = (1 — 202)"* = (1 - 7§ 20)™'*

By analogy with Poincaré’s unit Disk, C. L. Siegel has deduced geodesic distance

in SD,,:
1 (1 + |<I>Z(W)|)

YZ,W e SD,,d(Z,W) = =1 7.219
wd@. W) = sloe (=520 (7219)

Information metric will be then introduced as a Kéhler potential defined by
Hessian of multi-channel entropy ® (R,,,,,Jr]):

® (Rp,n) = log (det R;’}l) +cte = —Tr (log Ry, ) +cste = 87 = Hess [¢ (Rp,n)] (7.220)

Using partitioned matrix structure of Toeplitz-Block-Toeplitz matrix Ry 41,

n—1 .
=1 with

Ai € SD,,, we can give Multi-variate entropy, matrix extension of previous Entropy:

recursively parameterized by Burg-Like reflection coefficients matrix {A],i}

n—1
B(Ry) == (n— k) logdet [1 — ALAL*| = n-log [z - e detRo] (7.221)
k=1

Paul Malliavin has proved that this form is a Kéhler Potential of an invariant
Kihler metric (Information Geometry metric in our case). The metric is given by
matrix extension as Hessian of this entropic potential ds* = dzCD(Rp,,,):
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ds® = nTr [(Ro—ldRo)z]

n—1 1 1
+> (- 0T [(1 - A’,jA’,§+) dak (1 - A’,§+A§) dAiJr} (7.222)
k=1

Then finally, we have proved that the geometry of Toeplit-Block-Toeplitz covariance
matrix of a space—time time serie is given by the following conformal metric:

o 2, P
ds*=n-m-(dlog(Py))"+n- > (m—1i o

nel . ) (7.223)
+3 (n— kT [(1 —AfARY) T anf (1 - aftab) dA’,?“}
k=1
Where parameters are in Poincaré disk and Siegel disk:
(Ro. AL ... A1}) € THPD,, x SD"~" with SD = {2/22* < 1) (1228)

Ry — (log (Po) , (t1, - - m—1) € R x D™ ! with D = {z/zz" < 1}

We have finally proved that for a space—time state of a stationary time series
the TBTHPD covariance matrix is coded in R x D"~ x SD"~!
This result could be intuitively recovered and illustrated in the case for m = 2 and
n =1 (Fig.7.11).

_ h a—ib 2 2 2
R_[a+ibh :|>O,detR>0<:>h >a" +b (7.225)

where we can rewrite the matrix:

R:h-[;“l}>o,heR1,M=%eD={z/|z|<1} (7.226)

R is then parameterized by & € R*, and by u € D.
We can observe that this parameterization {log(h), u} € R x D is linked with
Hadamard compactification of R x D described in [131] (Fig.7.12).

7.7.3 Extension to Non-stationary Signal: Geometry of THPD
Matrices Time Series Considered as Paths on Structured
Matrix Manifolds

In his book on Creative Evolution, Bergson has written about “Form and Becoming’:
“life is an evolution. We concentrate a period of this evolution in a stable view which
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Ambligone Triangle

h?=ga? + b2

____l_nside the cone (bounded domain)

i

{a.b,h}., with b’ =a’ +b]

Fig. 7.11 Bounded homogeneous cone associated to a 2 x 2 symmetric positive definite matrix

plan hyperbolique

droite réelle

chambres \_/

= de Weyl

plat formé de
géodésiques
paralléles

une géodésique
du plan hyperbolique

Fig. 7.12 Hadamard compactification (illustration from “Géométrie des bords: compactifications
différentiables et remplissages holomorphes”, Benoit Kloeckner) [131]

we call a form, and, when the change has become considerable enough to overcome
the fortunate inertia of our perception, we say that the body has changed its form.
But in reality the body is changing form at every moment; or rather, there is no form,
since form is immobile and the reality is movement. What is real is the continual
change of form: form is only a snapshot view of a transition”.

In Sect.7.7.1, we have considered stationary signal, but we could envisage to
extend the application for non-stationary signal, defined as a continual change of
covariance matrices. We will then extend approach of Sect.7.7.1 to non-stationary
time series. Many methods have been explored to address model of non-stationary
time series [134—141]. We propose to extend the previous geometric approach for
non-stationary signal corresponding to fast time variation of a time series. We will
assume that each non-stationary signal in one time series can be split into several
stationary signals on a shorter time scale, represented by time sequence of stationary
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covariance matrices or a geodesic polygon on covariance matrix manifold. We adapt
the Fréchet distance [125, 126, 166, 167] between two curves in the plane with a
natural extension to more general geodesic curves in abstract metric spaces used for
covariance matrix manifold.

7.7.3.1 General Definition of Fréchet Surface Metric

A Fréchet surface is an equivalence class of parameterized surfaces in a metric space,
where surfaces are considered independently of how they are parameterized [125].
Maurice Fréchet has introduced a distance for Surfaces.
Let (X, d) be a metric space, M a compact two-dimensional manifold, fa con-
tinuous mapping f: M 2> X, called a parameterized surface, and o: M?>— M? a
homeomorphism of M? onto itself. Two such surfaces f; and f» are equivalent if:

Inf Maxd [fi(p).f2 (o (p))] = 0 (7.227)
o pe

where the infimum is taken over all possible . A class f* of parameterized surfaces,
equivalent to f, is called a Fréchet surface. It is a generalization of the notion of a
surface in Euclidean space to the case of an arbitrary metric space (X, d).

The Fréchet surface metric between Fréchet surfaces and f3° is:

Inf Max d 1@, /2 (@ (p))] (7.228)
o peM

where the infimum is taken over all possible homeomorphisms o.

Let (X, d) be a metric space. Consider a set F' of all continuous mappings
fiA—>X,g:B— X,..., where A,B, ... are in R" ,are homeomorphic to [0, 1]"
for a fixed dimension n.

The Fréchet semimetric on F is:

Inf Supd [f (x), g (o (x))] (7.229)

0 xeA

where the infimum is taken over all orientation preserving homeomorphisms o:
A — B. It becomes the Fréchet metric on the set of equivalence classes:

f* = {g/dr(g.f) =0} (7.230)

For n = I and (X, d) is Euclidean space R", this metric is the original Fréchet distance
introduced in 1906 between parametric curves f, g: [0, 1] — R". For more details
on Fréchet Surface Metric, read the “Dictionary of Distances” of Elena and Michel
Deza [187].



7 Eidetic Reduction of Information Geometry 203

B

a(f)

Fig. 7.13 Fréchet distance between two polygonal curves (and indexing all matching of points)

More recently, other distance have been introduced between opened curves
[195-199] based on diffeomorphism theory, but for our application, we will only
used the Fréchet distance and its extension on manifold.

7.7.3.2 Fréchet Distance Between Geodesic Paths on Manifold

In this section, we recall classical definition of distance between paths in Euclidean
space. If we consider two curves, we can define similarity between each other. Classi-
cally, Hausdorff distance, that is the maximum distance between a point on one curve
and its nearest neighbor on the other curve, is classically used but it does not take
into account the flow and orientation of the curves. The Fréchet distance [125, 126]
between two curves is defined as the minimum length of a leash required to connect
a dog and its owner as they walk without backtracking along their respective curves
from one endpoint to the other. The Fréchet metric takes the flow of the two curves
into account; the pairs of points whose distance contributes to the Fréchet distance
sweep continuously along their respective curves (Fig.7.13).

Let P and Q be two given curves, the Fréchet distance between P and Q is defined
as the infimum over all reparameterizations « and § of [0, 1] of the maximum over all
t € [0, 1] of the distance in between P(«(t)) and Q(B(t)) . In mathematical notation,
the Fréchet distance dg, e (P, Q) is:

dprécher (P, Q) = Inf Max {d (P (a(1)) , Q (B(1)))}
o, p €l0.1] (7.231)

o« and B:[0,1] — [0, 1] Non decreasing and surjective

Alt and Godau [127] have introduced a polynomial-time algorithm to compute
the Fréchet distance between two polygonal curves in Euclidean space. For two
polygonal curves with m and n segments, the computation time is O (mnlog(mn)).
Alt and Godau have defined the free-space diagram between two curves for a given
distance threshold ¢ is a two-dimensional region in the parameter space that consist
of all point pairs on the two curves at distance at most ¢ as given in the following

equation: D, (P, Q) = {(c, B) € [0, 11* /dpysenes (P((1)), Q(B(1))) < €}.
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73

Fig. 7.14 Fréchet free-space diagram for two polygonal curves P and Q with monotonicity in both
directions

The Fréchet distance dgyscher (P, Q) is at most ¢ if and only if the free-space
diagram D, (P, Q) contains a path which from the lower left corner to the upper right
corner which is monotone both in the horizontal and in the vertical direction.

In an n x m free-space diagram, shown in Fig.7.14, the horizontal and vertical
directions of the diagram correspond to the natural parameterizations of P and Q
respectively. Therefore, if there is a monotone increasing curve from the lower left
to the upper right corner of the diagram (corresponding to a monotone mapping), it
generates a monotonic path that defines a matching between point-sets P and Q.

7.7.3.3 Fréchet Distance of Geodesic Paths for THPD Time Series on
Structured Matrix Manifolds

We extend previous distance between paths to Information Geometry Manifold of
Toeplitz Hermitian Positive Definite matrices. When the two curves are embedded
in a more complex metric space [128], the distance between two points on the curves
is most naturally defined as the geodesic length of the shortest path between them.
If we consider N subsets of M pulses in the burst, the burst can then be described by
a poly-geodesic lines on Information Geometry Manifold. The set of N covariances
matrices {R (1), R(2), ..., R (ty)} describe a discrete “polygonal” geodesic path
on Information Geometry Manifold, and we can extend previous Fréchet Distance
but with Geodesic distance previously introduced in Sect.7.7.2

dpyscher (R1, R2) = Inf Max {dgeo (Ri(ex(1)), Ra(B(1)))}
a.p tel0,1]
0 —1/2 -1/2 2
with a2, Ry (@(0), Ry (B0) = log (R @ Ra(BanR; P @)
(7.232)
As classical Fréchet distance doesn’t take into account with Inf[Max] close depen-
dence of elements between points of time series paths, we propose to define a new
distance given by:
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d:'[Rl-R:)zul“g[Rf' 2-R:RI_I ll]l “ill‘g:{f"-*)""
k=1
det(R, — iR, )=0

Fig. 7.15 Geodesic path on information geometry manifold where non stationary burst is decom-
posed on a sequence of stationary covariance matrices on THPD matrix manifold

1
dgeo-patn (R1, R2) =In§ |/dgeo (R1(a(1)), R2(B(1))) dt (7.233)
“P 1o

We have then to find the solution for computing the geodesic minimal path [133]
on the Fréchet free-space diagram. The length of the path is not given by euclidean

metric ds* = dr* (where L = f ds ) but geodesic metric weighted by d(.,.) of the
L
free-space diagram:

Ly = / g-ds = / dsgwith ds, = d (R, (a(t), Ry(B(1))) - dt (7.234)
L L

This optimal shortest path could be computed by classical “Fast Marching method”
(Fig.7.15).

7.8 New Prospects: From Characteristic Functions to Generating
Function and Generating Inner Product

We have shown that “Information geometry” should be explored as a particular
application domain of Hessian geometry through Jean-Louis Koszul work (Koszul—
Vinberg metric deduced from the associated Characteristic function having the main
property to be invariant to all automorphisms of the convex cone).

Should we deduce that the “Eidos” or the “essence” of Information Geometry is
limited to “Koszul Characteristic Function”? This notion seems not to be the more
general one, and we would like to explore two new directions of research:
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Fig. 7.16 Gromov inner
product in homogeneous
bounded domains and its
Shilov boundary

e Generating Inner Product: In Koszul Geometry, we have two convex dual func-
tions @ (x) and ®*(x*) with dual system of coordinates x and x* defined on dual
cones Qand Q*: ®(x) = —log [ e~ ¥ dEVx € Qand O*(x*) = (x, x*) — P (x).

Q*

We can then remark that if we can define an Inner Product (., .), we will be able to

build convex characteristic function and its dual by Legendre transform because

both are only dependent of the Inner product, and dual coordinate is also defined by

x* = argmin {Yo(y)/y € Q% (x,y) =n} = [ e ¥NdE/ [ e €N dE where
Qr Q*

x* is also the center of gravity of the cross section {y € Q*, (x,y) = n} of Q*

(with notation: ®(x) = —log ¥q(x)).

It is not possible to define an inner product for any two elements of a Lie Algebra,
but a symmetric bilinear form, called “Cartan—Killing form”, could be introduced.
This form has been introduced first by Elie Cartan in 1894 in his PhD report. This
form is defined according to the adjoint endomorphism Ad, of g that is defined for
every element x of g with the help of the Lie bracket:

Ady(y) = [x, y] (7.235)
The trace of the composition of two such endomorphisms defines a bilinear form,
the Cartan—Killing form:
B(x,y) = Tr (Ad,Ad,) (7.236)
The Cartan—Killing form is symmetric:

B(x,y) = B(y, x) (7.237)

and has the associativity property:
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B ([x, y] ,z) =B (x, [y, z]) (7.238)

given by:

B ([x.y].2) = Tr (Ady, yjAd:) = Tr ([Ady. Ady] AdL)
= Tr (Ady [Ady, Ad:]) = B (x, [y.z])
Elie Cartan has proved that if g is a simple Lie algebra (the Killing form is non-
degenerate) then any invariant symmetric bilinear form on g is a scalar multiple of

the Cartan—Killing form. The Cartan—Killing form is invariant under automor-
phisms o € Aut(g) of the algebra g:

B(o(x),0(y) =B(x,y) (7.239)
To prove this invariance, we have to consider:

gixay(]yf [oc@.om] _ [0 @] = fo00. 2
rewritten
Ady(xy =0 0Ady oo ™!

Then

B(ox),oc() =Tr (Ada(x)Adg(y)) =Tr (O’ o AdAd)y o 0_1)
=Tr (AdxAdy) = B(x,y)

A natural G-invariant inner product could be then introduced by Cartan—Killing
form:
(x,y) =—-B(x,00)) (7.240)

where 6 € g is a Cartan involution (An involution on g is a Lie algebra automor-
phism 6 of g whose square is equal to the identity).

As other generalization of inner product, we can also consider the case of CAT{(-
1)-space (generalization of simply connected Riemannian Manifold of negative
curvature lower than unity) or of an Homogeneous Symmetric Bounded domains,
and then define a “generating” Gromov Inner Product between three points x, y
and z (relatively to x) that is defined by the distance [118]:

1
v 2y = 3 (dx,y) +d(x,2) —d(y, 2)) (7.241)
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with d(.,.) the distance in CAT(-1). Intuitively, this inner product measures the
distance of x to the geodesics between y to z.

This Inner product could be also defined for points on the Shilov Boundary of the
domain through Busemann distance:

(&.€), = 5 (B: (x, p) + Be (x, ) (7.242)

R —

Independent of p, Where Bg (x, y) = Li}_n [|x —r@®)| —y— r(t)|] is horospheric
—+00

distance, from x to y relatively to & , with r(¢) geodesic ray. We have the property
that:

(e.6), = Lim (), (7.243)
y—>§&
y/ — é/
We can then define a visual metric on the Shilov boundary by (Fig.7.16);
dy (E? E/) = e_(&g/))( if§ # E/ (7.244)
de(£,&') =0 otherwise '

We can then define the characteristic function according to the origin O:

D(x) = —log/e_(x’y)ody or dg(x) = —log/e_%(d(o’x)+d(0’y)_d(x’y))dy

Q* Q*
(7.245)
and

(%) = (x, x*)) — Px) = % (d(0,x) +d(0,x*) —d(x,x*)) — D(x) (7.246)

d(x, x*) = (d(0, x*) — 20*(x*)) + (d(0, x) — 2 (x)) (7.247)

with the center of gravity

x* /y ~e_<x’y)0dy//e_<x’y>°dy (7.248)

Q Q*
All this relations are also true on the Shilov Boundary:
® (&) = —log / e E80gg" = —log / do (§.€') - d&’ (7.249)
Eloks aQ*

where
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/ do (£,€) - dg’ (7.250)

dQ*

is the functional of Busemann barycenter on the Shilov Boundary 9Q* (exis-
tence and unicity of this barycenter have been proved by Elie Cartan for Cartan—
Hadamard Spaces) [123, 124].

e Generating Functions: Characteristic function is a particular case of “generat-
ing function”. In Mathematics, first idea to represent Lagrange manifolds through
their generating functions was given by Hormander [121] and then was general-
ized by Claude Viterbo [119, 120, 122]. A generating function for the Lagrange
submanifold L is a function G from E to R defined on a vector bundle E, and such

that: 5
L= {(x —G) /§ = o] (7.251)
dx an

n is in the fibre. We have then to ,study in the framework of Information Geome-
try, families of generating functions more general than potential functions deduced
from characteristic function.

In future work, it could be interesting to explore new direction related to polarized
surface in the framework developed by Donaldson, Guillemin and Abreu, in which
invariant Kéhler metrics correspond to convex functions on the moment polytope of
atoric variety [170, 171, 173—175] based on precursor work of Atiyah and Bott [172]
on moment map and its convexity by Bruguieres [181], Condevaux [182], Delzant
[183], Guillemin and Sternberg [184, 185] and Kirwan [186]. Recently, Mikhail
Kapranov has given a thermodynamical interpretation of the moment map for toric
varieties [200].

‘We hope that this tutorial paper and new results will help readers to have s synthetic
view of different domains of Science where Koszul hessian metric manifold is the
essence emerging from Information Geometry Theory.

Das ist fast so, als ob ich Bergson wiire

Edmund Husserl (1917)

(after reading PhD first chapter of his student Roman Ingarden dedicated to Bergson
Philosophy)

Création signifie, avant tout émotion. C’est alors seulement que esprit se sent
ou se croit créateur. Il ne part plus d’une multiplicité d’éléments tout faits pour
aboutir a une unité composite ou il y aura un nouvel arrangement de ’ancien. 11
s’est transporté tout d’un coup a quelque chose qui parait a la fois un et unique, qui
cherchera ensuite a s’étaler tant bien que mal en concepts multiples et communs,
donnés d’avance dans des mots.

Henri Bergson

In “Les deux sources de la morale et de la religion”
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Chapter 8
Distances on Spaces of High-Dimensional
Linear Stochastic Processes: A Survey

Bijan Afsari and René Vidal

Abstract In this paper we study the geometrization of certain spaces of stochastic
processes. Our main motivation comes from the problem of pattern recognition in
high-dimensional time-series data (e.g., video sequence classification and clustering).
In the first part of the paper, we provide a rather extensive review of some existing
approaches to defining distances on spaces of stochastic processes. The majority
of these distances are, in one way or another, based on comparing power spectral
densities of the processes. In the second part, we focus on the space of processes
generated by (stochastic) linear dynamical systems (LDSs) of fixed size and order,
for which we recently introduced a class of group action induced distances called
the alignment distances. This space is a natural choice in some pattern recognition
applications and is also of great interest in control theory, where it is often convenient
torepresent LDSs in state-space form. In this case the space (more precisely manifold)
of LDSs can be considered as the base space of a principal fiber bundle comprised
of state-space realizations. This is due to a Lie group action symmetry present in the
state-space representation of LDSs. The basic idea behind the alignment distance is
to compare two LDSs by first aligning a pair of their realizations along the respective
fibers. Upon a standardization (or bundle reduction) step this alignment process can
be expressed as a minimization problem over orthogonal matrices, which can be
solved efficiently. The alignment distance differs from most existing distances in
that it is a structural or generative distance, since in some sense it compares how two
processes are generated. We also briefly discuss averaging LDSs using the alignment
distance via minimizing a sum of the squares of distances (namely, the so-called
Fréchet mean).
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8.1 Introduction and Motivation

Pattern recognition (e.g., classification and clustering) of time-series data is important
in many real world data analysis problems. Early applications include the analysis of
one-dimensional data such as speech and seismic signals (see, e.g., [48] for a review).
More recently, applications in the analysis of video data (e.g., activity recognition
[1]), robotic surgery data (e.g., surgical skill assessment [12]), or biomedical data
(e.g., analysis of multichannel EEG signals) have motivated the development of
statistical techniques for the analysis of high-dimensional (or vectorial) time-series
data.

The problem of pattern recognition for time-series data, in its full generality, needs
tools from the theory of statistics on stochastic processes or function spaces. Thus
it bears relations with the general problem of inference on (infinite dimensional)
spaces of stochastic processes, which requires a quite sophisticated mathematical
theory [30, 59]. However, at the same time, the pattern recognition problem is more
complicated since, in general, it involves not only inference but also learning. Learn-
ing and inference on infinite dimensional spaces obviously can be daunting tasks. In
practice, there have been different grand strategies proposed to deal with this prob-
lem (e.g., see [48] for a review). In certain cases it is reasonable and advantageous
from both theoretical and computational points of view to simplify the problem
by assuming that the observed processes are generated by models from a specific
finite-dimensional class of models. In other words, one could follow a parametric
approach based on modeling the observed time series and then performing statisti-
cal analysis and inference on a finite dimensional space of models (instead of the
space of the observed raw data). In fact, in many real-world instances (e.g., video
sequences [1, 12, 22, 60] or econometrics [7, 20, 24]), one could model the observed
high-dimensional time series with low-order Linear Dynamical Systems (LDSs). In
such instances the mentioned strategy could prove beneficial, e.g., in terms of imple-
mentation (due to significant compression achieved in high dimensions), statistical
inference, and synthesis of time series. For 1-dimensional time-series data the suc-
cess of Linear Predictive Coding (i.e., auto-regressive (AR) modeling) modeling and
its derivatives in modeling speech signals is a paramount example [26, 49, 58]. These
motivations lead us to state the following prototype problem:

Problem 1 (Statistical analysis on spaces of LDSs) Let {y' }lN: | be a collection of
p-dimensional time series indexed by time 7. Assume that each time series y =
{y;}:2, can be approximately modeled by a (stochastic) LDS M; of output-input
size (p, m) and order n' realized as

1 Typically in video analysis: p ~ 1000-10000, m, n ~ 10 (see e.g., [1, 12, 60]).



8 Distances on Spaces of High-Dimensional Linear Stochastic Processes 221

x; = Ajx,_| + Bjv,

yi=Cixl + Djvi, (Ap, Bi, Ci, D) € SLinn,p = RV x RV 5 RPX 5 RPXM
(8.1)

where v, is a common stimulus process (e.g., white Gaussian noise with identity
covariance)? and where the realization R; = (A;, B;, C;, D;) is learnt and assumed
to be known. The problem is to: (1) Choose an appropriate space S of LDSs containing
the learnt models {M; }lN: 1» (2) geometrize S, i.e., equip it with an appropriate geom-
etry (e.g., define a distance on &), (3) develop tools (e.g., probability distributions,
averages or means, variance, PCA) to perform statistical analysis (e.g., classification
and clustering) in a computationally efficient manner.

The first question to ask is: why model the processes using the state-space model
(representation) (8.1)? Recall that processes have equivalent ARMA and state-space
representations. Moreover, model (8.1) is quite general and with n large enough it
can approximate a large class of processes. More importantly, state-space represen-
tations (especially in high dimensions) are often more suitable for parameter learning
or system identification. In important practical cases of interest such models con-
veniently yield more parsimonious parametrization than vectorial ARMA models
which suffer from the curse of dimensionality [24]. The curse of dimensionality in
ARMA models stems from the fact that for p-dimensional time series if p is very
large the number of parameters of an ARMA model is roughly proportional to p2,
which could be much larger than the number of data samples available pT', where T
is the observation time period (note that the autoregressive coefficient matrices are
very large p x p matrices). However, in many situations encountered in real world
examples, state-space models are more effective in overcoming the curse of dimen-
sionality [20, 24]. The intuitive reason, as already alluded to, is that often (very)
high-dimensional time series can be well approximated as being generated by a low
order but high-dimensional dynamical system (which implies small n despite large
p in the model (8.1)). This can be attributed to the fact that the components of the
observed time series exhibit correlations (cross sectional correlation). Moreover, the
contaminating noises also show correlation across different components (see [20, 24]
for examples of exact and detailed assumptions and conditions to formalize these
intuitive facts). Therefore, overall the number of parameters in the state-space model
is small compared with p? and this is readily reflected in (or encoded by) the small
size of the dynamics matrix A; and the thinness of the observation matrix C; in (8. D3

2 Note that in a different or more general setting the noise at the output could be a process w; different
(independent) from the input noise v;. This does not cause major changes in our developments. Since
the output noise usually represents a perturbation which cannot be modeled, as far as Problem 1 is
concerned, one could usually assume that D; = 0.

3 Note that we are not implying that ARMA models are incapable of modeling such time series.
Rather the issue is that general or unrestricted ARMA models suffer from the curse of dimensionality
in the identification problem, and the parametrization of a restricted class of ARMA models with a
small number of parameters is complicated [20]. However, at the same time, by using state-space
models it is easier to overcome the curse of dimensionality and this approach naturally leads to
simple and effective identification algorithms [20, 22].
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Also, in general, state-space models are more convenient for computational purposes
than vectorial ARMA models. For example, in the case of high-dimensional time
series most effective estimation methods are based on state-space domain system
identification rooted in control theory [7, 41, 51]. Nevertheless, it should be noted
that, in general, the identification of multi-input multi-output (MIMO) systems is a
subtle problem (see Sect.8.4 and e.g., [11, 31, 32]). However, for the case where
p > n, there are efficient system identification algorithms available for finding the
state-space parameters [20, 22].

Notice that in Problem 1 we are assuming that all the LDSs have the same order
n (more precisely the minimal order, see Sect.8.3.3.1). Such an assumption might
seem rather restrictive and a more realistic assumption might be that all systems be
of order not larger than n (see Sect. 8.5.1). Note that since in practice real data can be
only approximately modeled by an LDS of fixed order, if # is not chosen too large,
then gross over-fitting of n is less likely to happen. From a practical point of view
(e.g., implementation) fixing the order for all systems results in great simplification in
implementation. Moreover, in classification or clustering problems one might need
to combine (e.g., average) such LDSs for the goal of replacing a class of LDSs
with a representative LDS. Ideally one would like to define an average in a such a
way that LDSs of the same order have an average of the same order and not higher,
otherwise the problem can become intractable. In fact, most existing approaches tend
to dramatically increase the order of the average LDS, which is certainly undesirable.
Therefore, intuitively, we would like to consider a space S in which the order of the
LDSs is fixed or limited. From a theoretical point of view also this assumption allows
us to work with nicer mathematical spaces namely smooth manifolds (see Sect. 8.4).

Amongst the most widely used classification and clustering algorithms for static
data are the k-nearest neighborhood and k-means algorithms, both of which rely
on a notion of distance (in a feature space) [21]. These algorithms enjoy certain
universality properties with respect to the probability distributions of the data; and
hence in many practical situations where one has little prior knowledge about the
nature of the data, they prove to be very effective [21, 35]. In view of this fact,
in this paper we focus on the notion of distance between LDSs and the stochastic
processes they generate. Hence, a natural question is what space we should use and
what type of distance we should define on it. In Problem 1, obviously, the first two
steps (which are the focus of this paper) have significant impacts on the third one.
One has different choices for the space S, as well as, for geometries on that space.
The gamut ranges from an infinite dimensional linear space to a finite dimensional
(non-Euclidean) manifold, and the geometry can be either intrinsic or extrinsic. By
an intrinsic geometry we mean one in which a shortest path between two points in
a space stays in the space, and by an extrinsic geometry we mean one where the
distance between the two points is measured in an ambient space. In the second part
of this paper, we study our recently developed approach, which is somewhere in
between: to design an easy-to-compute extrinsic distance, while keeping the ambient
space not too large.

This paper is organized as follows: In Sect.8.2, we review some existing
approaches in geometrization of spaces of stochastic processes. In Sect. 8.3, we focus
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on processes generated by LDSs of fixed order, and in Sect. 8.4, we study smooth
fiber bundle structures over spaces of LDSs generating such processes. Finally, in
Sect. 8.5, we introduce our class of group action induced distances namely the align-
ment distances. The paper is concluded in Sect. 8.6. To avoid certain technicalities
and just to convey the main ideas the proofs are omitted and will appear elsewhere.
We should stress that the theory of alignment distances on spaces of LDSs is still
under development; however, its basics have appeared in earlier papers [1-3]. This
paper for most parts is an extended version of [3].

8.2 A Review of Existing Approaches to Geometrization
of Spaces of Stochastic Processes

This review, in particular, since the subject appears in a range of disciplines is non-
exhaustive. Our emphasis is on the core ideas in defining distances on spaces of
stochastic processes rather than enumerating all such distances. Other sources to
consult may include [9, 10, 25]. In view of Problem 1, our main interest is in the
finite dimensional spaces of LDSs of fixed order and the processes they generate.
However, since such a space can be embedded in the larger infinite dimensional space
of “virtually all processes,” first we consider the latter.

Remark 1 We shall discuss several “distance-like” measures some of which are
known as “distance” in the literature. We will try to use the term distance exclusively
for a true distance namely one which is symmetric, positive definite and obeys the tri-
angle inequality. Due to convention or convenience, we still may use the term distance
for something which is not a true distance, but the context will be clear. A distance-like
measures is called a divergence it is only positive definite and it is called pseudo-
distance, if it is symmetric and obeys the triangle inequality but it is only positive
semi-definitive (i.e., a zero distance between two processes does not imply that they
are the same). As mentioned above, our review is mainly to show different schools of
thought and theoretical approaches in defining distances. Obviously, when it comes
to comparing these distances and their effectiveness (e.g., in terms of recognition
rate in a pattern recognition problem) ultimately things very much depend on the
specific application at hand. Although we should mention that for certain 1D spectral
distances there has been some research about their relative discriminative properties,
especially for applications in speech processing, the relation between such distances
and the human auditory perception system has been studied (see e.g., [9, 25, 26,
29, 49, 54]). Perhaps one aspect that one can judge rather comfortably and indepen-
dently of the specific problem is the associated computational costs of calculating the
distance and other related calculations (e.g., calculating a notion of average). In that
regard, for Problem 1, when the time-series dimension p is very large (e.g., in video
classification problems) our introduced alignment distance (see Sect. 8.5) is cheaper
to calculate relative to most other distances and also renders itself quite effective in
defining a notion of average [1].
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Remark 2 Throughout the paper, unless otherwise stated, by a process we mean
a (real-valued) discrete-time wide-sense (or second order) stationary zero mean
Gaussian regular stochastic process (i.e., one with no deterministic component).
Some of the language used in this paper is borrowed from the statistical signal
processing and control literature for which standard references include [40, 56]. Since
we use the Fourier and z-transforms often and there are some disparities between the
definitions (or notations) in the literature we review some terminologies and estab-
lish some notations. The z-transform of a matrix sequence {ht}f£ (h; € RP*™M) is
defined as H(z) = ng h,z 77 for z in the complex plane C. By evaluating H (z)
on the unit circle in the complex plane C (i.e., by setting z = €/, w € [0, 27])
we get H(e!“), the Fourier transform of {h,}+£, which sometimes we denote by

H (w). Note that the z-transform of {h,t}fﬁ is H(z~!) and its Fourier transform

is H(e™'*), and since we deal with real sequences it is the same as H (e!%), the
complex conjugate of H (¢/*). Also any matrix sequence {ht}g °° defines (causal) a
linear filter via the convolution operation y, = h; x ¢; = Z:io h€;,_, on the m-
dimensional sequence €;. In this case, we call H (w) or H (z) the transfer function of
the filter and {h,}aL °° the impulse response of the filter. We also say that €, is filtered
by H to generate y,. If H(z) is an analytic function of z outside the unit disk in the
complex plane, then the filter is called asymptotically stable. If the transfer function
H (2) is a rational matrix function of z (meaning that each entry of H(z) is a rational
function of z), then the filter has a finite order state-space (LDS) realization in the
form (8.1). The smallest (minimal) order of such an LDS can be determined as the
sum of the orders of the denominator polynomials (in z) in the entries appearing in a
specific representation (factorization) of H(z), known as the Smith-McMillan form
[40]. For a square transfer function this number (known as the McMillan degree) is,
generically, equal to the order of the denominator polynomial in the determinant of
H (z). The roots of these denominators are the eigenvalues of the A matrix in the
minimal state-space realization of H (z) and the system is asymptotically stable if all
these eigenvalues are inside the unit disk in C.

8.2.1 Geometrizing the Space of Power Spectral Densities

A p-dimensional process {y,} can be identified with its p X p covariance sequence
sequences Cy(7) = E{y, le} (r € 7Z), where | denotes matrix transpose and
E{-} denotes the expectation operation under the associated probability measure.
Equivalently, the process can be identified by the Fourier (or z) transform of its
covariance sequence, namely the power spectral density (PSD) Py(w), which is a
p x p Hermitian positive semi-definite matrix for every w € [0, 27].* We denote
the space of all p x p PSD matrices by P, and its subspace consisting of elements

4 Strictly speaking, in order to be the PSD matrix of a regular stationary process, a matrix function
on [0, 27] must satisfy other mild technical conditions (see [62] for details).
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that are full-rank for almost every w € [0, 27] by 731',". Most of the literature prior to
2000 is devoted to geometrization of P;".

Remark 3 1t is worth mentioning that the distances we discuss below here are blind
to correlations, meaning that two processes might be correlated but their distance can
be large or they can be uncorrelated but their distance can be zero. For us the starting
point is the identification of a zero-mean (Gaussian) process with its probability
distribution and hence its PSD. Consider the 1D case for convenience. Then in the
Hilbert space geometry a distance between processes y,1 and y,2 can be defined
as E{( y,1 — y,z)z} in which case the correlation appears in the distance and a zero
distance means almost surely equal sample paths, whereas in PSD-induced distances
¥y, and —y, which have completely different sample paths have zero distance. In a
more technical language, the topology induced by the PSD-induced distances on
stochastic processes is coarser than the Hilbert space topology. Hence, perhaps to be
more accurate we should further qualify the distances in this paper by the qualifier
“PSD-induced”. Obviously, the Hilbert space topology may be too restrictive in some
practical applications. Interestingly, in the derivation of the Hellinger distance (see
below) based on the optimal transport principle the issue of correlation shows up
and there optimality is achieved when the two processes are uncorrelated (hence
the distance is computed as if the processes were uncorrelated, see [27, p. 292]
for details). In fact, this idea is also present in our approach (and most of the other
approaches), where in order to compare two LDSs we assume that they are stimulated
with the same input process, meaning uncorrelated input processes with identical
probability distributions (see Sect. 8.3).

The space P, is an infinite dimensional cone which also has a convex linear
structure coming from matrix addition and multiplication by nonnegative reals. The
most immediate distance on this space is the standard Euclidean distance:

;' y*) = / 1Py () — Py ()| dw, (8.2)

where || - || is @ matrix norm (e.g., the Frobenius norm || - || ). In the 1-dimensional
case (i.e., P1) one could also define a distance based on the principle of optimal
decoupling or optimal (mass) transport between the probability distributions of the
two processes [27, p. 292]. This approach results in the formula:

dlz{(yl,yz):/|\/Py1(w)—\/Pyz(w)|2dw, (8.3)

This distance is derived in [28] and is also called the d»-distance (seealso[27, p. 292]).
In view of the Hellinger distance between probability measures [9], the above
distance, in the literature, is also called the Hellinger distance [23]. Interestingly,
dy remains valid as the optimal transport-based distance for certain non-Gaussian
processes, as well [27, p. 292]. The extension of the optimal transport-based defini-
tion to higher dimensions is not straightforward. However, note that in P1, dy can be
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thought of as a square root version of dg. In fact, the square root based definition can
be easily extended to higher dimensions, e.g., in (8.3) one could simply replace the
scalar square roots with the (matrix) Hermitian square roots of Pyi(w),i =1,2 (at
each frequency w) and use a matrix norm. Recall that the Hermitian square root of
the Hermitian matrix Y is the unique Hermitian solution of the equation ¥ = XX/,
where H denotes conjugate transpose. We denote the Hermitian square root of Y as
Y1/, Therefore, we could define the Hellinger distance in higher dimensions as

iy, ¥ = / 1P, (@) = P @), 84

However note that, for any unitary matrix U, X = YY2U is also a solution to

Y = XX" (but not Hermitian if U differs from the intensity). This suggests that,

one may be able to do better by finding the best unitary matrix U (w) to minimize
1/2 1/2

P

) (w)— Py2 (w)U (w) || F (at each frequency w). In [23] this idea has been used to

define the (improved) Hellinger distance on P,,, which can be written in closed-form
as

1/2 1/2 1/2 1/2\—1/2 5, 1/2 51/2
&' = [18) = P L Py PP e, 65)

where dependence of the terms on w has been dropped. Notice that the matrix U (w) =
(Py12/ 2 Py P;z/ 2) 172 P;z/ 2 P; 1/ Zis unitary for every w and in factitis a transfer function
of an all-pass possibly infinite dimensional linear filter [23]. Here, by an all-pass
transfer function or filter U (w) we mean one for which U (W)U (w)? =1 p- Also note
that (8.5) seemingly breaks down if either of the PSDs is not full-rank. However,
solving the related optimization shows that by continuity the expression remains
valid. We should point out that recently a class of distances on P; has been introduced
by Georgiou et al. based on the notion of optimal mass transport or morphism between
PSDs (rather than probability distributions, as above) [25]. Such distances enjoy some
nice properties, e.g., in terms of robustness with respect to multiplicative and additive
noise [25]. An extension to P, also has been proposed [53]; however, the extension
is no longer a distance and it is not clear if it inherits the robustness property.
Another (possibly deeper) aspect of working with the square root of the PSD
is related to the ideas of spectral factorization and the innovations process. We
review some basics, which can be found, e.g., in [6, 31, 32, 38, 62, 65]. The
important fact is that the PSD Py (w) of a regular process y, in P, is of constant
rank m < p almost everywhere in [0, 27]. Moreover, it admits a factorization
of the form Py(w) = Py(w)P y(w)H , where Pjy(w) is p x m-dimensional and
uniquely determines its analytic extension Pjy(z) outside the unit disk in C. In
this factorization, Py (w), itself, is not determined uniquely and any two such fac-
tors are related by an m x m-dimensional all-pass filter. However, if we require
the extension Pjy(z) to be in the class of minimum phase filters, then the choice
of the factor P;y(w) becomes unique up to a constant unitary matrix. A p x m
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(m < p) transfer function matrix H(z) is called minimum phase if it is analytic
outside the unit disk and of constant rank m there (including at z = 00). Such a
filter has an inverse filter, which is asymptotically stable. We denote this particular
factor of Py by P,y and call it the canonical spectral factor. The canonical factor is
still not unique, but the ambiguity is only in a constant m x m unitary matrix. The
consequence is that y, can be written as y, = > > P4+r€—r, Where the p x m
matrix sequence {p,};° is the inverse Fourier transform of P, ,(w) and ¢, is an
m-dimensional white noise process with covariance equal to the identity matrix 7,,.
This means that y, is the output of a linear filter (i.e., an LDS of possibly infinite
order) excited by a white noise process with standard covariance. The process €,
is called the innovations process or fundamental process of y,. Under the Gaussian
assumption the innovation process is determined uniquely, otherwise it is determined
up to an m X m unitary factor. The important case is when Py (z) is full-rank outside
the unit disk, in which case the inverse filter P;yl is well-defined and asymptotically
stable, and one could recover the innovations process by filtering y, by its whitening
filter P .

Now, to compare two processes, one could somehow compare their canonical
spectral factors® or if they are in 777,' their whitening filters. In [38] a large class
of divergences based on the idea of comparing associated whitening filters (in the
frequency domain) have been proposed. For example, let P,y be the canonical
factor of Py, i = 1,2 If one filters yi,i = 1,2, with P;;j,j = 1, 2, then the

. —1 p—H .. .
output PSD is P i Pyi P i Note that when i = j then the output PSD is 1), across

12 -1 —H
every frequency. It can be shown that d;(y", y°) = ftr(Perl Py P+y1 -1y +
tr(PJ:yl2 Py P;ylg — Ip)dw is a symmetric divergence [38]. Note that d; (!, y?) is
independent of the unitary ambiguity in the canonical factor and in fact

iyt yh = /tr(Pyj‘Pyz + P Py =20, dw. (8.6)

Such divergences enjoy certain invariance properties, e.g., if we filter both processes
with a common minimum phase filter, then the divergence remains unchanged. In
particular, it is scale-invariant. Such properties are shared by the distances or diver-
gences that are based on the ratios of PSDs (see below for more examples). Scale
invariance in the case of 1D PSDs has been advocated as a desirable property, since in
many cases the shape of the PSDs rather than their relative scale is the discriminative
feature (see e.g., [9, 26]).

One can arrive at similar distances from other geometric or probabilistic paths.
One example is the famous Itakura-Saito divergence (sometimes called distance)

5 In fact, our approach (in Sects. 8.3-8.5) is also based on the idea of comparing the minimum phase
(i.e., canonical) filters or factors in the case of processes with rational spectra. However, instead of
comparing the associated transfer functions or impulse responses, we try to compare the associated
state-space realizations (in a specific sense). This approach, therefore, is in some sense structural or
generative, since it tries to compare how the processes are generated (according to the state-space
representation) and the model order plays an explicit role in it.
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between PSDs in P} which is defined as

P P
dls(yl,y2)=/(—Py —log—Py —l)dw. (8.7)
y2 y2

This divergence has been used in practice, at least, since the 1970s (see [48] for
references). The Itakura-Saito divergence can be derived from the Kullback-Leibler
divergence between (infinite dimensional) probability densities of the two processes
(The definition is a time-domain based definition, however, the final result is read-
ily expressible in the frequency domain).% On the other hand, Amari’s information
geometry-based approach [5, Chap. 5] allows to geometrize 731+ in various ways and
yields different distances including the Itakura-Saito distance (8.7) or a Riemannian

distance such as
2,1 2 Py :
dr(y',y )=/ log (=) ) dw. (8.8)
Pyz

Furthermore, in this framework one can define geodesics between two processes
under various Riemannian or non-Riemannian connections. The high-dimensional
version of the Itakura-Saito distance has also been known since the 1980s [42] but
is less used in practice:

dis(y", y?) = / (trace(Py;‘Pyl)—1og(det(Py;‘ Py)) — p)dw. (8.9)

Recently, in [38] a Riemannian framework for geometrization of 7);; for p > 1 has
been proposed, which yields Riemannian distances such as:

) pde, (8.10)

2oy = / | log (Py—ll/zpyzp—l/z
where log is the standard matrix logarithm. In general, such approaches are not suited
for large p due to computational costs and the full-rankness requirement. We should
stress that in (very) high dimensions the assumption of full-rankness of PSDs is not
a viable one, in particular because usually not only the actual time series are highly
correlated but also the contaminating noises are correlated, as well. In fact, this has
lead to the search for models capturing this quality. One example is the class of
generalized linear dynamic factor models, which are closely related to the tall, full
rank LDS models (see Sect.8.3.3 and [20, 24]).
Letting the above mentioned issues aside, for the purposes of Problem 1, the space
P), (oreven 77;) is too large. The reason is that it includes, e.g., ARMA processes of
arbitrary large orders, and itis not clear, e.g., how an average of some ARMA models

6 Notice that defining distances between probability densities in the time domain is a more general
approach than the PSD-based approaches, and it can be employed in the case of nonstationary as
well as non-Gaussian processes. However, such an approach, in general, is computationally difficult.
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or processes of equal order might turn out. As mentioned before, it is convenient or
reasonable to require the average to be of the same order.”

8.2.2 Geometrizing the Spaces of Models

Any distance on P, (or 73;;) induces a distance, e.g., on a subspace corresponding
to AR or ARMA models of a fixed order. This is an example of an extrinsic distance
induced from an infinite dimensional ambient space to a finite dimensional subspace.
In general, this framework is not ideal and we might try to, e.g., define an intrinsic
distance on the finite dimensional subspace. In fact, Amari’s original paper [4] lays
down a framework for this approach, but lacks actual computations. For the one-
dimensional case in [61], based on Amari’s approach, distances between models in
the space of ARMA models of fixed order are derived. For high order models or
in high dimensions, such calculations are, in general, computationally difficult [61].
The main reason is that the dependence of PSD-based distances on state-space or
ARMA parameters is, in general, highly nonlinear (the important exception is for
parameters of AR models, especially in 1D).

Alternative approaches have also been pursued. For example, in [57] the main
idea is to compare (based on the £2 norm) the coefficients of the infinite order AR
models of two processes. This is essentially the same as comparing (in the time
domain) the whitening filters of the two processes. This approach is limited to 731‘,|r
and computationally demanding for large p. See [19] for examples of classification
and clustering of 1D time-series using this approach. In [8], the space of 1D AR
processes of a fixed order is geometrized using the geometry of positive-definite
Toeplitz matrices (via the reflection coefficients parameterization), and, moreover,
L? averaging on that space is studied. In [50] a (pseudo)-distance between two
processes is defined through a weighted ¢ distance between the (infinite) sequences
of the cepstrum coefficients of the two processes. Recall that the cepstrum of a 1D
signal is the inverse Fourier transform of the logarithm of the magnitude of the Fourier
transform of the signal. In the frequency domain this distance (known as the Martin
distance) can be written as (up to a multiplicative constant)

2 1 Py, ?
dM(YIvy2):/ D2log| 5= ) dw. (8.11)
2

where D is the fractional derivative operator in the frequency domain interpreted
as multiplication of the corresponding Fourier coefficients in the time domain by
e™M2pA forn > 0 and by e M2 (—p) forn < 0. Notice that djy is scale-invariant
in the sense described earlier and also it is a pseudo-distance since it is zero if the
PSDs are multiple of each other (this is a true scale-invariance property, which in

7 Interestingly, for an average defined based on the Itakura-Saito divergence in the space of 1D AR
models this property holds [26], see also [5, Sect.5.3].
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certain applications is highly desirable).® Interestingly, in the case of 1D ARMA
models, djs can be expressed conveniently in closed form in terms of the poles and
zeros of the models [50]. Moreover, in [18] it is shown that d); can be calculated
quite efficiently in terms of the parameters of the state-space representation of the
ARMA processes. In fact, the Martin distance has a simple interpretation in terms
of the subspace angles between the extended observability matrices (cf. Sect. 8.4.3)
of the state-space representations [18]. This brings about important computational
advantages and has allowed to extend a form of Martin distance to higher dimensions
(seee.g., [16]). However, it should be noted that the extension of the Martin distance
to higher dimensions in such a way that all its desirable properties carry over has
proven to be difficult [13].” Nevertheless, some extensions have been quite effective
in certain high-dimensional applications, e.g., video classification [16]. In [16], the
approach of [18] is shown to be a special case of the family of Binet-Cauchy kernels
introduced in [64], and this might explain the effectiveness of the extensions of the
Martin distance to higher dimensions.

In summary, we should say that the extensions of the geometrical methods dis-
cussed in this section to P, for p > 1 do not seem obvious or otherwise they are
computationally very expensive. Moreover, these approaches often yield extrinsic
distances induced from infinite dimensional ambient spaces, which, e.g., in the case
of averaging LDSs of fixed order can be problematic.

8.2.3 Control-Theoretic Approaches

More relevant to us are [33, 46], where (intrinsic) state-space based Riemannian dis-
tances between LDSs of fixed size and fixed order have been studied. Such approaches
ideally suit Problem 1, but they are computationally demanding. More recently, in
[1] and subsequently in [2, 3], we introduced group action induced distances on
certain spaces of LDSs of fixed size and order. As it will become clear in the next
section, an important feature of this approach is that the LDS order is explicit in the
construction of the distance, and the state-space parameters appear in the distance
in a simple form. These features make certain related calculations (e.g., optimiza-
tion) much more convenient (compared with other methods). Another aspect of our
approach is that, contrary to most of the distances discussed so far, which compare
the PSDs or the canonical factors directly, our approach amounts to comparing the

8 It is interesting to note that by a simple modification some of the spectral-ratio based distances
. . e . Piiyy2
can attain this property, e.g., by modifying dr in (8.8) as d]%I(yl,yz) = f(log (Tiz)) dw =

(j log (%)dw)2 (see also [9, 25, 49]).

9 This and the results in [53] underline the fact that defining distances on Pp for p > 1 may
be challenging, not only from a computational point of view but also from a theoretical one. In
particular, certain nice properties in 1D do not automatically carry over to higher dimensions by a
simple extension of the definitions in 1D.
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generative or the structural models of the processes or how they are generated. This
feature also could be useful in designing more application-specific or structure-aware
distances.

8.3 Processes Generated by LDSs of Fixed Order

Consider an LDS, M, of the form (8.1) with « realization R = (A, B,C, D) €
SL Lo, p- 107n the sequel, for various reasons, we will restrict ourselves to increasingly
smaller submanifolds of S L n, p» which will be denoted by additional superscripts.
Recall that the p x m matrix transfer function is 7(z) = D + C(I, —z 'A)~'B,
where z € Cand /, is the n-dimensional identity matrix. We assume that all LDSs are
excited by the standard white Gaussian process. Hence, the output PSD matrix (in the
z-domain) is the p x p matrix function P(z) = T (z)T " (z~!). The PSD is a rational
matrix function of z whose rank (a.k.a. normal rank) is constant almost everywhere
in C. Stationarity of the output process is guaranteed i 1f M is asymptotically stable.
We denote the submanifold of such realizations by SL,, C SLun,p-

m,n,p

8.3.1 Embedding Stochastic Processes in LDS Spaces

Two (stochastic) LDSs are indistinguishable if their output PSDs are equal. Using this
equivalence on the entire set of LDSs is not useful, because, as mentioned earlier two
transfer functions which differ by an all-pass filter result in the same PSD. Therefore,
the equivalence relation could induce a complicated many-to-one correspondence
between the LDSs and the subspace of stochastic processes they generate. However, if
we restrict ourselves to the subspace of minimum phase LDSs the situation improves.
Let us denote the subspace of minimum-phase realizations by S SL

This is clearly an open submanifold of Sﬁm n,p- 1N SL Em’ n, p» the canonical spectral
factorization of the output PSD is unlque up to an orthogonal matrix [6, 62, 65]: let
T1(z) and T» (z) have realizations in Sﬁm n,p andlet 71 (z) TlT zH ="k T2T @™,
then T1(z) = T»(z)® foraunique ® € O(m), where O (m) is the Lie group of m x m
orthogonal matrices. Therefore, any p-dimensional processes with PSD of normal
rank m can be identified with a simple equivalent class of stable and minimum-phase

transfer functions and the corresponding LDSs.!!

mnp m,n,p*

10 1t is crucial to have in mind that we explicitly distinguish between the LDS, M, and its
realization R, which is not unique. As it will become clear soon, an LDS has an equivalent class of
realizations.

1l These rank conditions, interestingly, have differential geometric significance in yielding nice
quotient spaces, see Sect. 8.4.
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8.3.2 Equivalent Realizations Under Internal and External
Symmetries

A fundamental fact is that there are symmetries or invariances due to certain Lie group
actions in the model (8.1). Let GL(n) denote the Lie group of n x n non-singular
(real) matrices. We say that the Lie group GL(n) x O(m) acts on the realization
space Sﬁm n,p (or its subspaces) via the action e defined as!?

(P,®)e(A,B,C,D)= (P 'AP, P"'BO®,CP, DO). (8.12)

One can easily verify that under this action the output covariance sequence (or PSD)
remains invariant. In general, the converse is not true. That is, two output covariance
sequences might be equal while their corresponding realizations are not related via
e (due to non-minimum phase and the action not being free [47], also see below).
Recall that the action of a group on a set is called free if every element of the set is
fixed only by the identity element of the group. For the converse to hold we need to
impose further rank conditions, as we will see next.

8.3.3 From Processes to Realizations (The Rank Conditions)

Now, we study some rank conditions (i.e., submanifolds of §Zm, n,p on) under which
e is a free action.

8.3.3.1 Observable, Controllable, and Minimal Realizations

Recall that the controllability and observability matrices of order k associated with
a realization R = (A, B, C, D) are defined as Cx = [B, AB, ..., A*"1B] and
Or=[CT,(CA)T, ... (CAF1)T]T respectively. A realization is called control-
lable (resp. observable) if Cy (resp. Oy) is of rank n for k = n. We denote the

mon,p (T€SP. SL®

S,0b
The space Sﬁm np = Sﬁm np SE; n, p 18 called the space of minimal realizations.
An important fact is that we cannot reduce the order (i.e., the size of A) of a minimal

realization without changing its input-output behavior.

subspace of controllable (resp. observable) realizations by SL° mon, p)-

8.3.3.2 Tall, Full Rank LDSs

Another (less studied) rank condition is when C is of rank n (here p > n is required).

Denote by SZ Em np C S[,m n,p the subspace of such realizations and call a cor-
responding LDS tall and full rank. Such LDSs are closely related to generalized

12 Strictly speaking e is a right action; however, it is notationally convenient to write it as a left
action in (8.12).
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linear dynamic factor models for (very) high-dimensional time series [20] and also
appear in video sequence modeling [1, 12, 60]. It is easy to verify that all the above
realization spaces are smooth open submanifolds of SL,, , . Their corresponding
submanifolds of stable or minimum-phase LDSs (e.g., ngnIEp ;0) are defined in an
obvious way.

The following proposition forms the basis of our approach to defining distances
between processes: any distance on the space of LDSs with realizations in the above
submanifolds (with rank conditions) can be used to define a distance on the space of
processes generated by those LDSs.

Proposition 1 Let 5, be SLL"<, SLEMeP SEAmmin o SLomPC
Consider two realizations Ry, Ry € f]m,m p excited by the standard white Gaussian
process. Then we have:

1. If(P,®)eR| = R forsome (P, ®) € GL(n)x O(m), then the two realizations
generate the same (stationary) output process (i.e., outputs have the same PSD
matrices).

2. Conversely, if the outputs of the two realizations are equal (i.e., they have the same
PSD matrices), then there exists a unique (P, ®) € GL(n) x O(m) such that
(P,®) °
R = R».

8.4 Principal Fiber Bundle Structures over Spaces of LDSs

As explained above, an LDS, M, has an equivalent class of realizations related by
the action e. Hence, M sits naturally in a quotient space, namely SL,, . /(G L(n) x
O (m)). However, this quotient space is not smooth or even Hausdorff. Recall that if
a Lie group G acts on a manifold smoothly, properly, and freely, then the quotient
space has the structure of a smooth manifold [47]. Smoothness of e is obvious. In
general, the action of a non-compact group such as GL(n) x O(m) is not proper.
However, one can verify that the rank conditions we imposed in Proposition 1 are
enough to make e both a proper and free action on the realization submanifolds
(see [2] for a proof). The resulting quotient manifolds are denoted by dropping the
superscript 7, e.g., S E?,;fr,lf},mm. The next theorem, which is an extension of existing
results, e.g., in [33] shows that, in fact, we have a principal fiber bundle structure.

Theorem 1 Let E~m,n’,, be as in Propositionl and Xy, ;. p = i‘m,n’,,/(GL(n) X
O(m)) be the corresponding quotient LDS space. The realization-system pair
(i‘m’n, ps Zm.n, p) has the structure of a smooth principal fiber bundle with structure
group GL(n) x O(m). In the case of SLy;" },ZC the bundle is trivial (i.e., diffeomor-
phic to a product), otherwise it is trivial only whenm = 1 orn = 1.

The last part of the theorem has an important consequence. Recall that a principal
bundle is trivial if it diffeomorphic to global product of its base space and its structure
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group. Equivalently, this means that a trivial bundle admits a global smooth cross
section or what is known as a smooth canonical form in the case of LDSs, i.e., a
globally smooth mapping s: Xy, 4 p — fm’n, p Which assigns to every system a
unique realization. This theorem implies that the minimality condition is a compli-
cated nonlinear constraint, in the sense that it makes the bundle twisted and nontrivial
for which no continuous canonical form exists. Establishing this obstruction put an
end to control theorists’ search for canonical forms for MIMO LDSs in the 1970s
and explained why system identification for MIMO LDSs is a challenging task [11,

15, 36].
On the other hand, one can verify that (S Eiln:lpptc, S Efnlil,f’},[c) is a trivial bundle.
Therefore, for such systems global canonical forms exist and they can be used to

. . . tC aHa,mp,tC .
define distances, i.e., if s : 8£3;H,1,p » — SL, "™ is such a canonical form then

m,n,p
dSLa m. [C(M], M>) = Sﬁa . 1c(s(M1) s(M>)) defines a distance on Sﬁfnnﬁp}fc for

any d1stance dgza mp,iC ON the realization space. In general, unless one has some
m,n,

specific knowledge there is no preferred choice for a section or canonical form. If
one has a group-invariant distance on the realization space, then the distance induced
from using a cross section might be inferior to the group action induced distance, in
the sense it may result in an artificially larger distance. In the next section we review
the basic idea behind group action induced distances in our application.

8.4.1 Group Action Induced Distances

Figure 8.1a schematically shows a realization bundle ¥ and its base LDS space
Y. Systems M1, M, € X have realizations R; and R in D) , respectively. Let us
assume thata G = GL(n) x O(n)-invariant distance dg on the realization bundle is
given. The realizations, R and R, in general, are not aligned with each other, i.e.,
c?(;(Rl, R») can be still reduced by sliding one realization along its fiber as depicted
in Fig. 8.1b. This leads to the definition of the group action induced distance:'?

ds(My, M>) = inf(p 9)eGd5((P, ©) e Ry, R>). (8.13)

In fact, one can show that dx (-, ) is a true distance on X, i.e., it is symmetric and
positive definite and obeys the triangle inequality (see e.g., [66]).'*
The main challenge in the above approach is the fact that, due to non-compactness

of GL(n), constructing a GL(n) x O(n)-invariant distance is computationally dif-

13 We may call this an alignment distance. However, based on the same principle in Sect. 8.5 we
define another group action induced distance, which we explicitly call the alignment distance. Since
our main object of interest is that distance, we prefer not to call the distance in (8.13) an alignment
distance.

14 1t is interesting to note that some of the good properties of the k-nearest neighborhood algorithms
on a general metric space depend on the triangle inequality [21].
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Fig. 8.1 Overeach LDS in X' sits a realization fiber. The fibers together form the realization space
(bundle) X'. If given a G-invariant distance on the realization bundle, then one can define a distance
on the LDS space by aligning any realizations Ry, R» of the two LDSs M, M> as in (8.13)

ficult. The construction of such a distance can essentially be accomplished by
defining a GL(n) x O(n)-invariant Riemannian metric on the realization space and
solving the corresponding geodesic equation, as well as searching for global min-
imizers.!> Such a Riemannian metric for deterministic LDSs was proposed in [45,
46]. One could also start from (an already invariant) distance on a large ambient
space such as P, and specialize it to the desired submanifold X~ of LDSs to get a
Riemannian manifold on X and then thereon solve geodesic equations, etc. to get an
intrinsic distance (e.g., as reported in [33, 34]). Both of these approaches seem very
complicated to implement for the case of very high-dimensional LDSs. Instead, our
approach is to use extrinsic group action induced distances, which are induced from
unitary-invariant distances on the realization space. For that we recall the notion of
reduction of structure group on a principal fiber bundle.

8.4.2 Standardization: Reduction of the Structure Group

Next, we recall the notion of reducing a bundle with non-compact structure group
to one with a compact structure group. This will be useful in our geometrization
approach in the next section. Interestingly, bundle reduction also appears in statistical
analysis of shapes under the name of standardization [43]. The basic fact is that any
principal fiber G-bundle (£, ¥) can be reduced to an OG-subbundle 0z ¢ x,
where OG is the maximal compact subgroup of G [44]. This reduction means that
X is diffeomorphic to 65/ OG (i.e., no topological information is lost by going to
the subbundle and the subgroup). Therefore, in our cases of interest we can reduce
a GL(n) x O(m)-bundle to an OG(n,m) = O(n) x O(m)-subbundle. We call

15 This problem, in general, is difficult, among other things, because it is a non-convex (infinite-
dimensional) variational problem. Recall that in Riemannian geometry the non-convexity of the arc
length variational problem can be related to the non-trivial topology of the manifold (see e.g., [17]).
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Fig. 8.2 A standardized subbundle (/’)\Z‘/m,n, p of 5,,,,”, p is a subbundle on which G acts via its

compact subgroup OG. The quotient space OXy, »,p/ O G still is diffeomorphic to the base space
Xm.n, p- One can define an alignment distance on the base space by aligning realizations Ry, R, €

—

OXpn,pof M, My € Xy, . p as (8.15)

such a subbundle a standardized realization space or (sub)bundle. One can perform
reduction to various standardized subbundles and there is no canonical reduction.
However, in each application one can choose an inferesting one. A reduction is in
spirit similar to the Gram-Schmidt orthonormalization [44, Chap. 1]. Figure 8.2a

shows a standardized subbundle E’)\f in the realization bundle X .

8.4.3 Examples of Realization Standardization

o »a,mp,tC

As an example consider R = (A, B,C, D) € Sﬁm’n‘p ,and let C = UP be
an orthonormalization of C, where U'U = I, and P € GL(n). Now the new
realization R = (P~', I,,) ® R belongs to the O (n)-subbundle (’jﬁ;rzpptc ={R e
S C\cTe = 1)

m,n,p

Other .forms of bundle reduction, e.g., in the case of the nontrivial bundle
SE?,;T},mm are possible. In particular, via a process known as realization balanc-
ing (see [2, 37]), we can construct a large family of standardized subbundles. For

.. .. <—,a,mp,min
example, a more sophisticated one is in the case of SL,, npp

(internal) balancing. Consider the symmetric n X n matrices W, = COQCOTo and
W, = O; O, which are called controllability and observability Gramians, respec-
tively, and where C, and Oy are called extended controllability and observability
matrices, respectively (see the definitions in Sect. 8.3.3.1 with k = 00). Due to the
minimality assumption, both W, and W, are positive definite. Notice that under the
action e, W, transforms to P~'W,.P~T and W, to PT W, P. Consider the function
h: GL(n) — R defined as h(P) = trace(P~'W.P~T + PTW,P). It is easy to
see that 4 is constant on O (n). More importantly, it can be shown that any critical
point P of & is global minimizer and if P, is any other minimizer then Py = P> Q

via the notion of
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for some Q € O(n) [37]. Minimizing 4 is called balancing (in the sense of Helmke
[37]). One can show that balancing is, in fact, a standardization in the sense that we
defined (a proof of this fact will appear elsewhere). Note that a more specific form
of balancing called diagonal balancing (due to Moore [52]) is more common in the
control literature, however, that cannot be considered as a form of reduction of the
structure group. The interesting intuitive reason is that it tries to reduce the structure
group beyond the orthogonal group to the identity element, i.e., to get a canonical
form (see also [55]). However, it fails in the sense that, as mentioned above, it cannot

. . . . . . . . a,mp, min
give a smooth canonical form, i.e., a section which is diffeomorphic to S,Cm’,f,’,,

8.5 Extrinsic Quotient Geometry and the Alignment Distance

In this section, we propose to use the large class of extrinsic unitary invariant distances
on a standardized realization subbundle to build distances on the LDS base space.
The main benefits are that such distances are abundant, the ambient space is not
too large (e.g., not infinite dimensional), and calculating the distance in the base
space boils down to a static optimization problem (albeit non-convex). Specifically,

let é@f be a unitary invariant distance on a standardized realization subbundle
m,n,p

@—fm,n, p with the base X, ,, , (as in Theorem 1). One example of such a distance is

5 (R1.R)=MallA1=A2lF + Agl|B1 =Bl + AcC1—=Call + Apll Dy = D2l
m,n,p
(8.14)

where A4, Ag, Ac, Ap > 0 are constants and | - || f is the matrix Frobenius norm.
A group action induced distance (called the alignment distance) between two LDSs
My, My € Xy, , with realizations Ry, R € 6:"7,,,7”,], is found by solving the
realization alignment problem (see Fig. 8.2b)

dz  (My, M>) = min a2 ,0) e R, R)). 8.15
Em,n.p( ! 2) (Q,@)GO(H)XO(W[) Ozm,n,p((Q ). ! 2) ( )

In [39] a fast algorithm is developed which (with little modification) can be used to
compute this distance.

Remark 4 We stress that, via the identification of a process with its canonical spec-
tral factors (Proposition 1 and Theorem 1), dx,, , , (-, -) is (or induces) a distance on
the space of processes generated by the LDSs in X, , ,. Therefore, in the sprit
of distances studied in Sect.8.2 we could have written dy,, , ,(y;, y,) instead of
dEm,n,p (M, M>), where y; and y, are the processes generated by M and M> when
excited by the standard Gaussian process. However, the chosen notation seems more

convenient.

Remark 5 Calling the static global minimization problem (8.15) “easy” in an
absolute term is an oversimplification. However, even this global minimization
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over orthogonal matrices is definitely simpler than solving the nonlinear geodesic
ODEs and finding shortest geodesics globally (an infinite-dimensional dynamic
programming problem). It is our ongoing research to develop fast and reliable algo-
rithms to solve (8.15). Our experiments indicate that the Jacobi algorithm in [39] is
quite effective in finding global minimizers.

In [1], this distance was first introduced on Sﬁs;fx,l}? },tC with the standardized

subbundle (7)?92;?;(: The distance was used for efficient video sequence clas-
sification (using 1-nearest neighborhood and nearest mean methods) and clustering
(e.g., via defining averages or a k-means like algorithm). However, it should be men-
tioned that in video applications (for reasons which are not completely understood)
the comparison of LDSs based on the (A, C) part in (8.1) has proven quite effective
(in fact, such distances are more commonly used than distances based on compar-
ing the full model). Therefore, in [1], the alignment distance (8.15) with parameters
Ap = Ap = 0 was used, see (8.14). An algorithm called the align and average is
developed to do averaging on S Lfnn,l,P },tc (see also [2]). One defines the average M of

LDSs {M;} | C Sﬁf,;ﬂlf},tc (the so-called Fréchet mean or average) as a minimizer
of the sum of the squares of distances:

N
M = argmin , Zdég“mp‘tc (M, M;). (8.16)

y m,n,p
i=1

The align and average algorithm is essentially an alternating minimization algorithm
to find a solution. As a result, in each step it aligns the realizations of the LDSs
M; to that of the current estimated average, then a Euclidean average of the aligned
realizations is found and afterwards the found C matrix is orthonormalized, and the
algorithm iterates these steps till convergence (see [1, 2] for more details). A nice
feature of this algorithms is that (generically) the average LDS M by construction will
be of order n and minimum phase (and under certain conditions stable). An interesting
question is whether the average model found this way is asymptotically stable, by
construction. The most likely answer is, in general, negative. However, in a special

case it can be positive. Let ||A||> denote the 2-norm (i.e., the largest singular value)
. . . . /\—/a,mp,tC
of the matrix A. In the case the standardized realizations R; € OSﬁm’n’ p (1<

i < N) are such that ||A;|l2 < 1(1 <i < N), then by construction the 2-norm of
the A matrix of the average LDS will also be less than 1. Hence, the average LDS
will be asymptotically stable. Moreover, as mentioned in Sect.8.4.3, in the case of
S Cﬁﬂ?},mm we may employ the subbundle of balanced realizations as the standardized
subbundle. It turns out that in this case preserving stability (by construction) can be
easier, but the averaging algorithm gets more involved (see [2] for some more details).
Obviously, the above alignment distance based on (8.14) is only an example. In a
pattern recognition application, a large class of such distances can be constructed and
among them a suitable one can be chosen or they can be combined in a machine learn-
ing framework (such distances may even correspond to different standardizations).
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8.5.1 Extensions

Now, we briefly point to some possible directions along which this basic idea can
be extended (see also [2]). First, note that the Frobenius norm in (8.14) can be
replaced by any other unitary invariant matrix norm (e.g., the nuclear norm). A less

trivial extension is to get rid of O(m) in (8.15) by passing to covariance matri-

a,mp,tC a,mp,tC

ces. For example, in the case of OSL,, ,, ,, it is easy to verify that SLyp np =

———a,mp,tC,cv ———a,mp,tC,cv

OSﬁm’n’[, /(O(n)xlm),whereOSEm’n’p ={A,Z,C,9A,B,C,D) e
——a,mp,tC

OSC;TZ}; ,Z = BBT,S = DDT'}.On this standardized subspace one only has the

action of O (n) which we denote as Q x (A, Z,C, S) = (QTAQ,0"7Z20,C0Q,S).
One can use the same ambient distance on this space as in (8.14) and get

d% (M, M;) = min d>_ * Ry, Ry), 8.17
Zun (M1 M2 Q€0 Oxm,n,h(Q 1 R2) ®.17)

. . ———a,mp,tC,cv )
for realizations Ry, Ry € OSL,, » - One could also replace the || - || in the

terms associated with B and D in (8.14) with some known distances in the spaces
of positive definite matrices or positive-semi-definite matrices of fixed rank (see
e.g., [14, 63]). Another possible extension is, e.g., to consider other submanifolds

of (ﬁ;jp;c e.g., a submanifold where |C||r = ||B||[r = 1. In this case the
corresponding alignment distance is essentially a scale invariant distance, i.e., two
processes which are scaled version of one another will have zero distance. A more
significant and subtle extension is to extend the underlying space of LDSs of fixed
size and order n to that of fixed size but (minimal) order not larger than n. The details

of this approach will appear elsewhere.

8.6 Conclusion

In this paper our focus was the geometrization of spaces of stochastic processes
generated by LDSs of fixed size and order, for use in pattern recognition of high-
dimensional time-series data (e.g., in the prototype Problem 1). We reviewed some
of the existing approaches. We then studied the newly developed class of group
action induced distances called the alignment distances. The approach is a general
and flexible geometrization framework, based on the quotient structure of the space
of such LDSs, which leads to a large class of extrinsic distances. The theory of
alignment distances and their properties is still in early stages of development and
we are hopeful to be able to tackle some interesting problems in control theory as
well as pattern recognition in time-series data.
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Chapter 9

Discrete Ladders for Parallel Transport
in Transformation Groups with an Affine
Connection Structure

Marco Lorenzi and Xavier Pennec

9.1 Introduction

The analysis of complex information in medical imaging and in computer vision
often requires to represent data in suitable manifolds in which we need to compute
trajectories, distances, means and statistical modes. An important example is found in
computational anatomy, which aims at developing statistical models of the anatomi-
cal variability of organs and tissues. Following Thompson [14], we can assume that
the variability of a given observation of the population is encoded by a spatial defor-
mation of a template shape or image (called an atlas in computational anatomy). The
analysis of deformations thus enables the understanding of phenotypic variation and
morphological traits in populations.

Deformations of images and shapes are usually estimated by image registration.
Among the numerous methods used for registering medical images, the rich math-
ematical setting of diffeomorphic non-linear registration is particularly appealing
since it provides elegant and grounded methods for atlas building [21], group-wise
[9], and longitudinal statistical analysis of deformations [7, 15, 17]. In particular,
temporal evolutions of anatomies can be modeled by transformat trajectories in the
space of diffeomorphisms. However, developing population-based models requires
reliable methods for comparing different trajectories.

Among the different techniques proposed so far [10, 17, 37], parallel transport
represents a promising method which relies on a solid mathematical background. At
the infinitesimal level, a trajectory is a tangent vector to a transformation. Parallel
transport consists in transporting the infinitesimal deformation vector across the
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manifold by preserving its properties with respect to the space geometry. It is one
of the fundamental operations of differential geometry which enables to compare
tangent vectors, and thus the underlying trajectories, across the whole manifold.

For this reason, parallel transport in transformation groups is currently an impor-
tant field of research with applications in medical imaging to the development of
spatio-temporal atlases for brain images [26], the study of hippocampal shapes [35],
or cardiac motion [1]. In computer vision one also finds applications to motion track-
ing and more generally to statistical analysis [12, 42, 45, 47].

Even though the notion of parallel transport comes in some way intuitively, its
practical implementation requires the precise knowledge of the space geometry, in
particular of the underlying connection. This is not always easy, especially in infinite
dimensions such as in the setting of diffeomorphic image registration. Moreover,
parallel transport is a continuous operation involving the computation of (covariant)
derivatives which, from the practical point of view, might lead to issues concern-
ing numerical stability and robustness. These issues are related to the unavoidable
approximations arising when continuous energy functionals and operators are dis-
cretized on grids, especially concerning the evaluation of derivatives through finite
difference schemes.

The complexity and limitations deriving from the direct computation of contin-
uous parallel transport methods can be alleviated by considering discrete approx-
imations. In the *70s of the past century [31] proposed a scheme for performing
the parallel transport with a very simple geometrical constructions. This scheme was
called Schild’s Ladder since it was in the spirit of the work of the theoretical physicist
Alfred Schild’s. The computational interest of Schild’s ladder resides in its gener-
ality, since it enables the transport of vectors in manifolds by computing geodesics
only. This way, the implementation of covariant derivatives is not required anymore,
and we can concentrate the implementation effort on the geodesics only.

We recently showed that numerical schemes derived from the Schild’s ladder can
be effectively applied in the setting of diffeomorphic image registration, by appro-
priately taking advantage of the underlying geometrical setting [28, 29]. Based on
this experience, we believe that discrete transport methods represent promising and
powerful techniques for the analysis of transformations due to their simplicity and
generality. Bearing in mind the applicative context of the development of transport
techniques, this chapter aims to illustrate the principles of discrete schemes for par-
allel transport in smooth groups equipped with affine connection or Riemannian
structures.

The chapter is structured as follows. In Sect. 9.2 we provide fundamental notions of
finite-dimensional Lie Groups and Riemannian geometry concerning affine connec-
tion and covariant derivative. These notions are the basis for the continuous parallel
transport methods defined in Sect. 9.3. In Sect. 9.4 we introduce the Schild’s ladder.
After detailing its construction and mathematical properties, we derive from it the
more efficient Pole ladder construction in Sect. 9.4.2. These theoretical concepts are
then contextualized and discussed in the applicative setting of diffeomorphic image
registration, in which some limitations arise when considering infinite dimensional
Lie groups (Sect. 9.5). Finally, after illustrating numerical implementations of the
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aforementioned discrete transport methods, we show in Sect. 9.6 their effectiveness
when applied to the very practical problem of statistical analysis of the group-wise
longitudinal brain changes in Alzheimer’s disease.

This chapter summarizes and contextualizes a series of contributions concerning
the theoretical foundations of diffeomorphic registration parametrized by stationary
velocity fields (SVFs) and discrete transport methods. The application of Schild’s
ladder in the context of image registration was first presented in [29]. In [28], we
highlighted the geometrical basis of the SVFs registration setting by investigating its
theoretical foundations and its connections with Lie group theory and affine geom-
etry. These insights allowed to define a novel discrete transport scheme, the pole
ladder, which optimizes the Schild ladder by taking advantage of the geometrical
properties of the SVF setting [27].

9.2 Basics of Lie Groups

We recall here the theoretical notions of Lie group theory and affine geometry, that
will be extensively used in the following sections.

A Lie group G is a smooth manifold provided with an identity element id, a smooth
associative composition rule (g, 7) € G x G +— gh € G and a smooth inversion
rule g — ¢~ ! which are both compatible with the differential manifold structure.
As such, we have a tangent space TG at each point g € G. A vector field X is a
smooth function that maps a tangent vector X|, to each point g of the manifold. The
set of vector fields (the tangent bundle) is denoted TG. Vector fields can be viewed
as the directional (or Lie) derivative of a scalar function ¢ along the vector field at
each point: Ox |, = %qﬁ((p,)b:o, where ¢, is the flow of X and ¢g = g. Composing
directional derivatives dx Jy ¢ leads in general to a second order derivation. However,
we can remove the second order terms by subtracting dydx ¢ (this can be checked
by writing these expression in a local coordinate system). We obtain the Lie bracket
that acts as an internal multiplication in the algebra of vector fields:

(X, YI(¢) = OxOy¢p — OyOx .

Given a group element a € G, we call left translation L, the composition with
the fixed element a on the left: La : g € G + ag € G. The differential DL, of the
left translation maps the tangent space T,G to the tangent space T,,G. We say that
a vector field X € T(G) is left invariant if it remains unchanged under the action of
the left translation: DL,X|g = X]g,. The sub-algebra of left-invariant vector fields
is closed under the Lie bracket and is called the Lie algebra g of the Lie group. Since
a left-invariant vector field is uniquely determined by its value at identity through
the one-to-one map X| g = DLyX, the Lie algebra can be identified to the tangent
space at the identity T;3G. One should notice that any smooth vector field can be
written as a linear combination of left-invariant vector fields with smooth functional
coefficients.
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Left-invariant vector fields are complete in the sense that their flow ¢, is defined
for all time. Moreover, this flow is such that ¢;(g) = g¢;(id) by left invariance. The
map X — 1 (id) of g into G is called Lie group exponential and denoted by exp. In
particular, the group exponential defines the one-parameter subgroup associated to
the vector X and has the following properties:

e (id) = exp(tX), for each t € R;
o exp((r + 5)X) = exp(tX) exp(sX), for each 7, s € R.

In finite dimension, it can be shown that the Lie group exponential is a diffeomor-
phism from a neighborhood of 0 in g to a neighborhood of id in G.

For each tangent vector X € g, the one parameter subgroup exp(zX) is a curve
that starts from identity with this tangent vector. One could question if this curve
could be seen as a geodesic like in Riemannian manifolds. To answer this question,
we first need to define what are geodesics. In a Euclidean space, straight lines are
curves which have the same tangent vector at all times. In a manifold, tangent vectors
at different times belong to different tangent spaces. When one wants to compare
tangent vectors at different points, one needs to define a specific mapping between
their tangent spaces: this is the notion of parallel transport. There is generally no
way to define globally a linear operator I'IZ : TG — T,G which is consistent
with composition (i.e. I'IZ ol = 1'[}'). However, specifying the parallel transport
for infinitesimal displacements allows integrating along a path, thus resulting in a
parallel transport that depend on the path. This specification of the parallel transport
for infinitesimal displacements is called the (affine) connection.

9.2.1 Affine Connection Spaces

An affine connection on G is an operator which assigns to each X € T(G) a linear
mapping Vx : T(G) — T(G) such that, for each vector field X, Y € T(G), and
smooth function f, g € C*°(G, R)

Vix+gy =fVx +gVy (Linearity); 9.1)
Vx(fY) = fVx(Y) + (Xf)Y (Leibniz rule). 9.2)

The affine connection is therefore a derivation on the tangent space which infinites-
imally maps them from one tangent plane to another.

The connection give rise to two very important geometrical objects: the torsion and
curvature tensors. The torsion quantifies the failure to close infinitesimal geodesic
parallelograms:

TX,Y) =VxY - WX -[X Y],

while the curvature measures the local deviation of the space from being flat, and is
defined as
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R(X,Y)Z = VXVyZ — VyVxZ — V|x v|Z.

Once the manifold is provided with a connection, it is possible to generalize the
notion of “straight line”: a vector field X is parallel along a curve y(¢) if V4 X = 0
for each ¢. A path (7) on G is said to be straight or geodesic if V4 = 0, i.e. if its
tangent vector remains parallel to itself along the path.

In a local coordinate system, the geodesic equation is a second order differential
equation. Thus, given a point p € G and a vector X € T,G, there exist a unique
geodesic y(z, p, X) that passes through p with velocity X at the instant ¢+ = 0 [34].
We define therefore the Affine exponential as the applicationexp : G x T(G) - G
given by exp,(X) = (1, p, X).

If, as in the Euclidean case, we want to associate to the straight lines the property
of minimizing the distance between points, we need to provide the group G with a
Riemannian manifold structure, i.e. with a metric operator g on the tangent space. In
this case there is a unique connection, called the Levi Civita connection, which, for
eachX,Y,Z e T(G):

e Preserves the metric, i.e. the parallel transport along any curve connecting f to g
is an isometry:

9(X,Y)y = g(T,X, TV, Y);.
e Is torsion free:
VxY — VyX = [X, Y],

thus the parallel transport is symmetric with respect to the Lie bracket.

By choosing the Levi Civita connection of a given Riemannian metric, the affine
geodesics are the length minimizing paths (i.e. classical Riemannian geodesics).
However, given a general affine connection, there may not exist any Riemannian
metric for which affine geodesics are length minimizing.

9.2.2 Cartan-Schouten Connections

Given an affine connection V and a vector X on T;;G, we can therefore define two
curves on G passing through id and having X as tangent vector, one given by the Lie
group exponential exp and the other given by the affine exponential exp,;. When do
they coincide?

The connection V on G is left-invariant if, for each left translation L, (a € G)
and any vector fields X and Y, we have Vp; x(DL,Y) = DL,Vx(Y). Using two left
invariant vector fields X, Y € g generated by the tangent vectors X, Y € T;;G, we see
that VXS? is itself a left-invariant vector field generated by its value at identity. Since
a connection is completely determined by its action on the left-invariant vector fields
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(we can recover the connection on arbitrary vector fields using Eqgs. (9.1 and 9.2)
from their decomposition on the Lie Algebra), we conclude that each left-invariant
connection V is uniquely determined by a product v (symmetric bilinear operator)
on T;;G through

alX,Y) = VgY o

Notice that such a product can be uniquely decomposed into a commutative part o =
% (a(X,Y) + a(Y, X)) and a skew symmetric part o/ = % (a(X,Y) — a(Y, X)).
The symmetric part specifies the geodesics (i.e. the parallel transport of a vector
along its own direction) while the skew-symmetric part specifies the torsion which
governs the parallel transport of a vector along a transverse direction (the rotation
around the direction of the curve if we have a metric connection with torsion).

Following [34], a left-invariant connection V on a Lie group G is a Cartan-
Schouten connection if, for any tangent vector X at the identity, the one-parameter
subgroups and the affine geodesics coincide, i.e. exp(tX) = (¢, id, X) . We can see
that a Cartan connection satisfies a(X, X) = 0 or, equivalently, is purely skew-sym-
metric.

The one-dimensional family of connections generated by a(X,Y) = A[X, Y]
obviously satisfy this skew-symmetry condition. Moreover, the connections of this
family are also invariant by right translation [33], thus invariant by inversion also
since they are already left invariant. This make them particularly interesting since
they are fully compatible with all the group operations.

In this family, three connections have special curvature or symmetric properties
and are called the canonical Cartan-Schouten connections [11]. The zero curvature
connections given by A = 0, 1 (with torsion T = —[X, Y] and T = [5(, ?] respec-
tively on left invariant vector fields) are called left and right Cartan connections.
The choice of A\ = 1/2 leads to average the left and right Cartan connections. It is
called the symmetric (or mean) Cartan connection. It is torsion-free, but has curvature
RX,YV)Z =1 [[X, 1, Z] .

As a summary, the three canonical Cartan connections of a Lie group are (for two
left-invariant vector fields):

VoY =0 Left (Torsion, Flat);
~ 1r~ ~

VY = 3 [X Y] Symmetric (Torsion-Free, Curved);

V.Y = [X, ?] Right (Torsion, Flat).

Since the three canonical Cartan connections only differ by torsion, they share
the same affine geodesics which are the left and right translations of one parameter
subgroups. In the following, we call them group geodesics. However, the parallel
transport of general vectors along these group geodesics is specific to each connection
as we will see below.
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9.2.3 Riemannian Setting: Levi Civita Connection

Given ametric <X, Y > on the tangent space at identity of a group, one can propagate
this metric to all tangent spaces using left (resp. right) translation to obtain a left-
(resp. right-) invariant Riemannian metric on the group. In the left-invariant case
we have <DL X, DL,Y>, = <X, Y> and one can show [24] that the Levi Civita
connection is the left-invariant connection generated by the product

aX,Y) = %[X, Y] — %(ad*(X, Y) + ad*(Y, X)),

where the operator ad™ is defined by <ad*(Y,X),Z> = <[X,Z],Y> for all
X,Y,Z € g. A similar formula can be established for right-invariant metrics using
the algebra of right-invariant vector fields .

We clearly see that this left-invariant Levi Civita connection has a symmetric part
which make it differ from the Cartan symmetric connection a(X, Y) = %[X ,Y]. In
fact, the quantity ad™ (X, X) specifies the rate at which a left invariant geodesic and
a one parameter subgroup starting from the identity with the same tangent vector
X deviates from each-other. More generally, the condition ad*(X, X) = 0 for all
X € g turns out to be a necessary and sufficient condition to have a bi-invariant
metric [34]. It is important to notice that geodesics of the left- and right-invariant
metrics differ in general as there do not exists bi-invariant metrics even for simple
groups like the Euclidean motions [33]. However, right invariant geodesics can be
easily obtained from the left invariant one through inversion: if ¢() is a left invariant
geodesic joining identity to the transformation ¢y, then ¢! (r) is a right-invariant
geodesic joining identity to qﬁl_l.

9.3 Continuous Methods for Parallel Transport

After having introduced the theoretical bases of affine connection spaces, in this
section we detail the theoretical relationship between parallel transport of tangent
vectors and respectively Cartan-Schouten and Riemannian (Levi Civita) connections.

9.3.1 Cartan-Schouten Parallel Transport

For the left Cartan connection, the unique fields that are covariantly constant are the
left-invariant vector fields, and the parallel transport is induced by the differential of
the left translation [34], i.e. IT : T,G — T,G is defined as

" (X) = DL,,-1X. (9.3)
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One can see that the parallel transport is actually independent of the path, which is
due to the fact that the curvature is null: we are in a space with absolute parallelism.
Similarly, the right-invariant vector fields are covariantly constant with respect to
the right invariant connection only. As above, the parallel transport is given by the
differential of the right translation

*(X) = DR,-1,X, (9.4)

and we have an absolute parallelism as well.

Finally, the parallel transport for the symmetric Cartan connection is given by
the infinitesimal alternation of the left and right transports. However, as there is
curvature, it depends on the path: it can be shown [18] that the parallel transport of
X along the geodesic exp(tY) is:

n¥x) = DL

DR X. (9.5)

exp(%Y) exp(%Y)

9.3.2 Riemannian Parallel Transport

In the Riemannian setting the parallel transport with the Levi Civita connection can
be computed by solving a system of PDEs which locally depend on the associated
metric (the interested reader can refer to [16] for a more comprehensive description
of the parallel transport in Riemannian geometry). Let x; be a local coordinate chart
x; with 0; = 8% alocal basis of the tangent space. The tangent vector to the curve 7 is

=2 v/9;. It can be easily shown that a vector ¥ = > !0 is parallel transported
along ~ with respect to the affine connection V iff

Vi¥ = > > ik 4505 | ac =0, 9.6)
k ij

with the Christoffel symbols of the connection being defined from the covariant
. . — k
derivative Vp,0; = >, T;:0k.
Let us consider the local expression for the metric tensor gy, = < 0%,0%( >. Thanks
to the compatibility condition, the Christoffel symbols of the Levi Civita connection
can be locally expressed via the metric tensor leading to

1 0 1o} 0
ij 5 El ’ Ox; gj1 + axj qii + o) glj] g

with (¢%) = (gi)~".
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Fig. 9.1 (/) The transport of the vector A along the curve C is performed by the Schild’s ladder
by (2) the construction of geodesic parallelograms in a sufficiently small neighborhood. (3) The
construction is iterated for a sufficient number of neighborhoods

Thus, in the Riemannian setting the covariant derivative is uniquely defined by
the metric, and the parallel transport thus depends from the path v and from the local
expression of the metric tensor g;; (formula 9.6).

9.4 Discrete Methods for Parallel Transport

In Sect. 9.3 we showed that the parallel transport closely depends on the underlying
connection, and that thus it assumes very specific formulations depending on the
underlying geometry. In this section we introduce discrete methods for the compu-
tation of the parallel transport which do not explicitly depend on the connection and
only make use of geodesics. Such techniques could be applied more generally when
working on arbitrary geodesic spaces.

9.4.1 Schild’s Ladder

Schild’s ladder is a general method for the parallel transport, introduced in the theory
of gravitation in [31] after Schild’s similar constructions [39]. The method infinites-
imally transports a vector along a given curve through the construction of geodesic
parallelograms (Fig. 9.1). The Schild’s ladder provides a straightforward method to
compute a second order approximation of the parallel transport of a vector along a
curve using geodesics only.

Let M a manifold and C a curve parametrized by the parameter 7 with g—f T, = u,
and A € Tp,M, atangent vector on the curve at the point Py = C(0). Let Py be a point
on the curve relatively close to Py, i.e. separated by a sufficiently small parameter
value 7.
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The Schild’s ladder computes the parallel transport of A along the curve C as
follows:

1. Define a curve on the manifold parametrized by a parameter o passing through
the point Py with tangent vector 8%' p, = A. Chose a point P, on the curve
separated by Py by the value of the parameters o. The values of the parameters o
and 7 should be chosen in order to construct this step of the ladder within a single
coordinate neighborhood.

2. Let!be the geodesic connecting P, = [(0) and P; = I()\), we choose the “middle
point” P3 = [(A/2). Now, let us define the geodesic r connecting the starting point
Py and P3 parametrized by p such that P3 = r(p). Extending the geodesic at the
parameter 2p we reach the point P4. We can now compute the geodesic curve
connecting P and P4. The vector A’ tangent to the curve at the point P1 is the
parallel translation of A along C.

3. If the distance between the points Py and P is large, the above construction can
be iterated for a sufficient number of steps.

The algorithmic interest of the Schild’s ladder is that it only relies on the com-
putation of geodesics. Although the geodesics on the manifold are not sufficient to
recover all the information about the space properties, such as the torsion of the con-
nection, it has been shown that the Schild’s ladder implements the parallel transport
with respect to the symmetric part of the connection of the space [23]. An intuitive
view of that point is that the construction of the above diagram is commutative and
can be symmetrized with respect to the points P; and P;. If the original connection is
symmetric, then this procedure provides a correct linear approximation of the parallel
transport of vectors.

9.4.2 Pole Ladder

We proposed in [27] a different construction for the parallel transport of vectors
based on geodesics parallelograms. If the curve C is geodesic, then it can be itself
one of the diagonals and the Schild’s ladder can therefore be adapted by requiring
the computation of only one new diagonal of the parallelogram. We define in this
way a different ladder scheme, that we name “pole ladder” since its geometrical
construction recalls the type of ladders with alternating or symmetric steps with
respect to a central axis.

‘We now prove that the pole ladder is correctly implementing the parallel transport.
In the diagram of Fig. 9.2, the parallel transport of the tangent vector v = C along
the geodesic C is specified by the geodesic equation v + Ffjvivi = 0 using the
Christoffel symbols Ff‘/(x). In a sufficiently small neighborhood the relationships
can be linearized to give

vE(1) = vE(0) — TS (x(0)V/(0)¥ (0) + O(2),

and by integrating:
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Fig. 9.2 The pole ladder par-
allel transports the vector A
along the geodesic C. Con-
trarily to the Schild’s ladder, it
only requires to compute one
diagonal geodesic

2
k(1) = x5(0) + v (0) — %rfj(x(O))vi(O)vf 0) + 0@).

By renormalizing the length of the vector v so that C(—1) = Py, C(0) = M and
C(1) = Qo (and denoting Fk = Fk(M)) we obtain the relations:

1 o
Po* = M* =y = ST vy + OV IP),

1 ;i
Q0" = M* +viy = STyviy vy + OUVIP).
Similarly, we have along the second geodesic:

1
Pk = M — zrk v, + O0(Jul®),

1 o
01F = MF +uf, - Erfjujwuju + O(ull?).

Now, to compute the geodesics joining Py to P; and Qg to Q1, we have to use a
Taylor expansion of the Christoffel symbols Fk around the point M. In the following,
we indicate the coordinate according to Wthh the quantity is derived by the index

k k
after a comma: FU 0 =0 FU.

1 k l Vl
STy¥uva) + Fl, wVirvir + OUVIP).

TE(Po) = T + T (—Viy —
However, the Christoffel symbols are multiplied by a term of order O(||A||?), so that
only the first term will be quadratic and all others will be of order 3 with respect to
A and vy;. Thus, the geodesics joining Py to P; and Qg to QO have equations:
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1 .
P = Pj+ A" = STRATA + OIAN+ Ivw D),

1 -
0} = 0f +B" — STiB'B + OBl + Ivu D).

Equating P]f in the previous equations gives

1 L 1 L .
uk, + Erlf;ulMu’M = vk —AF 4+ Erfj(lev’M + AT + OB + Ivar D).

Solving for u as a second order polynomial in vy; and A gives
1 .
ut = v, — A" S+ TN, + O+ vmD).

Now equating Q]f in the previous equations gives

| R T
B* — 5rﬁ;B’Bl = —AF + (T + Ty, + 51“§;A’Af + O((JA] + v D).

Solving for BX as a second order polynomial in vy, and A gives:
k _ k k ky Al 3
B" = —A" + (I'; + ')A v+ O((IANl + Iva D). 9.7)

To verify that this is the correct formula for the parallel transport of A, let us
observe that the field A(x) is parallel in the direction of v if VyA = 0, ie. if
0,AF 4+ r{;Al‘vf = 0, which means that A¥(x + ev) = AF — er{fjAfvf + O(e?). If the
connection is symmetric, i.e. if Fl’.‘j = Fj]j., Eq. (9.7) shows that the pole ladder leads
to BF ~ —AF 4 2I‘l'.‘.Ai v/. Thus the pole ladder is realizing the parallel transport for
a length e = 2 (remember that our initial geodesic was defined from —1 to 1).

We have thus demonstrated that the vector —B of Fig. 9.2 is a second order approx-
imation of the transport of A. In order to optimize the number of time steps we should
evaluate the error in Eq. (9.7) at high orders on ||A|| and ||vys||. The computation is
not straightforward and involves a large number of terms, thus preventing the possi-
bility to synthesize a useful result. However, we believe that the dependency on ||A||
is more important that the one on ||vy/||, and that we could obtain larger time steps
provided that ||A|| is sufficiently small.

9.5 Diffeomorphic Medical Image Registration

We now describe a practical context in which the previous theoretical insights find
useful application. For this purpose, we describe here the link between the theory
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described in Sect. 9.2 and the context of computational anatomy, in particular through
the diffeomorphic non-linear registration of time series of images.

9.5.1 Longitudinal and Cross-Sectional Registration Settings

Modeling the temporal evolution of the tissues of the body is an important goal of
medical image analysis for understanding the structural changes of organs affected
by a pathology, or for studying the physiological growth during the life span. For
such purposes we need to analyze and compare the observed anatomical differ-
ences between follow-up sequences of anatomical images of different subjects. Non-
rigid registration is one of the main instruments for modeling anatomical differences
from images. The aim of non-linear registration is to encode the observed structural
changes as deformation fields densely represented in the image space, which repre-
sent the warping required to match the observed differences. This way, the anatomical
changes can be modeled and quantified by analyzing the associated deformations.

We can identify two distinct settings for the application of non-linear registration:
longitudinal and cross-sectional. In the former, non-linear registration estimates the
deformation field which explains the longitudinal anatomical (intra-subject) changes
that usually reflect biological phenomena of interest, like atrophy or growth. In the
latter, the deformation field accounts for the anatomical differences between different
subjects (inter-subject), in order to match homologous anatomical regions. These
two settings are profoundly different: the cross-sectional setting does not involve
any physical or mechanical deformations and we might wish to compare different
anatomies with different topologies. Moreover, inter-subject deformations are often
a scale of magnitude higher than the ones characterizing the usually subtle variations
of the longitudinal setting.

In case of group-wise analysis of longitudinal deformations, longitudinal and
cross-sectional settings must be integrated in a consistent manner. In fact, the com-
parison of longitudinal deformations is usually performed after normalizing them in
a common reference frame through the inter-subject registration, and the choice of
the normalization method might have a deep impact on the following analysis. In
order to accurately identify longitudinal deformations in a common reference frame
space, a rigorous and reliable normalization procedure need thus to be defined.

Normalization of longitudinal deformations can be done in different ways,
depending on the analyzed feature. For instance, the scalar Jacobian determinant
of longitudinal deformations represents the associated local volume change, and can
be compared by scalar resampling in a common reference frame via inter-subject
registration. This simple transport of scalar quantities is the basis of the classical
deformation/tensor based morphometry techniques [5, 38]. However, transporting
the Jacobian determinant is not sufficient to reconstruct a deformation in the Template
space.

If we consider vector-values characteristics of deformations instead of scalar quan-
tities, the transport is not uniquely defined anymore. For instance, a simple method
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of transport consists in reorienting the longitudinal intra-subject displacement vector
field by the Jacobian matrix of the subject-to-reference deformation. Another intu-
itive method was proposed by [37] and uses the transformation conjugation (change
of coordinate system) in order to compose the longitudinal intra-subject deformation
with the subject-to-reference one. As pointed out in [10], this practice could
potentially introduce variations in the transported deformation and relies on the
inverse consistency of the estimated deformations, which can raise numerical prob-
lems for large deformations.

In the geometric setting, when we have a Riemannian or affine manifold struc-
ture for the space our deformations, one would like to use a normalization which
is consistent with the manifold structure. This requirement naturally raise parallel
transport as the natural tool for normalizing measurements at different points. In
order to elaborate along this idea, we first need to describe the geometric structures
on diffeomorphic deformations.

A first formulation of diffeomorphic registration was proposed with the “Large
Deformation Diffeomorphic Metric Mapping (LDDMM)” setting [8, 44]. In this
framework the images are registered by minimizing the length of the trajectory
of transformations in the space of diffeomorphism, once specified an opportune
right invariant metric. The solution is the endpoint of the flow of a time-varying
velocity field, which is a geodesic parametrized through the Riemannian exponential.
The LDDMM deformations are thus Riemannian (metric) geodesics, which are also
geodesics of the Levi Civita connection.

Since LDDMM is generally computationally intensive, a different diffeomorphic
registration method was later proposed with the stationary velocity field (SVF) setting
[3]. In this case the diffeomorphisms are parametrized by stationary velocity fields,
in opposition to the time varying velocity fields of the LDDMM framework, through
the Lie group exponential. The restriction to stationary velocity fields simplifies the
registration problem and provides efficient numerical schemes for the computation
of deformations. This time the flow associated to SVFs is a one-parameter subgroup,
which is a geodesic with respect to the Cartan-Schouten connections. One-parameter
subgroups are generally not metric geodesics, since there do not exist any left and
right invariant metric on non-compact and non-commutative groups.

In both the LDDMM and SVF settings, the longitudinal deformation is encoded
by the initial tangent velocity field. The transport of longitudinal deformations can be
then naturally formulated as the parallel transport of tangent vectors along geodesics
according to the underlying connection, i.e. the Levi Civita connection in LDDMM,
and the canonical symmetric Cartan-Schouten connection in the SVF setting.

9.5.2 A Glimpse of Lie Group Theory in Infinite Dimension

In Sect. 9.2.2, we derived the equivalence of one-parameter subgroups and the affine
geodesics of the canonical Cartan connections in a finite dimensional Lie group. In
order to use such a framework for diffeomorphisms, we have to generalize the theory
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to infinite dimensions. However, defining infinite dimensional Lie groups is raising
much more difficulties. This is in fact the reason why Lie himself restricted to finite
dimensions. The theory was developed since the *70s and is now an active field of
research. We refer the reader to the recent books [22, 48] for more details on this
theory and to [40] for a good overview of the problems and applications.

The basic construction scheme is to consider an infinite dimensional manifold
endowed with smooth group operations. Such a Lie group is locally diffeomorphic
to an infinite-dimensional vector space which can be a Fréchet space (alocally convex
space which is complete with respect to a translation invariant distance), a Banach
space (where the distance comes from a norm) or a Hilbert space (where the norm is
derived from a scalar product). We talk about Fréchet, Banach or Hilbert Lie groups,
respectively. Extending differential calculus from R” to Banach and Hilbert spaces
is straightforward, but this is not so simple for Fréchet spaces. In particular, the dual
of a Fréchet space need not be Fréchet, which means that some extra care must be
taken when defining differential forms. Moreover, some important theorems such as
the inverse function theorem hold for Banach spaces but not necessarily for Fréchet
spaces.

For instance, the set Difff(M) of C diffeomorphisms of a compact manifold
M is a Banach manifold and the set of Sobolev H* diffeomorphisms Diff* (M) is
a Hilbert manifold (if s > dimM /2). However, these are no-classical “Lie groups”
since one loses derivatives when differentiating the composition and inversion maps.
To obtain the complete smoothness of the composition and inversion maps, one has
to go to infinity, but the Banach structure is lost in the process [40, p.12] and we are
left with Diff* (M) being only a Fréchet Lie group. Some additional structure can be
obtained by considering the sequence of Diff* (M) spaces as a succession of dense
inclusions as k goes to infinity: this the Inverse Limit of Banach (ILB)-Lie group
setting. Likewise, the succession of dense inclusions of Sobolev H* diffeomorphisms
give rise to the Inverse Limit of Hilbert (ILH)-Lie group setting.

As the diffeomorphisms groups considered are Fréchet but not Banach, the usual
setting of infinite dimensional Lie groups is the general framework of Fréchet man-
ifolds. This implies that many of the important properties which are true in finite
dimension do not hold any more for general infinite dimensional Lie groups [41].

First, there is no implicit or inverse function theorem (except Nash-Moser type
theorems.) This implies for instance that the log-map (the inverse of the exponential
map) may not be smooth even if the differential of the exponential map is the identity.

Second, the exponential map is not in general a diffeomorphism from a neigh-
borhood of zero in the Lie algebra onto a neighborhood of the identity in the group.
This means that it cannot be used as a local chart to work on the manifold. For
instance in Diff* (M), in every neighborhood of the identity there may exist diffeo-
morphisms which are not the exponential of an H® vector field. A classical example
of the non-surjectivity of the exponential map is the following function in Diff(S!)
[30]:

frne(®) = 0+ 7w/n + esin®(nd). (9.8)



258 M. Lorenzi and X. Pennec

This function can be chosen as close as we want to the identity by opportunely
dimensioning ¢ and . However, it can be shown that it cannot be reached by any
one-parameter subgroup, and therefore the Lie group exponential is not a local dif-
feomorphisms of Diff(S').

This example is quite instructive and shows that this theoretical problem might
actually be a very practical advantage: the norm of the k-th derivative of f; ¢ is
exploding when k is going to infinity, which shows that we would rather want to
exclude this type of diffeomorphisms from the group under consideration.

9.5.3 Riemannian Structure and Stationary Velocity Fields

In the Large Deformation Diffeomorphic Metric Mapping (LDDMM) framework
[48], a different construction is leading to a more restricted subgroup of diffeo-
morphisms which is more rational from the computational point of view. One first
chooses a Hilbert norm on the Lie Algebra which turn it into an admissible Hilbert
space. Admissible means that it can be embedded into the space of vector fields
which are bounded and vanishing at infinity, as well as all the first order derivatives.
Typically, this is a Sobolev norm of a sufficiently high order. Then, one restricts to the
subgroup of diffeomorphisms generated by the flow of integrable sequences of such
vector fields for a finite time. To provide this group with a Riemannian structure, a
right invariant metric is chosen. A first reason for choosing right translation is that it
is simply a composition which does not involve a differential operator as for the left
translation. A second reason is that the resulting metric on the group is generating an
invariant metric on the object space with a right action. One can show that the group
provided with this right-invariant metric is a complete metric space [44, 48]: the
choice of the norm on the Lie algebra is specifying the subgroup of diffeomorphisms
which are reachable, i.e. which are at a finite distance.

In the SVF setting, the fact that the flow in an autonomous ODE allows us to
generalize efficient algorithms such as the scaling and squaring algorithm: given an
approximation exp(0Y) = id 4+ 0Y for small vector fields §Y, the exponential of a
SVF Y can be efficiently and simply computed by recursive compositions:

Y Y Y \\2
exp(Y) = exp (E) o exp (E) = (exp (2—n)> .

A second algorithm is at the heart of the efficiency of the optimization algorithms with
SVFs: the Baker-Campbell-Hausdorff (BCH) formula [9] tells us how to approximate
the log of the composition:

BCH (X, 0Y) = log(exp(X) o exp(dY))

1 1
:X—I—5Y+E[X,(SY]—}—E[X,[X,(FY]]—I—....
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In order to have a well-posed space of deformations, we need to specify on which
space is modeled the Lie algebra, as previously. This is the role of the regularization
term of the SVF registration algorithms [19, 46] or of the spline parametrization of the
SVF in [6, 32]: this restricts the Lie algebra to the sub-algebra of sufficiently regular
velocity fields. The subgroup of diffeomorphisms considered is then generated by
the flow of these stationary velocity fields and their finite composition. So far, the
theoretical framework is very similar to the LDDMM setting and we can see that
the diffeomorphisms generated by the one-parameter subgroups (the exponential of
SVFs) all belong to the group considered in the LDDMM setting, provided that we
model the Lie algebra on the same admissible Hilbert space. As in finite dimension,
the affine geodesics of the Cartan connections (group geodesics) are metric-free (the
Hilbert metric is only used to specify the space on which is modeled the Lie Algebra)
and generally differ from the Riemannian geodesics of LDDMM.

It is well known that the subgroup of diffeomorphisms generated by this Lie
algebra is significantly larger than what is covered by the group exponential. Indeed,
although our affine connection space is geodesically complete (all geodesics can be
continued for all time without hitting a boundary), there is no Hopf-Rinow theorem
which state that any two points can be joined by a geodesic (metric completeness).
Thus, in general, not all the elements of the group G may be reached by the one-
parameter subgroups. An example in finite dimension is given by SL(2).

However, this might not necessarily results into a problem in the image registration
context since we are not interested in recovering “all” the possible diffeomorphisms,
but only those which lead to admissible anatomical transformations. For instance,
the diffeomorphism on the circle defined above at Eq. (9.8) cannot be reached by
any one-parameter subgroup of S!. However, since

Lim (|fy,ell gx — 00,
k— 00

this function is not well behaved from the regularity point of view, which is a critical
feature when dealing with image registration.

In practice, we have a spatial discretization of the SVF (and of the deformations)
on a grid, and the temporal discretization of the time varying velocity fields by a fixed
number of time steps. This intrinsically limits the frequency of the deformation below
a kind of “Nyquist” threshold, which prevents these diffeomorphisms to be reached
anyway both by the SVF and by the “discrete” LDDMM frameworks. Therefore,
it seems more importance to understand the impact of using stationary velocity
fields in registration from the practical point of view, than from the theoretical point
of view, because we will have necessarily to deal with the unavoidable numerical
implementation and relative approximation issues.
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9.6 Parallel Transport in Diffeomorphic Registration

Continuous and discrete methods for the parallel transport provided in Sects. 9.3
and 9.4 can be applied in the diffeomorphic registration setting, once provided the
appropriate geometrical context (Sect. 9.5). In this section we discuss and illustrate
practical implementations of the parallel transport in diffeomorphic registration, with
special focus on the application of the ladder schemes exposed in Sect. 9.4.

9.6.1 Continuous Versus Discrete Transport Methods

As illustrated in abstract form in [2], parallel transport can be approximated infini-
tesimally by Jacobi fields. Following this intuition, a computational method for the
parallel transport along geodesics of diffeomorphisms provided with a right invariant
metric was proposed in the LDDMM context by [49]. This framework enables to
transport diffeomorphic deformations of point supported and image data, and it was
applied to study the hippocampal shape changes in Alzheimer’s disease [35, 36].
Although it represents a rigorous implementation of the parallel transport, it comes
to the price of the computationally intense scheme. More importantly, it is limited
to the transport along geodesics of the considered right invariant metric, and does
not allow to specify different metrics for longitudinal and inter-subject registrations.
While from the theoretical point of view parallel transporting along a generic curve
can be approximated by the parallel transport on piecewise geodesics, the effective-
ness of the above methods was shown only on LDDMM geodesics, and no general
computational schemes were provided.

The parallel transport in the SVF setting was investigated in [28], in which explicit
formula for the parallel transport with respect to the standard Cartan-Schouten con-
nections (left, right and symmetric) in the case of finite dimensional Lie groups
were derived. Then it was proposed to seamlessly apply these formulas in the infi-
nite dimensional case of the diffeomorphic registration of images. Although further
investigations would be needed to better understand the impact of generalizing to
infinite dimensions the concepts defined for the Lie Group theory in finite dimension,
practical examples of parallel transport of longitudinal diffeomorphisms in synthetic
and real images with respect to the Cartan-Schouten connections showed to be an
effective and simple way to transport tangent SVFs. In particular the parallel trans-
port of the left, right and symmetric Cartan connection defined in Egs. (9.3), (9.4),
and (9.5) was directly applied to longitudinal deformations and compared against
the discrete transport implemented with the Schild’s ladder. These experiments high-
lighted the central role of the numerical implementation on stability and accuracy of
the methods. For instance, the left and symmetric Cartan transports were much less
stable than the right one because they involve the computation of the Jacobian matrix,
computed here with standard finite differences. More robust numerical schemes to
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Schild's Ladder Pole Ladder
o o) W W,

Fig. 9.3 Geometrical schemes in the Schild’s ladder and in the pole ladder. By using the curve C
as diagonal, the pole ladder requires the computation of half times of the geodesics (blue) required
by the Schild’s ladder (red)

compute differential operators on discrete image grids are definitely required to com-
pare them on a fair basis.

9.6.2 Discrete Ladders: Application to Image Sequences

Let I; (i = 1...n) be a time series of images with the baseline Iy as reference.
Consider a template image T(, the aim of the procedure is to compute the image 7;
in order to define the transport of the sequence Iy, .. ., I; in the reference of Ty. In
the sequel, we focus on the transport of a single image /.

Algorithm 1: Schild’s ladder for the transport of a longitudinal deformation.

Let Ip and I be a series of images, and T a reference frame.
1. Compute the geodesic /() in the space I connecting /1 and T
such that /(0) = I1, and [(1) = Tp.
2. Define the half-space image /(1/2) = I%.
3. Compute the geodesic r(p) connecting Iy and / 1
such that r(0) = Ip and r(1) = I%.
4. Define the transported follow-up image as 71 = r(2).
5. The transported deformation is given by registering the images 7o and 7.

We assume that a well posed Riemannian metric is given on the space of images.
This could be Ly, Hy or the metric induced on the space of images by the action of
diffeomorphisms of a well chosen right-invariant metric (LDDMM).
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Schild’s ladder can be naturally translated in the image context (Algorithm 1), by
requiring the computation of two diagonal geodesics.

The pole ladder is similar to the Schild’s one, with the difference of explicitly
using as a diagonal the geodesic C which connects Iy and 7y (Algorithm 2). This
is an interesting property since, given C, it requires the computation of only one
additional geodesic, thus the transport of time series of several images is based on
the same baseline-to-reference curve C (Fig. 9.3).

Algorithm 2: Pole ladder for the transport of a longitudinal deformation.

Let [y and I} be a series of images, and 7y a reference frame.
1. Compute the geodesic C(u) in the space I connecting Ip and T
such that C(0) = Iy and C(1) = Ty.
2. Define the half-space image C(1/2) =1 1
3. Compute the geodesic g(n) connecting /; and / !
such that g(0) = I and g(1) = 1%.
4. Define the transported image as 7| = g(2)
5. Compute the path p(z) such that p(0) = Ty and p(1) = T7.
The transported deformation is the inverse of the registration of p(0) = Ty to p(1) = T]’ .

9.6.2.1 Lifting the Transport to Diffeomorphisms

Despite the straightforward formulation, algorithms (1) and (2) require multiple
evaluations of image geodesics, and a consequent a high cost in terms of computation
time and resources if we compute them with registration. Moreover, since we look
for regular transformations of the space, the registration is usually constrained to be
smooth and the perfect match of correspondent intensities in the registered images is
not possible. For instance, the definition of /1 using the forward deformation on /; or
the backward from Tjy would lead to different results. Since we work in computational
anatomy with deformations, it seems more natural to perform the parallel transport
directly in the group of diffeomorphisms

9.6.3 Effective Ladders Within the SVF Setting

Given a pair of images [;, i € {0, 1}, the SVF framework parametrizes the diffeomor-
phism ¢ required to match the reference Iy to the moving image /1 by a SVF u. The
velocity field u is an element of the Lie Algebra g of the Lie group of diffeomorphisms
G, i.e. an element of the tangent space at the identity 7;;G. The diffeomorphism ¢
belongs to the one parameter subgroup ¢ = exp(f u) generated by the flow of u.
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Fig. 9.4 Ladder with the
one parameter subgroups.
The transport exp(IT(u)) is
the deformation exp(v/2) o
exp(u) o exp(—v/2)

T! v exp(=1lw) | 7

We can therefore define the paths in the space of the diffeomorphisms from the one
parameter subgroup parametrization /(\) = exp(X - u).

Figure 9.4 illustrate how we can take advantage of the stationarity properties of
the one-parameter subgroup in order to define the following robust scheme:

1. Let I} = exp(u) = Ip.

2. Computev = argmin,cq E (Ty o exp(—v/2), Iy o exp(v/2)), where E is a generic
registration energy functional to be minimized.
The half space image /1 can be defined in terms of v/2 as exp(—v/2) x Ty or
exp(v/2)xly. While from the theoretical point of view the two images are identical,
the choice of one of them, or even their mean, introduces a bias in the construction.
The definition of the half step image can be bypassed by relying on the symmetric
construction of the parallelogram.

3. The transformation from /; to / 1 is p = exp(v/2) o exp(—u) and the symmetry

leads to exp (I1(u)) = exp(v/2) o p_l = exp(v/2) o exp(u) o exp(—v/2).

The transport of the deformation ¢ = exp(u) can be therefore obtained through
the conjugate action operated by the deformation parametrized by v/2.

Since the direct computation of the conjugation by composition is potentially
biased by the spatial discretization, we propose a numerical scheme to more robustly
evaluate the transport directly in the Lie Algebra.

9.6.3.1 BCH Formula for the Conjugate Action

The Baker Campbell Hausdorff (BCH) formula was introduced in the SVF diffeomor-
phic registration in [9] and provides an explicit way to compose diffeomorphisms
parametrized by SVFs by operating in the associated Lie Algebra. More specifi-
cally, if v, u are SVFs, then exp(v) o exp(u) = exp(w) with w = BCH(v,u) =
vt u+ S, ul + Sy, v, ull — &5lu, [v, ul] + .. .. In particular, for small u, the
computation can be truncated to any order to obtain a valid approximation for the
composition of diffeomorphisms. Applying the truncate BCH to the conjugate action
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leads to

1
MNpeun(w) ~u+[v/2,u]l + 5[v/2, [v/2, u]l. (9.9)

To establish this formula, let consider the following second order truncation of the
BCH formula

BCH((v/2,u) ~v/2 4+ u+ %[V/Z, ul + %[V/Z, [v/2,ul] — %[u, [v/2, ul].

The composition
pcu(u) = BCH (v/2, BCH(u, —v/2))

is

()" =v/2+ BCH(u, —v/2) + %[V/Z,BCH(M, —v/2)]

A

B

+ 11—2[\)/2, [v/2,BCH(u, —v/2)] — %[BCH(M, —v/2),v/2, BCH(u, —v/2)]] .

C D

The second order truncation of the four terms is:

1 1 !
A~udt 5[“’ —v/2] + E[u’ [u, —v/2]] — E[—v/2, [u, —v/2]],
B~ %[V/z, ul + %[V/Z, [u, —v/21],

C ~ é[v/Z, [v/2, ull,

1 1
D>~ ——J[u,[v/2,u]]l + E[V/Z, [v/2, u]].

12
From the additive and anticommutative properties of the Lie bracket, adding the four
terms leads to (9.9).

9.6.3.2 Iterative Computation of the Ladder

Once defined the formula for the computation of the ladder, we need a consistent
scheme for the iterative construction along trajectories. We recall that the transport by
geodesic parallelograms holds only if both sides of the parallelogram are sufficiently
small, which in our case means that both longitudinal and inter-subject vectors must
be small. This is not the case in practice, since the inter-subject deformation is
usually very large. By definition, the ladder requires to scale down vectors to a
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sufficiently small neighborhood, in order to correctly approximate the transport by
parallelograms.

From the theoretical point of view, the degree of approximation of the ladder is
approximately proportional to the curvature of the space of deformations. This can be
seen by the higher order terms that we dropped off in the proof of Sect. 9.4.2, which
are all derivatives of the Christoffel symbols. While on a linear space the ladder is
the exact parallel transport, when working on curved spaces the error resulting from
the non-infinitesimal geodesic parallelogram is proportional to the distance between
the points.

From the numerical point of view, we notice that Formula (9.9) requires the
computation of the Lie brackets of the velocity fields. Lie brackets involve the dif-
ferentiation of the vector which is usually computed on images by finite differences,
and which are know to be very sensitive to noise and to be unstable in case of large
deformations.

For all these reasons we propose the following iterative scheme based on the
properties of SVFs. To provide a sufficiently small vector for the computation of the
conjugate we observe that

exp(v) o exp(u) o exp(—v)
= exp (%) o...o0€exp (%) o exp(u) o exp (—}%) o...oexp (—5)

The conjugation can then be recursively computed in the following way:

1. Scaling step. Find n such that v/n is small.

2. Ladder step. Compute w = u + [, u] + % [Z,[2, u]].
3. Letu =w.

4. Iterate the steps 2 and 3 n times.

The BCH formula allows to perform the transport directly in the Lie algebra and
avoids multiple exponentiation and interpolations, thus reducing the bias introduced
by the numerical approximations. Moreover, this method preserves the original “lad-
der” formulation, operated along the inter-subject geodesic exp(zv). In fact it iterates
the construction of the ladder along the path exp(#v) over small steps of size exp(;,).

The stability of the proposed method critically depends from the initial scaling
step n, which determines the step-size of the numerical scheme. Ideally the step-
size should depend on the curvature, and should be therefore small enough in order
to minimize the error in case of highly curved space. For this purpose, given the
image domain €2, we define a global scaling factor # in order to guarantee that the
given SVF stays sufficiently close to 0, i.e. in order to satisfy the global condition
maxceq|lvx)||/n < §, with § = 0.5 * voxel_size. This condition ensures reasonably
small SVFs, and thus enables the iterative construction of the parallelogram in small
neighborhoods.
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9.6.4 Pole Ladder for Estimating Longitudinal Changes
in Alzheimer’s Disease

We provide here an application of the pole ladder for the estimation of a group-wise
model of the longitudinal changes in a group of patients affected by Alzheimer’s
disease (AD). AD is a neurodegenerative pathology of the brain, characterized by
the co-occurrence of different phenomena, starting from the deposition of amy-
loid plaques and neurofibrillary tangles, to the development of functional loss and
finally to cell deaths [20]. In particular brain atrophy detectable from magnetic res-
onance imaging (MRI) is currently considered as a potential outcome measure for
the monitoring of the disease progression. Structural atrophy was shown to strongly
correlate with cognitive performance and neuropsychological scores, and character-
izes the progression from pre-clinical to pathological stages [20]. For this reason, the
development of reliable atlases of the pathological longitudinal evolution of the brain
is of paramount importance for improving the understanding of the pathology.

A preliminary approach to the group-wise analysis of longitudinal morphological
changes in AD consists in performing the longitudinal analysis after the subject-
to-template normalization [13, 43]. A key issue here is the different nature of the
changes occurring at the intra-subject level, which reflects the biological phenomena
of interest, and the changes across different subjects, which are usually large and
not related to any biological process. In fact, the inter-subject variability is a scale
of magnitude higher than the more subtle longitudinal subject-specific variations. To
provide a more sensitive quantification of the longitudinal dynamics, the intra-subject
changes should be modeled independently from the subject-to-template normaliza-
tion, and only transported in the common reference for statistical analysis afterward.
Thus, novel techniques such as the parallel transport of longitudinal deformations
might lead to better accuracy and precision for the modeling and quantification of
longitudinal pathological brain changes.

9.6.4.1 Data Analysis and Results

Images corresponding to the baseline Iy and the one-year follow-up /1 scans were
selected for 135 subjects affected by Alzheimer’s disease. For each subject i, the
pairs of scans were rigidly aligned. The baseline was linearly registered to a reference
template and the parameters of the transformation were applied to / i . Finally, for each
subject, the longitudinal changes were measured by non-linear registration using the
LCC-Demons algorithm [25].

The resulting deformation fields ¢; = exp(v;) were transported with the pole
ladder (BCH scheme) in the template reference along the subject-to-template defor-
mation. The group-wise longitudinal progression was modeled as the mean of the
transported SVFs v;. The areas of significant longitudinal changes were investi-
gated by one-sample t-test on the group of log-Jacobian scalar maps corresponding
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Fig. 9.5 One year structural changes for 135 Alzheimer’s patients. a Mean of the longitudinal
SVFs transported in the template space with the pole ladder. We notice the lateral expansion of the
ventricles and the contraction in the temporal areas. b T-statistic for the correspondent log-Jacobian
values significantly different from 0 (p < 0.001 FDR corrected). ¢ T-statistic for longitudinal
log-Jacobian scalar maps resampled from the subject to the template space. Blue color significant
expansion, Red color significant contraction. The figure is reproduced from [27]

to the transported deformations, in order to detect the areas of measured expan-
sion/contraction significantly different from zero.

For the sake of comparison, the one sample t-statistic was tested on the subject
specific longitudinal log-Jacobian scalar maps warped into the template space along
the subject-to-template deformation. This is the classical transport used in tensor’s
based morphometry studies [4].

Figure 9.5 shows a detail from the mean SVF from the transported one-year
longitudinal trajectories. The field flows outward from the ventricles indicates a
pronounced enlargement. Moreover, we notice an expansion in the temporal horns
of the ventricles as well as a consistent contracting flow in the temporal areas. The
same effect can be statistically quantified by evaluating the areas where the log-
Jacobian maps are statistically different from zero. The areas of significant expansion
are located around the ventricles and spread in the CSF areas, while a significant
contraction is appreciable in the temporal lobes, hippocampi, parahippocampal gyrus
and in the posterior cingulate. The statistical result is in agreement with the one
provided by the simple scalar interpolation of the longitudinal subject specific log-
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Fig. 9.6 Apparent relative volume changes encoded by the average longitudinal trajectory com-
puted with the pole ladder (Fig. 9.5). The trajectory describes a pattern of apparent volume gain in
the CSF areas, and of apparent volume loss in temporal areas and around the ventricles

Jacobian maps. In fact we do not experience any substantial loss of localization
power by transporting SVFs instead of scalar log-Jacobian maps. However by parallel
transporting we preserve also the multidimensional information of the SVFs that, as
experienced in [26], potentially leads to more powerful voxel-by-voxel comparisons
than the ones obtained with univariate tests on scalars.

Finally, Fig. 9.6 shows that the apparent volume changes associated to the average
trajectory computed with the pole ladder describe biologically plausible dynamics
of longitudinal atrophy. We notice that the estimated one-year longitudinal trajectory
is associated to local volume changes ranging from +12 % for the expansion of the
ventricles, to 5 % for the volume loss of the hippocampi.

We recall that the apparent expansion of the CSF areas is detectable thanks to
the diffeomorphic registration constraint. In fact, since the deformation is spatially
smooth, the apparent volume loss (e.g. brain atrophy) detectable in the image is mod-
eled as voxels shrinkage, which is associated to the enlargement of the surrounding
areas (e.g. ventricles).

9.7 Conclusions

This chapter illustrates the principles of parallel transporting in transformation
groups, with particular focus on discrete transport methods. The use of discrete
transport is motivated from both theoretical and practical point of view. In fact, dis-
crete methods such as the pole ladder are based only on the computation of geodesics,
and thus they do not require the explicit knowledge of the connection of the space.
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This is a rather interesting characteristic that enables to employ the ladder without
requiring the design of any additional tool outside geodesics.

From the practical point of view, discrete methods can alleviate the numerical
problems arising from the discretization of continuous functional on finite grids,
and thus provide feasible and numerically stable alternatives to continuous transport
approaches. The application shown in Sect. 9.6.4 is a promising example of the
potential of such approaches when applied to challenging problems such as the
estimation of longitudinal atlases in diffeomorphic registration.

As shown in Sect. 9.4 the construction of the ladder holds in sufficiently small
neighborhoods. From the practical point of view this is related to the choice of an
appropriate step size for the iterative scheme proposed in Sect. 9.6, and future studies
are required in order to investigate the impact of the step size from the numerical
point of view.

Finally, future studies aimed to directly compare discrete versus continuous
approaches might shed more light on the theoretical and numerical properties of
different methods of transport.
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Chapter 10

Diffeomorphic Iterative Centroid
Methods for Template Estimation
on Large Datasets

Claire Cury, Joan Alexis Glaunés and Olivier Colliot

Abstract A common approach for analysis of anatomical variability relies on the
estimation of a template representative of the population. The Large Deformation
Diffeomorphic Metric Mapping is an attractive framework for that purpose. How-
ever, template estimation using LDDMM is computationally expensive, which is a
limitation for the study of large datasets. This chapter presents an iterative method
which quickly provides a centroid of the population in the shape space. This centroid
can be used as a rough template estimate or as initialization of a template estima-
tion method. The approach is evaluated on datasets of real and synthetic hippocampi
segmented from brain MRI. The results show that the centroid is correctly centered
within the population and is stable for different orderings of subjects. When used as
an initialization, the approach allows to substantially reduce the computation time
of template estimation.
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10.1 Introduction

Large imaging datasets are being increasingly used in neuroscience, thanks to
the wider availability of neuroimaging facilities, the development of computing
infrastructures and the emergence of large-scale multi-center studies. Such large-
scale datasets offer increased statistical power which is crucial for addressing ques-
tions such as the relationship between anatomy and genetics or the discovery of new
biomarkers using machine learning techniques for instance.

Computational anatomy aims at developing tools for the quantitative analysis of
variability of anatomical structures, its variation in healthy and pathological cases and
relations between functions and structures [1]. A common approach in computational
anatomy is template-based analysis, where the idea is to compare anatomical objects
by analyzing their variations relatively to a common template. These variations are
analyzed using the ambient space deformations that match each individual structure
to the template.

A common requirement is that transformations must be diffeomorphic in order to
preserve the topology and to consistently transform coordinates. The Large Deforma-
tion Diffeomorphic Metric Mapping (LDDMM) framework [2, 3] has been widely
used for the study of the geometric variation of human anatomy, of intra-population
variability and inter-population differences. It focuses the study on the spatial trans-
formations which can match subject’s anatomies one to another, or one to a template
structure which needs to be estimated. These transformations not only provide a
diffeomorphic correspondence between shapes, but also define a metric distance in
shape space.

Several methods have been proposed to estimate templates in the LDDMM frame-
work [4-8]. Vaillant et al. proposed in 2004 [4] a method based on geodesic shooting
which iteratively updates a shape by shooting towards the mean of directions of
deformations from this shape to all shapes of the population. The method proposed
by Glaunes and Joshi [5] starts from the whole population and estimates a template
by co-registering all subjects. The method uses a backward scheme: deformations
are defined from the subjects to the template. The method optimizes at the same
time the deformations between subjects and the template, and the template itself.
The template is composed, in the space of currents (more details on Sect. 10.2.2),
by all surfaces of the population. A different approach was proposed by Durrleman
et al. [6, 7]. The method initializes the template with a standard shape, in practice it
is often an ellipsoid. The method uses a forward scheme: deformations are defined
from the template to the subjects. Again, it optimizes at the same time the defor-
mations and the template. The template is composed by one surface which presents
the same configuration as the initial ellipsoid. The method presented by Ma et al. [8]
introduces an hyper template which is an extra fixed shape (which can be a subject of
the population). The method aims at optimizing at the same time deformations from
the hyper template to the template and deformations from the template to subjects of
the population. The template is optimized via the deformation of the hyper template,
not directly.
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A common point of all these methods is that they need a surface matching
algorithm, which is very expensive in terms of computation time in the LDDMM
framework. When no specific optimization is used, computing only one match-
ing between two surfaces, each composed of 3000 vertices, takes approximately
30—40min. Then, computing a template composed of one hundred such surfaces
until convergence can take a few days or some weeks. This is a limitation for the
study of large databases. Different strategies can be used to reduce computation time.
GPU implementation can substantially speed up the computation of convolutions that
are heavily used in LDDMM deformations. Matching pursuit on current can also be
used to reduce the computation time [9]. Sparse representations of deformations
allow to reduce the number of optimized parameters of the deformations [7].

Here, we propose a new approach to reduce the computation time called diffeo-
morphic iterative centroid using currents. The method provides in N — 1 steps (with
N the number of shapes of the population) a centroid already correctly centered
within the population of shapes. It increases the convergence speed of the template
estimation by providing an initialization that is closer to the target.

Our method has some close connections with more general iterative methods to
compute means on Riemannian manifolds. For example Arnaudon et al. [10] defined
a stochastic iterative method which converges to the Fréchet mean of the set of points.
Ando et al.[11] gave a recursive definition of the mean of positive definite matrices
which verifies important properties of geometric means. However these methods
require a large number of iterations (much larger than the number of points of the
dataset), while in our case, due to the high computational cost of matchings, we aim
at limiting as much as possible the number of iterations.

The chapter is organized as follows. First, we present the mathematical framework
of LDDMM and currents (Sect. 10.2). Section 10.3.1 then introduces the template
estimation and the iterative centroid method. In Sect. 10.4.1, we evaluate the approach
on datasets of real and synthetic hippocampi extracted from brain magnetic resonance
images (MRI).

10.2 Notation and Mathematical Setup

For the Diffeomorphic Iterative Centroid method, we use the LDDMM frame-
work (Sect. 10.2.1) to quantify the difference between shapes. To model surfaces
of the population, we use the framework of currents (Sect. 10.2.2) which does not
assume point-to-point correspondences.

10.2.1 Large Diffeomorphic Deformations

The Large Diffeomorphic Deformation Metric Mapping framework allows quantify-
ing the difference between shapes and provides a shape space representation: shapes
of the population are seen as points in an infinite dimensional smooth manifold,
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providing a continuum between shapes of the population. In this framework a
diffeomorphism deforms the whole space, not only a shape.

Diffeomorphisms as flows of vector fields In the LDDMM framework, deformation
maps ¢ : R? — R3 are generated by integration of time-dependent vector fields
v(x,.) in an Hilbert space V, with x € R3 and ¢ € [0, 1]. If v(x, 1) is regular
enough, i.e. if we consider the vector fields (v(:, 1)):¢[0,1] in L2([0, 1], V), where
V is a Reproducing Kernel Hilbert Space (R. K. H. S.) embedded in the space of
C'(R3, R?) vector fields vanishing at infinity, then the transport equation:

[dd(év (x, 1) = v(dy(x, 1), 1) VYt e[0,1] (10.1)

Pu(x,0) =x Vx e R3

has a unique solution, and one sets ¢, = ¢,(-, 1) the diffeomorphism induced by
v(x, t). The induced set of diffeomorphisms Ay is a subgroup of the group of C'
diffeomorphisms. To enforce velocity fields to stay in this space, one must control
the energy

1
E(v) ::/0 v, O3 dr. (10.2)

Metric structure on the diffeomorphisms group The induced subgroup of diffeo-
morphisms A, is equipped with a right-invariant metric defined by the rules:
Vo, € Ay,

[D(% ¥) = D(Id, o™ o)) (103)

D(1d, ) =it { o v, 0lly di; v e 1210, 11, V), o0 = o)

D(p, v) represents the shortest length of paths connecting ¢ to ¢ in the diffeo-
morphisms group. Moreover, as in the classical Riemannian theory, minimizing the
length of paths is equivalent to minimizing their energy, and one has also:

D(Id, )) = inf {E(v) cve L2([0,1], V), gy = (p} (10.4)

Discrete matching functionals Considering two surfaces S and T, the optimal match-
ing between them is defined in an ideal setting, as the map ¢, minimizing E (v) under
the constraint ¢, (S) = T. In practice such an exact matching is often not feasible and
one writes inexact unconstrained matching functionals which minimize both E (v)
and a matching criterion which evaluates the spatial proximity between ¢, (S) and
T, as we will see in the next section.

In a discrete setting, when the matching criterion depends only on ¢, via the
images , (x;) of a finite number of points x; (such as the vertices of the mesh §) one
can show that the vector fields v(x, #) which induce the optimal deformation map
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can be written via a convolution formula over the surface involving the reproducing
kernel Ky of the R.K.H.S. V. This is due to the reproducing property of V; indeed
V is the closed span of vectors fields of the form Ky (x, .)a, and therefore v(x, )
writes

v(x,t) = Z Ky(x,x;(t)o(t), (10.5)

i=1

where x;(t) = ¢y(x;j, t) are the trajectories of points x;, and «;(t) € R3 are time-
dependent vectors called momentum vectors, which parametrize completely the
deformation. Trajectories x;(¢) depend only on these vectors as solutions of the
following system of ordinary differential equations:

dxj(t)

== 2 K (0, xi@)ai (o), (10.6)
i=1

for 1 < j < n. This is obtained by plugging formula 10.5 for the optimal velocity

fields into the flow equation 10.1 taken at x = x ;. Moreover, the energy E(v) takes

an explicit form as expressed in terms of trajectories and momentum vectors:

1 n
E(v):/ Z (T K, (xi (1), xj () (1) dr. (10.7)
0

ij=1

These equations reformulate the problems in a finite dimensional Riemannian
setting. Indeed E (v) appears as the energy of the path t — (x;(¢))1<i <y in the space
of landmarks £" = {x = (x;)1<i<n,Xi # x; Vi, j} equipped with local metric
g(x) =K (x)~!, where K v (x) is the 3n x 3n matrix with block entries K, (x;, x;),
1<i,j<n.

Geodesic equations and local encoding As introduced previously, the minimization
of the energy E (v) in matching problems can be interpreted as the estimation of a
length-minimizing path in the group of diffeomorphisms A, , and also additionally as
a length-minimizing path in the space of landmarks when considering discrete prob-
lems. Such length-minimizing paths obey some geodesic equations [4] (distances
are define as in 10.3), which write as follows in the case of landmarks (using matrix
notations):

[% = Ky (x(1))a(r) (10.8)

4 = LV [a)T Ky x(0)a()]

Note that the first equation is nothing more than Eq. 10.6 which allows to com-
pute trajectories x; () from any time-dependant momentum vectors «; (), while the
second equation gives the evolution of the momentum vectors themselves. This new
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set of ODEs can be solved from any initial conditions x; (0), a;(0), which means
that the initial momentum «; (0) fully determine the subsequent time evolution of
the system (since the x; (0) are fixed points). As a consequence, these initial momen-
tum vectors encode all information of the optimal diffeomorphism. This is a very
important point for applications, specifically for group studies, since it allows to
analyse the set of deformation maps from a given template to the observed shapes by
performing statistics on the initial momentum vectors located on the template shape.
We also can use geodesic shooting from initial conditions (x; (0), ; (0)) in order to
generate any arbitrary deformation of a shape in the shape space. We will use this
tool for the construction of our synthetic dataset Datal (see Sect. 10.4.1).

10.2.2 Currents

The idea of the mathematical object named “currents” is related to the theory of
distributions as presented by Schwartz in 1952 [12], in which distributions are char-
acterized by their action on any smooth functions with compact support. In 1955, De
Rham [13] generalized distributions to differential forms to represent submanifolds,
and called this representation currents. This mathematical object serves to model
geometrical objects using a non parametric representation.

The use of currents in computational anatomy was introduced by J. Glaunés and
M. Vaillant in 2005 [14, 15] and subsequently developed by Durrleman [16] in order
to provide a dissimilarity measure between meshes which does not assume point-
to-point correspondence between anatomical structures. The approach proposed by
Vaillant and Glaunes is to represent meshes as objects in a linear space and supply
it with a computable norm. Using currents to represent surfaces has some benefits.
First it avoids the point correspondence issue: one does not need to define pairs
of corresponding points between two surfaces to evaluate their spatial proximity.
Moreover, metrics on currents are robust to different samplings and topologies and
take into account not only the global shapes but also their local orientations. Another
important benefit is that the space of currents is a vector space, which allows to
consider linear combinations such as means of shapes in the space of currents. This
property will be used in the centroid and template methods that we introduce in the
following.

We limit the framework to surfaces embedded in R3. Let S be an oriented compact
surface, possibly with boundary. Any smooth and compactly supported differential
2-form w of R3—i.e. a mapping x — w(x) such that for any x € R3, w(x) is a
2-form, an alternated bilinear mapping from R* x R? to R—can be integrated over S

/Sw=/Sw(x)(ul(x),m(x))da(x). (10.9)

where (1 (x), u2(x)) is an orthonormal basis of the tangent plane at point x, and do
the Lebesgue measure on the surface S. Hence one can define a linear form [S] over
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the space of 2-forms via the rule [S](w) := f g w. If one defines a Hilbert metric on
the space of 2-forms such that the corresponding space is continuously embedded
in the space of continuous bounded 2-forms, this mapping will be continuous [14],
which will make [S] an element of the space of 2-currents, the dual space to the space
of 2-forms.

Note that since we are working with 2-forms on R3, we can use a vectorial
representation via the cross product: for every 2-form w and x € R? there exists a
vector w(x) € R3 such that for every a, 3 € R3,

wx) (o, f) = W), ax p) =det(a, 3, 0(x)), (10.10)

Therefore we can work with vector fields w instead of 2-forms w. In the following,
with a slight abuse of notation, we will use w(x) to represent both the bilinear
alternated form and its vectorial representative. Hence the current of a surface S can
be re-written from Eq. 10.9 as follows:

[S1(w) =/S<W(X), n(x)) do(x) (10.11)

with n(x) the unit normal vector to the surface: n(x) := u1(x) X us(x).

We define a Hilbert metric (- , -)y on the space of vector fields of R3, and require
the space W to be continuously embedded in Cé (R3, R3). The space of currents we
consider is the space of continuous linear forms on W, i.e. the dual space W*, and
the required embedding property ensures that for a large class of oriented surfaces
S in R3, comprising smooth surfaces and also triangulated meshes, the associated
linear mapping [S] is indeed a current, i.e. it belongs to W*.

The central object from the computational point of view is the reproducing kernel
of space W, which we introduce here. For any point x € R? and vector a € R3 one
can consider the Dirac functional 6 : w — (w(x) , «) which is an element of W*.
The Riesz representation theorem then states that there exists a unique u € W such
thatforallw e W, (4, w)y = 67 (w) = (w(x) , a).u is thus a vector field which
depends on x and linearly on «, and we write it u = K, (-, x)c. Thus we have the
rule

(Ky (o x)o, w)yy = (wx) , o). (10.12)

Moreover, applying this formula to w = K, (-, y)3 for any other point y € R3
and vector 3 € R, we get

(Ky (-, x)a, Ky (- 9)8)y = (Ky (x, )8, a) (10.13)
ol K, (x,y)8 = <(5§CY , 55>W .

*
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K, (x,y)is a 3 x 3 matrix, and the mapping K, : R3 x R? — R3*3 is called
the reproducing kernel of the space W. Now, note that we can rewrite Eq. 10.11 as

[S](w) = / 5" (W) do(x) (10.14)
S

Thus using Eq. 10.13, one can prove that for two surfaces S and 7,

(ST, [T = /S /T (15() . Ky (e y)nr () dsyds(y) (10,15

This formula defines the metric we use for evaluating spatial proximity between
shapes. It is clear that the type of kernel one uses fully determines the metric and
therefore will have a direct impact on the behaviour of the algorithms. We use scalar
invariant kernels of the form K, (x, y) = h(]lx — y||2/0‘2,v)13, where A is a real
function such as 4(r) = e~ (gaussian kernel) or #(r) = 1/(1 4 r) (Cauchy kernel),
and ow a scale factor. In practice this scale parameter has a strong influence on the
results; we will go back to this point later.

We can now define the optimal match between two currents [S] and [7'], which
is the diffeomorphism minimizing the functional

Js.7(v) = YEW) + v ()] = [T 1115 (10.16)

This functional is non convex and in practice we use a gradient descent algorithm
to perform the optimization, which cannot guarantee to reach a global minimum.
We observed empirically that local minima can be avoided by using a multi-scale
approach in which several optimization steps are performed with decreasing values
of the width o, of the kernel K, (each step provides an initial guess for the next
one).

In practice, surfaces are given as triangulated meshes, which we discretize m
the space of currents W* by combinations of Dirac functionals: [S] ~ > fes O¢ f s
where the sum is taken over all triangles f = (f!, f2, f3) of the mesh S, and
cf = %(f1 + 24, ny = %(f2 — Y x (f* = f1) denote respectively
the center and normal vector of the triangle. Given a deformation map ¢ and a
triangulated surface S, we also approximate its image ¢(S) by the triangulated mesh
obtained by letting ¢ act only on the vertices of S. This leads us to the following
discrete formulation of the matching problem:

1 n
I () = / Zaz(t) Ky (xi (1), xj(1)a (@) dt

+ Z nf,o(f)Kw (Co(f)s Cotr)Mp( )
f.f'es
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+ Z ngKy, (cg, cgIng —2 Z ng(f)KW(c¢(f),cg)ng (10.17)
9.9'€T feS,geT

where ¢ denotes the diffeomorphism associated to momentum vectors «; (#) and
trajectories x; (¢), x; = x;(0) being the vertices of mesh S, and where we have noted
for any face f, p(f) = (cp(fl), go(fz), go(f3)). We note 3 important parameters, -y
which controls the regularity of the map, o, which controls the scale in the space of
deformations and o, which controls the scale in the space of currents.

10.3 A Template Estimation for Large Database via LDDMM

10.3.1 Why Building a Template?

A central notion in computational anatomy is the generation of registration maps,
mapping a large set of anatomical data to a common coordinate system to study
intra-population variability and inter-population differences. In this chapter, we use
the method introduced by Glaunes et al. [5] which estimates a template given a
collection of unlabelled points sets or surfaces in the framework of scalar measures
and currents. In our case we use the framework of currents. This method is posed as
a minimum mean squared error estimation problem and uses the metric on the space
of diffeomorphisms. Let S; be N surfaces in R (i.e. the whole surface population).
Let [S;] be the corresponding current of §;, or its approximation by a finite sum of
vectorial Diracs. The problem is formulated as follows:

{5, 7] =are mini (1T = [ou D] - +7E@0} . 0.8)

vy

where the minimization is performed over the spaces L2([0, 1], V) for the velocity
fields v; and over the space of currents W* for 7. The method uses an alternated
optimization i.e. surfaces are successively matched to the template, then the template
is updated and this sequence is iterated until convergence. One can observe that when
; is fixed, the functional is minimized when 7 is the average of [; (S;)] in space
W*:

1 N
Z eu (SD]. (10.19)
l=l

which makes the optimization with respect to 7 straightforward. This optimal current
is not a surface itself; in practice it is constituted by the union of all surfaces ¢, (S;),
and the % factor acts as if all normal vectors to these surfaces were weighted by %
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At the end of the optimization process however, all surfaces being co-registered, the
v, (Si) are close to each other, which makes the optimal template 7 close to being
a true surface.

In practice, we stop the template estimation method after P loops, and with the
datasets we use, P = 7 seems to be sufficient to obtain an adequate template.

Asdetailed in Sect. 10.2, obtaining a template allows to perform statistical analysis
of the deformation maps via the initial momentum representation to characterize the
population. One can run analysis on momentum vectors such as Principal Component
Analysis (PCA), or estimate an approximation of pairwise diffeomorphic distances
between subjects using the estimated template [17] in order to use manifold learning
methods like Isomap [18].

In the present case, the optimal template for the population is not a true surface
but is defined, in the space of currents, by the mean T = % Z]/V: 1 gﬁv_ ; [S i ] However
this makes no difference from the point of view of statistical analysis, because this
template can be used in the LDDMM framework exactly as if it was a true surface.

One may speed up the estimation process and avoid local minima issues by defin-
ing a good initialization of the optimization process. Standard initialization consists
in setting 7 = % ZlN: 1[Si1, which means that the initial template is defined as the
combination of all unregistered shapes in the population. Alternatively, if one is given
a good initial guess 7, the convergence speed of the method can be improved. This
is the primary motivation for the introduction of the iterative centroid method which
we present in the next section.

10.3.2 The Iterative Centroid Method

As presented in the introduction, computing a template in the LDDMM framework
can be highly time consuming, taking a few days or some weeks for large real-world
databases. To increase the speed of the method, one of the key points may be to
start with a good initial template, already correctly centred among shapes in the
population. Of course the computation time of such an initialization method must be
substantially lower than the template estimation itself. The Iterative Centroid method
presented here performs such an initialization with N — 1 pairwise matchings only.

The LDDMM framework, in an ideal setting (exact matching between shapes),
sets the template estimation problem as the computation of a centroid on a Rie-
mannian manifold, which is of finite dimension in the discrete case (we limit our
analysis to this finite dimensional setting in what follows). The Fréchet mean is the
standard way for defining such a centroid and provides the basic inspiration of all
LDDMM template estimation methods. Since our Iterated Centroid method is also
inspired by considerations about computation of centroids in Euclidean space and
their analogues on Riemannian manifolds, we will briefly discuss these ideas in the
following.
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Centroid computation on Euclidean and Riemannian spaces If x;, 1 < i < N are
points in R?, then their centroid is defined as

N
1
by =+ > xi. (10.20)
i=1
It satisfies also the following:
by =argmin > |ly — x| (10.21)
yeR? j<i<n

Now, when considering points x; living on a Riemannian manifold M (we assume
M is path-connected and geodesically complete), the definition of b cannot be used
because M is not a vector space. However the variational characterization of by has
an analogue, which leads to the definition of the Fréchet mean, also called 2-mean,
which is uniquely defined under some constraints (see [10]) on the relative locations
of points x; in the manifold:

by =argmin » dyu(y, x)>. (10.22)
YEM <i<n

Many mathematical studies (as for example Kendall [19], Karcher [20] Le [21],
Afsari [22, 23]), have focused on proving the existence and uniqueness of the mean,
as well as proposing algorithms to compute it. The more general notion of p-mean
of a probability measure ¢ on a Riemannian manifold M is defined by:

b =arg min F,(x), Fp(x)= / dy (x, )P u(dy). (10.23)
xeM M

Arnaudon et al. [10] published in 2012 for p > 1 a stochastic algorithm which
converges almost surely to the p-mean of the probability measure x. This algorithm
does not require to compute the gradient of the functional F, to minimize. The
authors construct a time inhomogeneous Markov chain by choosing at each step a
random point P with distribution p and moving the current point X to a new position
along the geodesic connecting X to P. As it will be obvious in the following, our
method shares similarities with this method for the case p = 2, in that it also uses
an iterative process which at each step moves the current position to a new position
along a geodesic. However our method is not stochastic and does not compute the
2-mean of the points. Moreover, our approach stops after N — 1 iterations, while on
the contrary the stochastic method does not ensure to have considered all subjects of
the population after N iterations.
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Other definitions of centroids in the Riemannian setting can be proposed. The fol-
lowing ideas are more directly connected to our method. Going back to the Euclidean
case, one can observe that by satisfies the following iterative relation:

b =
e 1 (10.24)
bit1 = gybr + myxk+1, 1=k =N -1,

which has the side benefit that at each step by is the centroid of the x;, 1 < i < k. This
iterative process has an analogue in the Riemannian case, because one can interpret
the convex combination kkﬁbk + ﬁx;ﬂ_ 1 as the point located along the geodesic

linking by to xx+1, at a distance equal to ﬁ of the total length of the geodesic,

which we can write geod (by, Xk+1, klﬁ). This leads to the following definition in

the Riemannian case:

by =
e | (10.25)
bry1 = geod(by, xgt1, ;77), 1=k =N -1,

Of course this new definition of centroid does not coincide with the Fréchet mean
when the metric is not Euclidean, and furthermore it has the drawback to depend on
the ordering of points x;. Moreover one may consider other iterative procedures such
as computing midpoints between arbitrary pairs of points x;, and then midpoints of
the midpoints, etc. In other words, all procedures that are based on decomposing the
Euclidean equality by = % Z,N: | Xi as a sequence of pairwise convex combinations
lead to possible alternative definitions of centroid in a Riemannian setting. Based on
these remarks, Emery and Mokobodzki [24] proposed to define the centroid not as a
unique point but as the set By of points x € M satisfying

1 N
fe =5 2 fa, (10.26)
i=1

for any convex function f on M (a convex function f on M being defined by the
property that its restriction to all geodesics is convex). This set By takes into account
all centroids obtained by bringing together points x; by all possible means, i.e. recur-
sively by pairs, or by iteratively adding a new point, as explained above (see Fig. 10.2).

Outline of the method The Iterated Centroid method consists roughly in applying
the following procedure: given a collection of N shapes S;, we successively update
the centroid by matching it to the next shape and moving along the geodesic flow.
Figure 10.1 illustrates the general idea. We propose two alternative ways for the
update step (algorithms 1 and 2 below).

Direct iterative centroid: IC1 The first version of the method computes a centroid
between two objects O and O, by transporting a first object O along the geodesic
going from this object to O,. The transport is stopped depending of the weights of
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Fig. 10.1 Illustration of the method. Left image red stars are subjects of the population, the yellow
star is the final Centroid, and orange stars are iterations of the centroid. Right image Final centroid
with the hippocampus population from Datal (red). See Sect. 10.4.1 for more details about datasets

[ ] 11

Fig. 10.2 Diagrams of the iterative processes which lead to the centroid computation. The tops
of the diagrams represent the final centroid. The diagram on the left corresponds to the iterative
centroid algorithms (IC1 and IC2). The diagram on the right corresponds to the pairwise algorithm
(PW)

the objects. If the weight of Oy is w1, and the weight of 07 is wy with wi +wy = 1,
we stop the deformation of O at time t = w». Since the method is iterative, the first
two objects are two subjects of the population, for the next step we have as a first
object the previous centroid and as a second object a new subject of the population.
The algorithm proceeds as presented in the Algorithm 1.

Data: N surfaces S;
Result: 1 surface By representing the centroid of the population
By = Si;
for i from1to N —1do
B; is matched using the Eq.(10.16) to S; 1 which results in a deformation map ¢y, (x, 1);

Set B4 = ¢y, (B;, H_il) which means we transport B; along the geodesic and stop at

Algorithm 1: Iterative Centroid 1 (IC1)
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Iterative centroid with averaging in the space of currents: IC2 Because matchings
are inaccurate, the centroid computed with the method presented above accumulates
small errors which can have an impact on the final centroid. Furthermore, the centroid
computed with algorithm 1 is in fact a deformation of the first shape S, which makes
the procedure even more dependent on the ordering of subjects than it would be in
an ideal exact matching setting. In this second algorithm, we modify the updating
step by computing a mean in the space of currents between the deformation of the
current centroid and the backward flow of the curent shape being matched. Hence the
computed centroid is not a true surface but a current, i.e. combination of surfaces, as
in the template estimation method. The weights chosen in the averaging reflects the
relative importance of the new shape, so that at the end of the procedure, all shapes
forming the centroid have equal weight % The algorithm proceeds as presented in
Algorithm 2.

Data: N surfaces S;
Result: 1 current By representing the centroid of the population
By =[S1];
for i from 1to N — 1 do
B; is matched using the Eq. (10.16) to S;41 which results in a deformation map ¢,, (x, t);
Set Bi+1 = ﬁ
along the geodesic and stop at time 1 = H—Ll;
where u; (x,1) = —v;(x, 1 —t),i.e. ¢, is the reverse flow map.
end

* ¢y, (Bi, ﬁ) + H_il[(/)u‘. (Si+1, H_Ll)] which means we transport 15;

Algorithm 2: Iterative Centroid 2 (IC2)

Note that we have used the notation ¢, (3;, %) to denote the transport (push-

forward) of the current B; by the diffeomorphism. Here /5; is a linear combination
of currents associated to surfaces, and the transported current is the linear combina-
tion (keeping the weights unchanged) of the currents associated to the transported
surfaces.
An alternative method: Pairwise Centroid (PW) Another possibility is to group
objects by pairs, compute centroids (middle points) for each pair, and then recursively
apply the same procedure to the set of centroids, until having only one centroid
(see Fig. 10.2). This pairwise method also depends on the ordering of subjects, and
also provides a centroid which satisfies the definition of Emery and Mokobodzki
(disregarding the inaccuracy of matchings).

When the population is composed of more than 3 subjects, we split the population
in two parts and recursively apply the same splitting until having two or three objects
in each group. We then apply algorithm 1 to obtain the corresponding centroid before
going back up along the dyadic tree, and keeping attention to the weight of each
object. This recursive algorithm is described in algorithm 3.
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Data: N surfaces S;
Result: 1 surface B representing the centroid of the population

if N > 2 then
By = Pairwise Centroid (S, ..., Siy/2));
Byigni = Pairwise Centroid (Syn /2141, ..., SN);

By, is matched to B4, which results in a deformation map ¢, (x, 1);
Set B = ¢y(Biefs, W) which means we transport By, along the geodesic and stop

at time t = %;
end
else
| B=3S§
end

Algorithm 3: Pairwise Centroid

10.3.3 Implementation

The methods presented just before need some parameters. Indeed, in each algorithm
we have to compute the matching from one surface to another. For each matching
we minimize the corresponding functional (see Eq. 10.17 at the end of Sect. 10.2.2)
which estimates the news momentum vectors «, which then are used to update the
positions of points x; of the surface. A gradient descent with adaptive step size is used
for the minimization of the functional J. Evaluation of the functional and its gradient
require numerical integrations of high-dimensional ordinary differential equations,
which is done using Euler trapezoidal rule.

The main parameters for computing J are maxiter which is the maximum number
of iterations for the adaptive step size gradient descent algorithm, -y for the regularity
of the matching, and o, and o, the sizes of the kernels which control the metric of
the spaces W and V.

We selected parameters in order to have relatively good matchings in a short time.
We chose ~ close enough to zero to enforce the matching to bring the first object
to the second one. Nevertheless, we must be prudent: choosing a 7 too small could
be hazardous because the regularity of the deformation could not be preserved. For
each pairwise matching, we use the multi-scale approach described in Sect. 10.2.2
page 5, performing four consecutive optimization processes with decreasing values
by a constant factor of the oy parameter which is the size of the R. K. H. S. W, to
increase the precision of the matching. At the beginning, we fix this oy parameter
with a sufficient large value in order the capture the possible important variations or
differences between shapes. This is for this reason that for the two first minimiza-
tions of the functional, we use a small maxiter parameter. For the results presented
after, we used very small values for the parameter maxiter = [50, 50, 100, 300], to
increase the velocity of the method. Results can be less accurate than in our previous
study [25] which used different values for maxiter: [40, 40, 100, 1000], which take
twice as much time to compute. For the kernel size o, of the deformation space, we
fix this parameter at the beginning and have to adapt it to the size of the data.
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Fig. 10.3 On the /eft, an iterative centroid of the dataset data2 (see Sect.10.4.1 for more details
about datasets) computed using the IC1 algorithm, and on the right the IC2 algorithm

The first method starts from N surfaces, and gives a centroid composed by only
one surface, which is a deformation of the surface used at the initialization step. An
example is shown in Fig. 10.3. This method is rather fast, because at each step we
have to match only one mesh composed by n; vertices to another, where n7 is the
number of vertices of the first mesh of the iterative procedure.

The second method starts from N surfaces and gives a centroid composed of
deformations of all surfaces of the population. At each step it forms a combination
in the space of currents between the current centroid and a backward flow of the new
surface being matched. In practice this implies that the centroid grows in complexity;
at step i its number of vertices is Z’j:l J * nj. Hence this algorithm is slower than
the first one, but the mesh structure of the final centroid does not depend on the mesh
of only one subject of the population, and the combination compensates the bias
introduced by the inaccuracy of matchings.

The results of the Iterative Centroid algorithms depend on the ordering of subjects.
We will study this dependence in the experimental part, and also study the effect of
stopping the I. C. before it completes all iterations.

10.4 Experiments and Results

10.4.1 Data

To evaluate our approach, we used data from 95 young (14—-16 years old) subjects
from the European database IMAGEN. The anatomical structure that we considered
was the hippocampus, which is a small bilateral structure of the temporal lobe of the
brain involved in memory processes. The hippocampus is one of the first structures
to be damaged in Alzheimer’s disease; it is also implicated in temporal lobe epilepsy,
and is altered in stress and depression. Ninety five left hippocampi were segmented
from T1-weighted Magnetic Resonance Images (MRI) of this database (see Fig. 10.4)
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Fig. 10.4 Left panel coronal view of the MRI with the meshes of hippocampi segmented by the
SACHA software [26], the right hippocampus is in green and the left one in pink. Right panel 3D
view of the hippocampi

Fig. 10.5 Top to bottom meshes from Datal (n=1500), Data2 (n=95) and RealData (n=95)

with the software SACHA [26], before computing meshes from the binary masks
using BrainVISA software.!

We denote as RealData the dataset composed of all 95 hippocampi meshes. We
rigidly aligned all hippocampi to one subject of the population. For this rigid regis-
tration, we used a similarity term based on measures (as in [27]) rather than currents.

We also built two synthetic populations of hippocampi meshes, denoted as Datal
and Data2. Datal is composed of a large number of subjects, in order to test our
algorithms on a large dataset. In order to study separately the effect of the population
size, meshes of this population are simple. Data2 is a synthetic population close
to the real one, with the difference that all subjects have the same mesh structure.

! http://www.brainvisa.info
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This allows to test our algorithms in a population with a single mesh structure, thus
disregarding the effects of different mesh structures. These two datasets are defined
as follows (examples of subjects from these datasets are shown on Fig. 10.5):

e Datal We chose one subject Sp that we decimated (down to 135 vertices) and
deformed using geodesic shooting in 500 random directions with a sufficiently
large kernel and a reasonable momentum vector norm in order to preserve the
overall hippocampal shape, resulting in 500 deformed objects. Each deformed
object was then further transformed by a translation and a rotation of small magni-
tude. This resulted in the 500 different shapes of Datal. All shapes in Datal have
the same mesh structure. Datal thus provides a large dataset with simple meshes
and mainly global deformations.

e Data2 We chose the same initial subject Sy that we decimated to 1001 vertices.
We matched this mesh to each subject of the dataset RealData (n = 95), using
diffeomorphic deformation, resulting in 95 meshes with 1001 vertices. Data2 has
more local variability than Datal, and is closer to the anatomical truth.

10.4.2 Effect of Subject Ordering

Each of the 3 proposed algorithms theoretically depends on the ordering of subjects.
Here, we aim to assess the influence of the ordering of subjects on the final centroid
for each algorithm.

For that purpose, we compared several centroids computed with different order-
ings. For each dataset and each algorithm, we computed 10 different centroids. We
computed the mean m1 and maximal distance between all pairs of centroids. The
three datasets have different variabilities. In order to relate the previous mean distance
to the variability, we also computed the mean distance m2 between each centroid
and all subjects of a given dataset. We finally computed the ratio between these two
mean distances m1/m?2. Distances between surfaces were computed in the space
of currents, i.e. to compare two surfaces S and 7', we computed the squared norm
| [ST—1[T1113. Results are presented in Table 10.1. Additionnaly, we computed the
mean of distances between centroids computed using the different methods. Results
are presented in Table 10.2.

For each dataset and for each type of centroid, the mean of distances between
all 10 centroids is small compared to the mean of distances between the centroid
and the subjects. However, the three algorithms IC1, IC2 and PW were not equally
influenced by the ordering. IC2 seems to be the most stable: the different centroids
are very close one to each other, this being true for all datasets. This was expected
since we reduce the matching error by combining in the space of currents the actual
centroid with the deformation of the new subject along the reverse flow. For IC1, the
distance was larger for Data2 and RealData, which have anatomically more realistic
deformations, than for Datal, which has rather simplistic shapes. This suggests that,
for real datasets, IC1 is more dependent on the ordering than IC2. This is due to the



10 Diffeomorphic Iterative Centroid Methods 291

Table 10.1 Distances between centroids computed with different subjects orderings, for each
dataset and each of the 3 algorithms

From different order To the dataset
mean (m1l) max std mean (m?2) ml/m2
Datal IC1 0.8682 1.3241 0.0526 91.25 0.0095
1C2 0.5989 0.9696 0.0527 82.66 0.0072
PW 3.5861 7.1663 0.1480 82.89 0.0433
Data2 IC1 2.4951 3.9516 0.2205 16.29 0.1531
1C2 0.2875 0.4529 0.0164 15.95 0.0181
PW 3.8447 5.3172 0.1919 17.61 0.2184
RealData IC1 4.7120 6.1181 0.0944 18.54 0.2540
1C2 0.5583 0.7867 0.0159 17.11 0.0326
PW 5.3443 6.1334 0.1253 19.73 0.2708

The three first columns present the mean, standard deviation and the maximum of distances between
all pairs of centroids computed with different orderings. The fourth column displays the mean of
distances between each centroid algorithm and all subjects of the datasets. Distances are computed
in the space of currents

Table 10.2 In columns, average distances between centroids computed using the different
algorithms

IC1 versus IC2 IC1 versus PW IC2 versus PW
Datal 1.57 5.72 6.31
Data2 1.89 3.60 3.42
RealData 3.51 5.31 4.96

fact that IC1 provides a less precise estimate of the centroid between two shapes
since it does not incorporate the reverse flow. For all datasets, distances for PW were
larger than those for IC1 and IC2, suggesting that the PW algorithm is the most
dependent on the subjects ordering. Furthermore, centroids computed with PW are
also farther from those computed using IC1 or IC2. Furthermore, we speculate that
the increased sensitivity of PW over IC1 may be due to the fact that, in IC1, n — 1
levels of averaging are performed (and only log, n for PW) leading to a reduction of
matching errors.

Finally, in order to provide a visualization of the differences, we present match-
ings between 3 centroids computed with the IC1 algorithm, in the case of RealData.
Figure 10.6 shows that shape differences are local and residual. Visually, the 3 cen-
troids are almost similar, and the amplitudes of momentum vectors, which bring one
centroid to another, are small and local.

10.4.3 Position of the Centroids Within the Population

We also assessed whether the centroids are close to the center of the population. To
that purpose, we calculated the ratio
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Fig. 10.6 a First row 3 initial subjects used for 3 different centroid computations with IC1 (mean
distance between such centroids, in the space of currents, is 4.71) on RealData. Second row the 3
centroids computed using the 3 subjects from the first row as initialization. b Maps of the amplitude
of the momentum vectors that map each centroid to another. 7op and bottom views of the maps are
displayed. One can note that the differences are small and local
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(10.27)

with vo(S;) the vector field corresponding to the initial momentum vector of the
deformation from the template or the centroid to the subject i. This ratio gives some
indication about the centering of the centroid, because in a pure Riemannian setting
(i.e. disregarding the inaccuracies of matchings), a zero ratio would mean that we are
at a critical point of the Fréchet functional, and under some reasonable assumptions
on the curvature of the shape space in the neighbourhood of the dataset (which we
cannot check however), it would mean that we are at the Fréchet mean. To compute
R, we need to match the centroid to all subjects of the population. We computed this
ratio on the best (i.e. the centroid which is the closest to all other centroids) centroid
for each algorithm and for each dataset.

Results are presented in Table 10.3. We can observe that the centroids obtained
with the three different algorithms are reasonably centered for all datasets. Centroids
for Datal are particularly well centered, which was expected given the nature of this
population. Centroids for Data2 and RealData are slightly less well centered but they
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Table 10.3 Ratio values for assessing the position of the representative centroid within the
population, computed using Eq. 10.27 (for each algorithm and for each dataset)

R IC1 1C2 PW

Datal 0.046 0.038 0.085
Data2 0.106 0.102 0.107
RealData 0.106 0.107 0.108

are still close to the Fréchet mean. It is likely that using more accurate matchings (and
thus increasing the computation time of the algorithms) we could reduce this ratio
for RealData and Data2. Besides, one can note that ratios for Data2 and RealData
are very similar; this indicates that the centering of the centroid is not altered by the
variability of mesh structures in the population.

10.4.4 Effects of Initialization on Estimated Template

The initial idea was to have a method which provides a good initialization for template
estimation methods for large databases. We just saw that IC1 and IC2 centroids are
both reasonably centered and do not depend on the subjects ordering. Despite the fact
that IC2 has the smallest sensitivity to the subjects ordering, the method is slower
and provides a centroid composed of N meshes. Because we want to decrease the
computation time for the template estimation of a large database, it is natural to
choose as initialization a centroid composed by only one mesh (time saved in kernel
convolution) in a short time. We advocate to choose IC1 over PW because we can
stop the IC1 algorithm at any step to get a centroid of the sub-population used so far.
Furthermore, PW seems to be more sensitive to subjects ordering.

Now, we study the impact of the use of a centroid, computed with the IC1 algo-
rithm, as initialization for the template estimation method presented in Sect. 10.3.1.
To that purpose, we compared the template obtained using a standard initialization,
denoted as T (StdInit), to the template initialized with IC1 centroid, denoted as
T (1C1). We chose to stop the template estimation method after 7 iterations of the
optimization process. We arbitrarily chose this number of iterations, it is large enough
to have a good convergence for 7 (/C1) and to have an acceptable convergence for
T (StdInit). We did not use a stopping criterion based on the W* metric because it
is highly dependent on the data and is difficult to establish when using a multiscale
approach. In addition to comparing 7 (/C1) to T (StdInit), we also compared the
templates corresponding to two different IC1 intialization based on two different
orderings. We compared the different templates in the space of currents. Results are
presented in Table 10.4. We also computed the same ratios R as in equation 10.27.
Results are presented in Table 10.5.

One can note that the differences between T(/C1) for different orderings are small
for Datal and Data2 and larger for RealData, suggesting that these are due to the
mesh used for the initialization step. We can also observe that templates initialized
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Table 10.4 Distances between templates initialized via differents IC1 (7 (/ C1)) for each datasets,
and the distance between template initialized via the standard initialization (7' (Std Init)) and tem-
plates initialized via IC1

TIC1) versus TIC1) T(C1) versus T(StdInit)
Datal 0.9833 40.9333
Data2 0.6800 20.4666
RealData 4.0433 26.8667

Table 10.5 Ratios R for templates (7(/C1)) and for the template with its usual initialization
T (StdInit), for each datasets

R TUC) T(StdInit)
Datal 0.0057 0.0062
Data2 0.0073 0.0077
RealData 0.0073 0.0074

Fig. 10.7 Estimated template from RealData. On the left, initialized via the standard initialization
which is the whole population. On the right, estimated template initialized via a IC1 centroid

via IC1 are far, in terms of distances in the space of currents, from the template
initialized by the standard initialization. These results could be alarming, but the
results of ratios (see Table 10.5) prove that templates are all very close to the Fréchet
mean, and that the differences are not due to a bad template estimation. Moreover,
both templates are visually similar as seen on Fig. 10.7.

10.4.5 Effect of the Number of Iterations for Iterative Centroids

Since it is possible to stop the Iterative Centroid methods IC1 and IC2 at any step,
we wanted to assess the influence of computing only a fraction of the N iterations
on the estimated template. Indeed one may wonder if computing an 1.C. at e.g.
40 % (then saving 60 % of computation time for the IC method) could be enough
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Fig. 10.8 First row Graphs of average W*-distances between the IC1 at x% and the final one. The
second row present the same results with 1C2

Table 10.6 Results of initialization of template estimation method by a IC1 at 40 %

Datal Data2 RealData
TIC1 at 40 %) versus T(StdInit) 41.41 24.41 24.82
TIC1 at 40 %) versus T(IC1 at 100 %) 9.36 9.56 6.18
R value for T(IC1 at 40 %) 0.040 0.106 0.105

to initialize a template estimation. Moreover, for large datasets, the last subject will
have a very small influence: for a database composed of 1000 subjects, the weight
of the last subject is 1/1000. We performed this experiment in the case of IC1. In
the following, we call “IC1 at x%” an IC1 computed using x x N /100 subjects of
the population.

We computed the distance in the space of currents between “IC1 at x%” and IC1.
Results are presented on Fig. 10.8. These distances are averaged over the 10 centroids
computed for each datasets. We can note that after processing 40 % of the population,
the IC1 covers more than 75 % of the distance to the final centroid for all datasets.

We also compared T(IC1 at 40 %) to T(IC1) and to T(StdInit), using distances in
the space of currents, as well as the R ratio defined in Eq. 10.27. Results are shown on
Table 10.6). They show that using 40 % of subjects lowers substantially the quality
of the resulting template. Indeed the estimated template seems trapped in the local
minimum found by the IC1 at 40 %. We certainly have to take into account the size of
the dataset. Nevertheless, we believe that if the dataset is very large and sufficiently
homogeneous we could stop the Iterative Centroid method before the end.

10.4.6 Computation Time

To speed up the matchings, we use a GPU implementation for the computation of
kernel convolutions, which constitutes the most time-consuming part of LDDMM
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Table 10.7 Computation time (in h) for Iterative Centroids and for template estimation initialised
by IC1 (T (IC1)), the standard initialization (T(StdInit)) and by IC1 at 40 % (T(IC1 at 40 %))

Computation time (h) Datal Data2 RealData

IC1 1.7 0.7 1.2

1C2 5.2 24 7.5

PW 1.4 0.7 1.2

T(CY1) 21.1(= 1.7+ 19.4) 13.3(= 0.7 + 12.6) 27.9(= 1.2+ 26.7)
T(StdInit) 96.1 20.6 99

TIC1 at 40 %) 24.4(=0.7+23.7) 10.4(= 0.3+ 10.1) 40.7(= 0.5+ 40.2)

For T'(1C1), we give the complete time for the whole process i.e. the time for the IC1 computation
plus the time for 7' (/ C1) computation itself

methods. Computations were performed on a Nvidia Tesla C1060 card. Computation
times are displayed in Table 10.7.

We can note that the computation time of IC1 is equal to the one of PW and that
these algorithms are faster than the IC2 algorithm, as expected. The computation
time for any IC method (even for IC2) is much lower (by a factor from 10 to 80 %)
than the computation time of the template estimation method. Morevoer, initializing
the template estimation with IC1 can save up to 70 % of computation time over the
standard initialization. On the other hand, using T(IC1 at 40 %) does not reduce
computation time compared to using T(IC1).

It could be interesting to evaluate the parameters which would lead to a more
precise centroid estimate in a time that would still be inferior to that needed for the
template estimation. We should also mention that one could speed up computations
by adding a Matching Pursuit on currents as described in [9].

10.5 Conclusion

‘We have proposed a new approach for the initialization of template estimation meth-
ods. The aim was to reduce computation time by providing a rough initial estimation,
making more feasible the application of template estimation on large databases.

To that purpose, we proposed to iteratively compute a centroid which is correctly
centered within the population. We proposed three different algorithms to compute
this centroid: the first two algorithms are iterative (IC1 and IC2) and the third one is
recursive (PW). We have evaluated the different approaches on one real and two syn-
thetic datasets of brain anatomical structures. Overall, the centroids computed with
all three approaches are close to the Fréchet mean of the population, thus providing
a reasonable centroid or initialization for template estimation method. Furthermore,
for all methods, centroids computed using different orderings are similar. It can be
noted that IC2 seems to be more robust to the ordering than IC1 which in turns seems
more robust than PW. Nevertheless, in general, all methods appear relatively robust
with respect to the ordering.
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The advantage of iterative methods, like IC1 and IC2, is that we can stop the
deformation at any step, resulting in a centroid built with part of the population.
Thus, for large databases (composed for instance of 1000 subjects), it may not be
necessary to include all subjects in the computation since the weight of these subjects
will be very small. The iterative nature of IC1 and IC2 provides another interesting
advantage which is the possible online refinement of the centroid estimation as new
subjects are entered in the dataset. This leads to an increased possibility of interaction
with the image analysis process. On the other hand, the recursive PW method has
the advantage that it can be parallelized (still using GPU implementation), although
we did not implement this specific feature in the present work.

Using the centroid as initialization of the template estimation can substantially
speed up the convergence. For instance, using IC1 (which is the fastest one) as initial-
ization saved up 70 % of computation time. Moreover, this method could certainly
be used to initialize other template estimation methods, such as the method proposed
by Durrleman et al. [6].

As we observed, the centroids, obtained with rough parameters, are close to the
Fréchet mean of the population, thus we believe that computing IC with more pre-
cise parameters (but still reasonable in terms of computation time), we could obtain
centroids closer to the center. This accurate centroid could be seen as a cheap alter-
native to true template estimation methods, particularly if computing a precise mean
of the population of shapes is not required. Indeed, in the LDDMM framework,
template-based shape analysis gives only a first-order, linearized approximation of
the geometry in shape space. In a future work, we will study the impact of using IC
as a cheap template on results of population analysis based for instance on kernel
principal component analysis. Finally, the present work deals with surfaces for which
the metric based on currents seems to be well-adapted. Nevertheless, the proposed
algorithms for centroid computation are general and could be applied to images,
provided that an adapted metric is used.
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Chapter 11

Hartigan’s Method for k-MLE: Mixture
Modeling with Wishart Distributions
and Its Application to Motion Retrieval

Christophe Saint-Jean and Frank Nielsen

Abstract We describe a novel algorithm called k-Maximum Likelihood Estimator
(k-MLE) for learning finite statistical mixtures of exponential families relying on
Hartigan’s k-means swap clustering method. To illustrate this versatile Hartigan
k-MLE technique, we consider the exponential family of Wishart distributions and
show how to learn their mixtures. First, given a set of symmetric positive definite
observation matrices, we provide an iterative algorithm to estimate the parameters
of the underlying Wishart distribution which is guaranteed to converge to the MLE.
Second, two initialization methods for k-MLE are proposed and compared. Finally,
we propose to use the Cauchy-Schwartz statistical divergence as a dissimilarity mea-
sure between two Wishart mixture models and sketch a general methodology for
building a motion retrieval system.

Keywords Mixture modeling + Wishart - k-MLE - Bregman divergences + Motion
retrieval

11.1 Introduction and Prior Work

Mixture models are a powerful and flexible tool to model an unknown probability
density function f (x) as a weighted sum of parametric density functions p;(x; 6;):
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K K
f(x)zzwjpj(x;ej), with w; > 0 and ijzl. (11.1)
j=1 j=1

By far, the most common case are mixtures of Gaussians for which the Expectation-
Maximization (EM) method is used for decades to estimate the parameters {(w, 0;)} ;
from the maximum likelihood principle. Many extensions aimed at overcoming its
slowness and lack of robustness [1]. From the seminal work of Banerjee et al. [2], sev-
eral methods have been generalized for the exponential families in connection with
the Bregman divergences. In particular, the Bregman soft clustering provides a unify-
ing and elegant framework for the EM algorithm with mixtures of exponential fam-
ilies. In a recent work [3], the k-Maximum Likelihood Estimator (k-MLE) has been
proposed as a fast alternative to EM for learning any exponential family mixtures:
k-MLE relies on the bijection of exponential families with Bregman divergences to
transform the mixture learning problem into a geometric clustering problem. Thus
we refer the reader to the review paper [4] for an introduction to clustering.

This paper proposes several variations around the initial k.-MLE algorithm with
a specific focus on mixtures of Wishart [5]. Such a mixture can model complex
distributions over the set Si 4 of d x d symmetric positive definite matrices. Data of
this kind comes naturally in some applications like diffusion tensor imaging, radar
imaging but also artificially as signature for a multivariate dataset (region of interest
in an multispectral image or a temporal sequence of measures for several sensors).

In the literature, the Wishart distribution is rarely used for modeling data but more
often in bayesian approaches as a (conjugate) prior for the inverse covariance-matrix
of a gaussian vector. This justifies that few works concern the estimation of the
parameters of Wishart from a set of matrices. To the best of our knowledge, the only
and most related work is the one of Tsai [6] concerning MLE and Restricted-MLE
with ordering constraints. From the application viewpoint, one may cite polarimetric
SAR imaging [7], bio-medical imaging [8]. Another example is a recent paper on
people tracking [9] which applies Dirichlet process mixture model (infinite mixture
model) to the clustering of covariance matrices.

The paper is organized as follows: Sect. 11.2 recalls the definition of an expo-
nential family (EF), the principle of maximum likelihood estimation in EFs and
how it is connected with Bregman divergences. From these definitions, the com-
plete description of k-MLE technique is derived by following the formalism of the
Expectation-Maximization algorithm in Sect. 11.3. In the same section, the Hartigan
approach for k-MLE is proposed and discussed as well as how to initialize it properly.
Section 11.4 concerns the learning of a mixture of Wishart with k-MLE. For this pur-
pose, a iterative procedure that converges to the MLE when it exists. In Sect. 11.5, we
describe an application scenario to motion retrieval before concluding in Sect. 11.6.

11.2 Preliminary Definitions and Notations

An exponential family is a set of probability distributions admitting the following
canonical decomposition:
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pr(x; 0) =exp{(t(x), 0) + k(x) — F(0)}

with 7(x) the sufficient statistic, § the natural parameter, k the carrier measure and
F the log-normalizer [10]. Most of commonly used distributions such Bernoulli,
Gaussian, Multinomial, Dirichlet, Poisson, Beta, Gamma, von Mises are indeed ex-
ponential families (see above reference for a complete list). Later on in the chapter,
a canonical decomposition of the Wishart distribution as an exponential family will
be detailed.

11.2.1 Maximum Likelihood Estimator

The framework of exponential families gives a direct solution for finding the max-
imum likelihood estimator # from a set of i.i.d observations x = {xi,...,xn}.
Denoting L the likelihood function

N N
LO: x) =[] prtxi; 0) = [ Jexp lir(x), 0) + k(xi) — F(0)) (11.2)
i=1 i=1

and [ the average log-likelihood function
N

1
10; x) = v D (t(xi), ) + k(xi) — F(6)). (11.3)

i=1

It follows that the MLE = arg max@l_ (0; x) for 0 satisfies
I
VF(@) = ¥ ;t(xi). (11.4)

Recall that the functional reciprocal (VF)~! of VF is also V F* for F* the convex
conjugate of F [11]. It is a mapping from the expectation parameter space H to the
natural parameter space @. Thus, the MLE is obtained by mapping (VF)~! on the
average of sufficient statistics:

N
6 = (VF)I(%Zt(xi)). (11.5)

i=1

Whereas determining (VF)~! may be trivial for some univariate distributions like
Bernoulli, Poisson, Gaussian, multivariate case is much challenging and lead to
consider approximate methods to solve this variational problem [12].
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11.2.2 MLE and Bregman Divergence

In this part, the link between MLE and Kullback-Leibler (KL) divergence is recalled.
Banerjee et. al. [2] interpret the log-density of a (regular) exponential family as a
(regular) Bregman divergence:

log pr(x;0) = —Bp«(t(x) : ) + F*(t(x)) + k(x), (11.6)

where F* is the convex conjugate (Legendre transform) of F. Skipping a formal
definition, a Bregman divergence for a strictly convex and differentiable function
p: 2 Ris

By(wi 1 w2) = o) — p(w2) = (w1 — w2, Vp(wr)). (IL7)

From a geometric viewpoint, B, (w; : w») is the difference between the value of ¢ at
w1 and its first-order Taylor expansion around wy evaluated at wj. Since ¢ is convex,
B, is positive, zero if and only if (iff) w; = wy but not symmetric in general. The
expression of F* (and thus of Bp+) follows from (VF )~

F*() = (VF) '), m) — F(VF)"' (). (11.8)

InEq. 11.6, term Br«(t(x) : n) says how much sufficient statistic # (x) on observation
x is dissimilar to n € H.

The Kullback-Leibler divergence on two members of the same exponential family
is equivalent to the Bregman divergence of the associated log-normalizer on swapped
natural parameters [10]:

KL(pr(; 0Dlpr(;62)) = Bp(02 : 61) = Bp«(1 : m2). (11.9)

Let us remark that Br is always known in a closed-form using the canonical decom-
position of pg whereas Bp+ requires the knowledge of F*. Finding the maximizer
of the log likelihood on ® amounts to find the minimizer 7 of

N N
D Bee(t(xi) i m) = D KL (ppe(s 1))l pre(m)

i=1 i=l1

on H since the two last terms in Eq. (11.6) are constant with respect to 7.

11.3 Learning Mixtures with k-MLE

This section presents how to fit a mixture of exponential families with k-MLE.
This algorithm requires to have a MLE (see previous section) for each component
distribution pr; of the considered mixture. As it shares many properties with the EM
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algorithm for mixtures, this latter is recalled first. The heuristics Lloyd and Hartigan
for k-MLE are completely described. Also, two methods for the initialization of
k-MLE are proposed depending whether or not component distributions are known.

11.3.1 EM Algorithm

Mixture modeling is a convenient framework to address the problem of cluster-
ing defined as the partitioning of a set of i.i.d observations x = {x;};=1,. n into
“meaningful” groups regarding to some similarity. Consider a finite mixture model
of exponential families (see Eq. 11.1)

K
fx) =ijpF,-(x;9,~), (11.10)

j=1

where K is the number of components and w; are the mixture weights which sum
up to unity. Finding mixture parameters {(w;, 6;)}; can be again addressed by max-
imizing the log likelihood of the mixture distribution

N K
L{wj, 0))}j:0 = D log D wjpr,(xi: 6)). (11.11)
i=1 j=1

For K > 1, a sum of terms appearing inside a logarithm makes optimization much
more difficult than the one of Sect. 11.2.1 (K = 1). A classical solution, also well
suitable for clustering purpose, is to augment model with indicatory hidden vector
variables z; where z;; = 1 iff observation x; is generated for jth component and 0
otherwise. Previous equation is now replaced by the complete log likelihood of the
mixture distribution

N K
Le({(wj, 0))}: (i, z20}) = D> zijlog (w) pr; (xi: 0))) . (11.12)

i=1 j=1I

This is typically the framework of the Expectation-Maximization (EM) algorithm

[13] which optimizes this function by repeating two steps:

1. Compute Q({(w;, 0;)};, {(w;’) , 95.1))} ;) the conditional expectation of L, w.r.t.
the observed data y given an estimate {(wy), F)y))} ;j for mixture parameters. This

step amounts to compute 2,@ =E |x; ], the vector of responsibilities

(@00, [zi
for each component to have generated x;.
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20 _ wj‘t)l’ Fy (i 9;.’))

ij = :
> w;-t,)PFj, (xi; 955))

(11.13)

2. Update mixture parameters by maximizing Q (i.e. Eq. (11.12) where hidden values
(1)
).

z;j are replaced by 21.1

N
pl+1) _ 2 (1) 0.
i N 0; —arez%ergz;szij log (pr; (xi: 6;)) . (11.14)

i=1
While zi)yﬂ) is always known in closed-form whatever F; are, éyﬂ) are obtained
by component-wise specific optimization involving all observations.

Many properties of this algorithm are known (e.g. maximization of Q implies max-
imization of L, slow convergence to local maximum, etc...). In a clustering per-
spective, components are identified to clusters and values Z;; are interpreted as soft
membership of x; to cluster C;. In order to get a strict partition after the convergence,
each x; is assigned to the cluster C; iff Z;; is maximum over Z;1, Z;i2, .. ., Zik -

11.3.2 k-MLE with Lloyd Method

A main reason for the slowness of EM is that all observations are taken into account
for the update of parameters for each component since 21(;) € [0, 1]. A natural idea is

then to generate smaller sub-samples of x from 21@ in a deterministic manner.! The

simplest way to do this is to get a strict partition of xy with MAP assignment:

-0 [ 1 if 21(;) = maxy 21(,?

Y 0 otherwise

‘When multiple maxima exist, the component with the smallest index is chosen. If this
classification step is inserted between E-step and M-step, Classification EM (CEM)
algorithm [14] is retrieved. Moreover, for isotropic gaussian components with fixed
unit variance, CEM is shown to be equivalent to the Lloyd K-means algorithm [4].
More recently, CEM was reformulated in a close way under the name k-MLE [3]
for the context of exponential families and Bregman divergences. In the following
of the paper, we will refer only to this latter. Replacing z};) by 28) in Eq.(11.12), the
criterion to be maximized in the M-step can be reformulated as

! Otherwise, convergence to a pointwise estimate of the parameters would be replaced by conver-
gence in distribution of a Markov chain.



11 Hartigan’s Method for k-MLE 307

Le({(w, 0} {(xi. 27} )—ZZz(‘)log (wjpr,(xi:0)) . (11.15)

j=li=l

Following CEM terminology, this quantity is called the “classification maximum
likelihood”. Letting C;’) = {x, € xlzm = 1] this equation can be conveniently
rewritten as

Le({(wj, 00} 1C1) = D log (w1 pr (x; 01)
xECY)

+oo D log (wi pry(xi0x)) . (11.16)
xecg)

Each term leads to a separate optimization to get the parameters of the corresponding
component:

®)
ICY' .
A4 Y (+D _ z
w; = 0 a;gmax logpF (x;0;). (11.17)
C) g
j

Last equation is nothing but the equation of the MLE for the j-th component with
a subset of x. Algorithm 1 summarizes k-MLE with Lloyd method given an initial
description of the mixture.

Algorithm 1: k-MLE (Lloyd method)

Input: A sample x = {x, x2, ..., xn}, initial mixture parameters {w (0) 9;0)} i {Fj}j
log-normalizers of exponential families

Output: Ending values for {ﬁ;;') , é;'t) }j are estimates of mixture parameters,
Cy) a partition of x

1t=0;

2 repeat

3 repeat
//Partition xy in K disjoint subsets with MAP assignment

4 foreach x; € x do Elm = argmax; log uﬁy)ij (xi; @;’));
5 ¢ = tx e xlz” = jk
// Update parameters {f;}; with MLE ({w;}; unchanged)
+1
foreach j € 1, ..., K do 9;’ ) = argmaxy, co, ercj” log pr; (x; 0;);
7 t=t+1;
until Convergence of the classification maximum likelihood (Eq. 11.16);
/l Update mixture weights {w;};
9 | foreach j € 1,..., K do w(’H) |C(’)|/N
10 until Further convergence of the clamﬁcazwn maximum likelihood (Eq. 11.16);
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Contrary to CEM algorithm, k-MLE algorithm updates mixture weights after the
convergence of the L. (line 8) and not simultaneously with component parameters.
Despite this difference, both algorithms can be proved to converge to a local maxi-
mum of Ec with same kind of arguments (see [3, 14]). In practice, the local maxima
(and also the mixture parameters) are not necessary equal for the two algorithms.

11.3.3 k-MLE with Hartigan Method

In this section, a different optimization of the classification maximum likelihood is
presented. A drawback of previous methods is that they can produce empty clusters
without any mean of control. It occurs especially when observations are in a high
dimensional space. A mild solution is to discard empty clusters by setting their
weights to zero and their parameters to ¢J. A better approach, detailed in the following,
is to rewrite the k-MLE following the same principle as Hartigan method for k-means
[15]. Moreover, this heuristic is preferred to Lloyd’s one since it generally provides
better local maxima [16].

Hartigan method is generally summarized by the sentence “Pick an observation,
say x. in cluster C,, and optimally reassign it to another cluster.” Let us first consider
as “optimal” the assignment x, to its most probable cluster, say C;=:

j* = argmaxlog ' pr, (xe; 6),
J

where ﬁ)y), and éy) denote the weight and the parameters of the j-th component at
some iteration. Then, parameters of the two components are updated with MLE:

00*Y = arg max Z log pr, (x; 0,) (11.18)
0.€0,
xeC\{xe)
0UFD =argmax > log pry. (x10;e). (11.19)
9/-*6(9]-* xecmu{x |
j* C

The mixture weights w. and @+ remain unchanged in this step (see line 9 of
Algorithm 1). Consequently, L increases by @ ® (x., Ce., C j+) where @ O (x.,C.,C )
is more generally defined as

At+1 A We
200e.CeCp= 3 togpr (b= X togpr (B —log
xeC\fxe) xeCPUfixe}
A 1 A
+ > logpr@ BT S logpr 8.
xeCU(xc) xeC\(xe)

(11.20)
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This procedure is nothing more than a partial assignment (C-step) in the Lloyd
method for k-MLE. This is an indirect way to reach our initial goal which is the
maximization of ﬁc.

Following Telgarsky and Vattani [16], a better approach is to consider as “optimal”
the assignment to cluster C; which maximizes ®O(x,,C..C i)

j* =argmax @ (x., C., C)). (11.21)
j

Since @ (x,, C.., C.) = 0, such assignment satisfies @ © (x,, C,., Cj+) > Oand there-
fore the increase of Ec. As the optimization space is finite (partitions of {x1, ..., xx}),
this procedure converges to a local maximum of Le. There is no guarantee that C
coincides with the MAP assignment for x,.

For the k-means loss function, Hartigan method avoids empty clusters since any
assignment to one of those empty clusters decreases it necessarily [16]. Analo-
gous property will be now studied for k-MLE through the formulation of L with
n-coordinates:

Le({(wj, ) j C7))) (11.22)

K
= > [Frop + k0 + () = mj, VFF@)) + logw |
i=1 v

Recalling that the MLE satisfies ﬁ;’) = |Cj(.l) |_1 zxec(’) tj(x), dot product vanishes
J

when n; = ﬁ;’) and it follows after small calculations

@D (x.,Cc, Cj) = (ICP| = DEFHITY) — |CO1FF (D)
(1) % A(t+1) )| o A1)
+ (|Cj |+1)Fj(77j )_|Cj |Fj(77j )

W
+ kj(xe) — ke(xc) — log w—c (11.23)
J

As far as F7 is known in closed-form, this criterion is faster to compute than
Eq.(11.20) since updates of component parameters are immediate

. 070
HUHD = W—_tc(xc) AUTD _ M (11.24)
; -1 Y 1+ 1

When CC(') = {x.}, there is no particular reason for @O (x,, {xc}, C)) to be always
negative. Simplications occurring for the k-means in euclidean case (e.g. k; (x;) = 0,
clusters have equal weight w; = K ~1  etc...) do not exist in this more general case.
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Thus, in order to avoid to empty a cluster, it is mandatory to reject every outgoing
transfer for a singleton cluster (cf. line 8).
Algorithm 2 details k-MLE algorithm with Hartigan method when F ;‘ are avail-

able. When only F; are known, @D (x.,Ce, C ;) can be computed with Eq. (11.20).
In this case, the computation of MLE 0 ; is much slower and is an issue for a singleton

cluster. Its existence and possible solutions will be discussed later for the Wishart
distribution. Further remarks on Algorithm 2:

(line 1) When all FJ* = F* are identical, this partitioning can be understood as
geometric split in the expectation parameter space induced by divergence
Bp+ and additive weight —log w; (weighted Bregman Voronoi diagram
[17D).

(line 4) This permutation avoids same ordering for each loop.

(line 6) A weaker choice may be done here: any cluster C; (for instance the first)
which satisfies @® (x;, C;;,Cj) > 01is a possible candidate still guar-
anteeing convergence of the algorithm. For such clusters, it may be also

advisable to select C ; with maximum 23)

(line 12) Obviously, this criterion is equivalent to local convergence of Le.

As said before, this algorithm is faster when components parameters 7; can be
updated in the expectation parameter space H ;. But the price to pay is the memory
needed to keep all sufficient statistics ; (x;) for each observation x;.

11.3.4 Initialization with DP-k-MLE++

To complete the description of k-MLE, it remains the problem of the initialization
of the algorithm: choice of the exponential family for each component, initial values
of {(uA);O), 7);0))}/, number of components K. Ideally, a good initialization would be
fast, select automatically the number of components (unknown for most applications)
and provide initial mixture parameters not too far from a good local minimum of the
clustering criterion. The choice of model complexity (i.e. the number K of groups)isa
recurrent problem in clustering since a compromise has to be done between genericity
and goodness of fit. Since the likelihood increases with K, many criteria such as
BIC, NEC are based on the penalization of likelihood by a function of the degree
of freedom of the model. Other approaches include MDL principle, Bayes factor
or simply a visual inspection of some plottings (e.g. silhouette graph, dendrogram
for hierarchical clustering, Gram matrix, etc...). The reader interested by this topic
may refer to section M in the survey of Xu and Wunsch [18]. Proposed method,
inspired by the algorithms k-MLE++ [3] and DP-means [19], will be described in
the following.

At the beginning of a clustering, there is no particular reason for favoring one
particular cluster among all others. Assuming uniform weighting for components,
Le simplifies to
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Algorithm 2: k-MLE (Hartigan method)

Input: Sample x = {xy, .., xy}, initial mixture parameters {(w(o) ('0))}1':1,‘},1(’ {, F;)}j
sufficient statistics and dual log-normalizers of exponenual families

(1) A(t))}] ® 4

Output: Ending values for {(w
partition of x
/I Partition x in K disjoint subsets with MAP assignment
0 NG
7% = argmin; (B (1 (x) : 7)) — log b");
0
(0) =k

are estimates of mixture parameters, C;

1 foreach x; € x do z;

2 foreach j € 1, ..., K do C;O {xi € xlz;
3 repeat

4 done_transfer = False;

5 | Random permute (x1, th)), s (xn, Z(t)),

foreach x; €  such that \c<m| > 1do

6
// Test optimal transfer for x; (see Egs. 11.23 or 11.20)
7 ‘*:argminjq)(’)(x,-,C-(;),Cj)'
8 lf‘P()(x,,C(z),Cj )>0then
1/ Update clusters and membership of x;
9
t+1 t t+1 t —(t+1 .
C((r) ) Ci(?)\{xi}a C;‘* ) = C;*) U {xi}’ ZE ) = ]>‘<
/I Update only 7z, 7n+ with MLE ({w;}; unchanged)
10
. e, fy% Lot [t f%f,ﬁl) + e (x7)
A Z; A (1 Z; <i
o = Ts v = +1)
o |C_(r) | “i |c;gr+l)|

| done_transfer = True; t =1t +1;

11 if done_transfer is True then
// Update mixture weights {w;};

12 foreach j € 1, ..., K do 12)5.” = Nfllcy)lg

13 until done_transfer is False;

K
Le({6;);: {cy)}j) =>" > logpr;(x:6)) or equivalently to (11.25)
J=1 rect®

K
L) (€010 =27 37 [ + k() + (160 = my, VEF )]
=l xec (11.26)

When all F]* = F* are identical and the partition {Cy)} j corresponds to MAP

assignment, £ is exactly the objective function L for the Bregman k-means [2].
Rewriting £ as an equivalent criterion to be minimized, it follows
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o N K
Llnjy) = 2 min Bp-(t(x) < ). (1127)

i=1

Bregman k-means++ [20, 21] provides initial centers {nﬁ.o) } j which guarantee to find
aclustering thatis O(log K)-competitive to the optimal Bregman k-means clustering.
The k-MLE++ algorithm amounts to use Bregman k-means++ on the dual log-
normalizer F* (see Algorithm 3).

Algorithm 3: k--MLE++

Input: A sample x = {xi, ..., xn},  the sufficient statistics and F* the dual log-normalizer
of an exponential family, K the number of clusters
Output: Initial mixture parameters {(wﬁo), 77;0)} i)
1 w” = 1/K;
2 Choose first seed ’r/io) = t(x;) for i uniformly random in {1,2, ..., N};

3forj=2,...,Kdo
4 wﬁo) =1/K;
// Compute relative contributions to é({T}j}j)
min]]:,:] B (1(xi):mr)

foreach x; € x do p; = - ;
5 ! ! Zf\,/:l min;,:l B (t(x;r)inr)

6 Choose 7]5.(» € {t(x1), ..., t(xy)} with probability p;;

When K is unknown, same strategy can still be applied but a stopping criterion
has to be set. Probability p; in Algorithm 3 is a relative contribution of observation x;
through 7 (x;) to ﬁ({n 1, ---» Nk }) Where K is the number of already selected centers.
A high p; indicates that x; is relatively far from these centers, thus is atypic to the
mixture {(w§0)7 nfo)), - (wgg), 77;?)), } for wﬁo) = w© an arbitrary constant. When
selecting a new center, p; necessarily decreases in the next iteration. A good covering
of x is obtained when all p; are lower than some threshold A € [0, 1]. Algorithm 4
describes the initialization named after DP-k-MLE++.

The higher the threshold ), the lower the number of generated centers. In partic-
ular, the value % should be considered as a reasonable minimum setting for A. For
A = 1, the algorithm will simply return one center. Since p; = 0 for already selected
centers, this method guarantees all centers to be distinct.

11.3.5 Initialization with DP-comp-k-MLE

Although k-MLE can be used with component-wise exponential families, previous
initialization methods yield components of same exponential family. Component
distribution may be chosen simultaneously to a center selection when additional
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Algorithm 4: DP-k-MLE++

Input: A sample x = {x1, ..., xn},  the sufficient statistics and F* the dual log-normalizer
of an exponential family, A € [0, 1]
Output: Initial mixture parameters {wﬁ.o) s n;.O

(0)

) }j, K the number of clusters

1 Choose first seed 17, * = #(x;) for i uniformly randomin {1,2, ..., N};
2 K=1;
3 repeat

// Compute relative contributions to [I({m, 1))

mink_| Bpxr(xi)imy)
4 foreach x; € x do p; = Z;]Y:l njlinjl.(zl Bty
5 if 3 p; > A then
6 K =K+1;
// Select next seed

7 Choose 772)) € {t(x1), ..., t(xy)} with probability p;;

8 until all p; < \;
g for j=1,.. K dow'” =1/K;

knowledge &; about x; is available (see Sect. 11.5 for an example). Given such a choice
function H, Algorithm 5 called “DP-comp-k-MLE” describes this new flexible ini-
tialization method. DP-comp-k-MLE is clearly a generalization of DP-k-MLE++
when H always returns the same exponential family. However, in the general case, it
remains to be proved whether a DP-comp-k-MLE clustering is O (log K )-competitive
to the optimal k-MLE clustering (with equal weight). Without this difficult theoretical
study, suffix “44-" is carefully omitted in the name DP-comp-k-MLE.

To end up with this section, let us recall that all we need to know for using
proposed algorithms is the MLE for the considered exponential family, whether it is
available in a closed-form or not. In many exponential families, all details (canonical
decomposition, F, VF, F*, VF* = (V F)~ 1) are already known [10]. The next
section focuses on the case of the Wishart distribution.

11.4 Learning Mixtures of Wishart with k-MLE

This section recalls the definition of Wishart distribution and proposes a maximum
likelihood estimator for its parameters. Some known facts such as the Kullback-
Leibler divergence between two Wishart densities are recalled. Its use with the above
algorithms is also discussed.

11.4.1 Wishart Distribution

The Wishart distribution [5] is the multidimensional version of the chi-square dis-
tribution and it characterizes empirical scatter matrix estimator for the multivariate
gaussian distribution. Let X be a n-sample consisting in independent realizations of
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Algorithm 5: DP-comp-k-MLE

Input: A sample x = {x1, ..., x5} with extra knowledge £ = {£i, ..., {y}, H a choice
function of an exponential family, A € [0, 1]

Output: Initial mixture parameters {(w(.o), 77;.0))}_,», HGE Fj’f)}_,' sufficient statistics and dual
log-normalizers of exponentiaf families, K the number of clusters
// Select first seed and exponential family

1 for i uniformly random in {1,2,..., N} do

2 | Obtainty, Fj from H(x;, &);
3 | Select first seed 1" = 1)
4 K=1;

5 repeat

minf_, Bix (1 (xi)inj)

- - .
2o mmf:l B (2 (xpr)mr) ’
/ j

foreach x; € ydo p; =

6
7 if 3 p; > A then
8 K=K+I1;
// Select next seed and exponential family
9 for i with probability p; in {1,2,..., N} do
10 Obtain 1, Fg from H(x;, §);
11 Select next seed r]}?) = tx (x;);

12 until all p; <
pforj=1...Kdow? = 1/K;

a random gaussian vector with d dimensions, zero mean and covariance matrix S.
Then scatter matrix X = XX follows a central Wishart distribution with scale matrix
S and degree of freedom n, denoted by X ~ W;(n, S). Its density function is

n—d—1 1 -1
| X]| 2 exp{ — 5t (S X)}

nd n

215180 (3)

Wa(X;n,S) =

d@d-1) g -1\ : .
where fory > 0, I4(y) =7 4 H/’:l r (y - T) is the multivariate gamma

function. Let us remark immediately that this definition implies that n is constrained
to be strictly greater than d — 1.
Wishart distribution is an exponential family since

1
W4(X; 0, 05) =exp i< 0y, log|X| >g + < 0Os, _EX >ps +k(X)— F(0,,05)¢t,

where (6, 0s) = (“=4=L, §71),1(X) = (log|X|, =1 X), {, ) u s denotes the Hilbert-
Schmidt inner product and
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d+1) d+1)

F(0n, 0s) = (9n + ) (dlog(2) —log|0s]) + log I'y (9n +

(11.28)
Note that this decomposition is not unique (see another one in [22]). Refer to
Appendix A.1 for detailed calculations.

11.4.2 MLE for Wishart Distribution

Let us recall (see Sect. 11.2.1) that the MLE is obtained by mapping (VF)~! on the
average of sufficient statistics. Finding (V F)~! amounts to solve here the following
system (see Eqs. 11.5 and 11.28):

d10g(2) —log 65| + W (00 + 1) =y,

) (11.29)
= (60 + 452 o5 = 1s.

with 7, = E[log|X|] and ng = E[—%X ] the expectation parameters and ¥, the
derivative of the log I';. Unfortunately, variables 6, and fg are not separable so
that no closed-form solution is known. Instead, as pointed out in [23], it is possible
to adopt an iterative scheme that alternatively yields maximum likelihood estimate
when the other parameter is fixed. This is equivalent to consider two sub-families
Wa.n and Wy s of Wishart distribution W; which are also exponential families.
For the sake of simplicity, natural parameterizations and sufficient statistics of the
decomposition in the general case are kept (see Appendices A.2 and A.3 for more
details).

Distribution Wy, (n =20, +d + 1):  ky(X) = "4 log | X| and

nd n n
Fy(bs) = 5~ 10g(2) — S log |95 + log Iy (3) . (11.30)

Using classical results for matrix derivatives, (Eq. 11.5) can be easily solved:

n 1 N 1 N B
a1 _ > . je — S x;
—EHS = N . —EX, = es—Nﬂ(i_l Xl) . (1131)
Distribution Wy s (S = 05"):  ks(X) = —3tr(S71X) and

d+1 d+1
Fs(0,) = (an + T) log 28| + log Iy (9,, + T) (11.32)

Again, Eq. (11.5) can be numerically solved:
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N
. 1 d+1 -
b, =w;! (ﬁ > log|X;| — log |2§|) - % 0, > —1 (11.33)

i=1

with lI/d_l the functional reciprocal of ¥,. This latter can be computed with any
optimization method on bounded domain (e.g. Brent method [24]). Let us mention
that notation is simplified here since fg and 6,, should have been indexed by their
corresponding family. Algorithm 6 summarizes the estimate 6 for parameters of
-1
the Wishart distribution. By precomputing N (le\/:] X,-) and N~ Z;N=1 log | Xil,
much computation time can be saved. The computation of the llfdfl remains an
expensive part of the algorithm.

Let us now prove the convergence and the consistency of this method. Maximiz-
ing [ amounts to minimize equivalently E(0) = F(0) — (% ZlNzl t(X;),0). The
following properties are satisfied by E:

e The hessian V2E = V2F of E is positive definite on © since F is convex.
e Its unique minimizer on @ is the MLE § = VF *(% lez 1 t(X;)) whenever it
exists (although F* is not known for Wishart, and F is not separable).

Algorithm 6: MLE for the parameters of a Wishart distribution
Input: A sample x = {X, X2, ..., Xn} ofo’Lr with N > 1
Output: Estimate 0 is the terminal values of MLE sequences {@f,t)} and {g)(sf)}

// Initialization of the {@f,t)} sequence
1 9,(10):1;120;
2 repeat
/I Compute MLE in Wy, using Eq. 11.31

N —1
9yh =NH(ZX,~) withn =20 +d + 1
i=1

/[ Compute MLE in W, s using Eq. 11.33

. 1 d+1 . -1
9t — ! (N > log|X;| - log }2s|) — —— with§ = (ag’“))

i=1

t=t+1;
3 until convergence of the likelihood,

Therefore, Algorithm 6 is an instance of the group coordinate descent algorithm of
Bezdek et al. (Theorem 2.2 in [25]) for 6 = (0, 0s):

04t = argmax E(%, ) (11.34)
Os
0U+D = arg max E(6,, 0y 1") (11.35)

On
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Resulting sequences {éf,t)} and {HA(SI) } are shown to converge linearly to the coordinates
of 6.

By looking carefully at the previous algorithms, let us remark that the initialization
methods require to able to compute the divergence B+ between two elements 7; and
7 in the expectation space H. Whereas F* is known for W, ,, and Wy s, Eq.(11.9)
gives a potential solution for W, by considering Br on natural parameters 6, and 6,
in ®. Searching the correspondence H — @ is analogous to compute the MLE for
a single observation...

The previous MLE procedure does not converge with a single observation X.
Bogdan and Bogdan [26] proved that MLE exists and is unique in an exponential
family off the affine envelope of the N points 7 (X1), ..., (X ) is of dimension D, the
order of this exponential family. Since the affine envelope of 7(X) is of dimension
d x d (instead of D =d x d + 1), the MLE does not exists and the likelihood function
goes to infinity.> Unboundedness of likelihood function is well known problem that
can be tackled by adding a penalty term to it [27]. A simpler solution is to take the
MLE in family W , for some n (known or arbitrary fixed above d — 1) instead
of Wy.

11.4.3 Divergences for Wishart Distributions

For two Wishart distributions W; = Wy(X;ny, S;) and Wj = Wy(X;ny, S»), the
KL divergence is known [22] (even if F* is unknown):

(m _
KLOW)|IW3) = —log(rz E"ii)—l— (m . nz) ¥, (%)

2

s
L (_10gﬂ+tr(52151)_d) (11.36)
2 [S2]

Looking the KL divergences of the two Wishart sub-families W, , and Wy s gives
an interesting perspective to this formula. Applying Eqs. 11.9 and 11.8, it follows

S
KLV, [[W3 ) = (—10 151l +tr(Sz_1S1)—d) (11.37)

g_
52

I _
KLOWV, 5[IW3 5) = —log(rj Eé;)-f- ("1 . ”2) v, ("71) (11.38)
2

Detailed calculations can be found in the Appendix. Notice that KL(WL}HW;) is
simply the sum of these two divergences

n
2

2 Product 9,(,”9(;) is constant through iterations.
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Fig. 11.1 20 random matrices from W, (.; n, S) from n = 5 (left), n = 50 (right)

KLOW,[IWg) = KLOWV, 5, Wi 5,) + KLOV W3 ) (11.39)

and that KL(WL}’ sl |W§1 ) does not depend on §.

Divergence KL(WL}V l |W5, ,»)» commonly used as a dissimilarity measure between
covariance matrices, is sometimes referred as the log-Det divergence due to the form
of p(S) = Fu(S) o log|S| (see Eq.11.30). However, the dependency on term n
should be neglected only when the two empirical covariance matrices comes from
samples of the same size. In this case, log-Det divergence between two covariance
matrices is the KL divergence in the sub-family Wy .

11.4.4 Toy Examples

In this part, some simple simulations are given for d = 2. Since the observations are
positive semi-definite matrices, it is possible to visualize them with ellipses para-
metrized by their eigen decompositions. For example, Fig. 11.1 shows 20 matrices
generated from Wy (.; n, S) for n = 5 and for n = 50 with S having eigenvalues
{2, 1}. This visualization highlights the difficulty for the estimation of the parameters
(even for d small) when 7 is small.

Then, a dataset of 60 matrices is generated from a three components mix-
ture with parameters Wy (.; 10, S1), Wy (.; 20, S2), W4 (.; 30, S3) and equal weights
w; = wy = w3 = 1/3. The respective eigenvalues for Sy, S», S3 are in turn
{2, 1}, {2, 0.5}, {1, 1}. Figure 11.2 illustrates this dataset. To study the influence of
a good initialization for k-MLE, the Normalized Mutual Information (NMI) [28]
is computed between the final partition and the ground-truth partition for different
initializations. This value between 0 and 1 is higher when the two partitions are more
similar. Following table gives average and standard deviation of NMI over 30 runs:

| |Rand. Init/Lloyd | Rand. Init/Hartigan | k-MLE-++-/Hartigan |
|NMI| 0.229 £ 0.279 | 0.243 £ 0.276 | 0.67 £0.083 |
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Fig. 11.2 Dataset: 60 ma-

trices generated from a three 15
components mixture of W»
10
5
0
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-15
Fig. 11.3 DP-k-MLE++: -115

Influence of A on K and on
the average log-likelihood
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Threshold A in DP-k-MLE++

From this small experiment, we can easily verify the importance of a good initial-
ization. Also, the partitions having the highest NMI are reported in Fig. 11.4 for each
method. Let us mention that Hartigan method gives almost always a better partition
than the Lloyd’s one for the same initial mixture.

A last simulation indicates that the initialization with DP-k-MLE++ is very
sensible to its parameter A. Again with the same set of matrices, Fig. 11.3 shows how
the number of generated clusters K and the average log-likelihood evolve with A.
Not surprisingly, both quantities decrease when \ increases.
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-20 -10 0 10 20 =20 -10 0 10 20 -20 20

Fig. 11.4 Best partitions with Rand. Init/Lloyd (/eft), Rand. Init/Hartigan (middle), k-MLE++
Hartigan (right)

11.5 Application to Motion Retrieval

In this section, a potential application to motion retrieval is proposed following our
previous work [23]. Raw motion-captured movement can be identifiable to a n; x d
matrix X; where each row corresponds to captured locations of a set of sensors.

11.5.1 Movement Representation

When the aim is to provide a taxonomy of a set of movements, it is difficult to
compare varying-size matrices. Cross-product matrices X; = 'X;X; is a possible
descriptor? of X;. Denoting N the number of movements, set {X1, ..., Xy} of d x d
matrix is exactly the input of k~-MLE. Note that d can easily be of high dimension
when the number of sensors is large.

The simplest way to initialize k-MLE in this setting is to apply DP-k-MLE++
for WW;. But when n; are known, it is better not to estimate them. In this case, DP-
comp-k-MLE is appropriate for a function H selecting Wy ,, given & = n;. When
learning algorithm is fast enough, it is common practice to restart it for different
initializations and to keep the best output (mixture parameters).

To enrich the description of a single movement, it is possible to define a mixture
m; per movement X;. For example, several subsets of successive observations with
different sizes can be extracted and their cross-product matrices used as inputs for
k-MLE (and DP-comp-k-MLE). Mixture m; can be viewed as a sparse representation
of local dynamics of X; through their local second-order moments.

While these two representations are of different kind, it is possible to encompass
both in a common framework for X; described by a mixture of a single component
{(wi1 = 1,m;1 = t(X;))}. Algorithm k-MLE applied on such input for all move-
ments (i.e. {t(X;)};) provides then another set of mixture parameters {(;, 7;)};.
Note that the general treatment of arbitrary mixtures of mixtures of Wishart is not
claimed to be addressed here.

3 For translation invariance, X; are column centered before.
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11.5.2 Querying with Cauchy-Schwartz Divergence

Let us consider a movement X (a n x d matrix) and its mixture representation m.
Without loss of generality, let us denote {(w;, 6;)} j—1. x the mixture parameters for
m. The problem of comparing two movements amounts to compute a appropriate
dissimilarity between m and another mixture m’ of such a kind with parameters
(W), 0)}j=1.x-

When both mixtures have a single component (K =K’ = 1), an immediate solution
is to consider the Kullback-Leibler divergence KL(m : m) for two members of
the same exponential family. Since it is the Bregman divergence on the swapped
natural parameters Br (6’ : ), a closed form is always available from Eq.(11.7). It
is important to mention that this formula holds for 6 and 6’ viewed as parameters for
Wy even if they are estimated in sub-families Wy , and Wy .

For general mixtures of the same exponential family (K > 1 or K’ > 1), KL
divergence admits no more a closed form and has to be approximate with numerical
methods. Recently, other divergences such as the Cauchy-Schwartz divergence (CS)
[29] were shown to be available in a closed form:

[ m(x)ym’ (x)dx
\/fm(x)zdx [ m’(x)*dx

CS(m :m') = —log (11.40)

Within the same exponential family pr, the integral of the product of mixtures is

K K
/m(x)m’(x)dx = Z Z wju);-//pp(x; 0,)pr(x; 9}/)dx. (11.41)

j=1j=l

When carrier measure k(X) = 0, as it is for YWy but not for Wy , and Wy s, the
integral can be further expanded as

/PF(X;9j)PF(x;9/j,)dX = /ewf”(X))_F(ef)ew-f’Z(X»*F(e.i’)dX

_ /e<9-"+9}'”(X)>‘F(9-")‘F(9}')dx

_ e”ef'*"}')‘F“’f)‘F((’}’)/e“’f'*(’}'"(X”‘F“’f”;’)dx.

=1

Note that 6 + ¢, must be in the natural parameter space © to ensure that F (6 + 9},)
is finite. An equivalent condition is that ® is a convex cone.

When pr = Wy, space ©® =] — 1I; ~|—oo[x8£+ is not a convex cone since
On; + 0;,]_, < —1 for n; and n’j, smaller than d + 1. Practically, this constraint
is tested for each parameter pairs before going on with the computation the CS
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divergence. A possible fix, not developed here, would be to constraint  to be greater
than d + 1 (or equivalently 6, > 0). Such a constraint amounts to take a convex
subset ]0; +oo[xS_Ii+ of @. Denoting A(6;, 0;.,) =F(;+ 9;,) —F()) — F(G;.,),
the CS divergence is also

K K
l .
CS(m :m') = 5 E Z [ wjr epr(e-”‘gf’)] (within m)
K K y
- 10 E , Z [w}w;, epr( g f’)] (within m")

K K
Z Z [u)jw . eXp A6;. ’)] (between m and m')
(11.42)

Note that CS divergence is symmetric since A(§;, 9;/) is. A numeric value of

A0, 9;.,) can be computed for W; from Eq.11.28 (see Eq.11.45 or 11.46 in the
Appendix).

11.5.3 Summary of Proposed Motion Retrieval System

To conclude this section, let us recall the elements of our proposal for a motion
retrieval system. Movement is represented by a Wishart mixture model learned by
k-MLE initialized by DP-k-MLE++ or DP-comp-k-MLE. In the case of a mixture
of a component, a simple application of the MLE for W ,, is sufficient. Although a
Wishart distribution appears inadequate model for the scatter matrix X of a move-
ment, it has been shown that this crude assumption provides a good classification rates
on areal data set [23]. Learning representations of the movements may be performed
offline since it is computational demanding. Using CS divergence as dissimilarity, we
can then extract a taxonomy of movements with any spectral clustering algorithm. For
a query movement, its representation by a mixture has to be computed first. Then it is
possible to search the database for the most similar movements according to the CS di-
vergence or to predict its type by a majority vote among them. More details of the im-
plementation and results for the real dataset will be in a forthcoming technical report.

11.6 Conclusions and Perspectives

Hartigan’s swap clustering method for k-MLE was studied for the general case of
an exponential family. Unlike for k-means, this method does not guarantee to avoid
empty clusters but achieves generally better performance than the Lloyd’s heuristic.



11 Hartigan’s Method for k-MLE 323

Two methods DP-k-MLE and DP-comp-k-MLE are proposed to initialize k-MLE
automatically by setting the number of clusters. While the former shares the good
properties of k-MLE, the latter selects the component distributions given some extra
knowledge. A small experiment indicates these methods appear to be quite sensible
to their only parameter.

We recalled the definition and some properties of the Wishart distribution W,,
especially its canonical decomposition as a member of an exponential family.By
fixing either one of its two parameters n and S, two other (nested) exponential (sub-)
families Wy ,, and Wy, s may be defined. From their respective MLEs, it is possible
to define an iterative process which provably converges to the MLE for W,. For a
single observation, the MLE does not exist.Then a crude solution is to replace the
MLE in W, by the MLE in one of the two sub-families.

The MLE is an example of a point estimator among many others (e.g. method of
moments, minimax estimators, Bayesian point estimators). This suggests as future
work many other learning algorithms such as k-MoM, k-Minimax [30], k--MAP
following the same algorithmic scheme as k-MLE.

Finally, an application to the retrieval motion-captured motions is proposed.Each
motion is described by a Wishart mixture model and the Cauchy-Schwarz divergence
is used as a dissimilarity measure between two mixture models.As the CS divergence
is always available in closed-form, such divergence is fast to compute compared to
stochastic integration estimation schemes.This divergence can be used in spectral
clustering methods and for visualization of a set of motions in an Euclidean embed-
ding.

Another perspective is the connection between the closed-form divergences be-
tween mixtures and kernels based on divergences [31]: The CS divergence looks
similar to the Normalized Correlation Kernel [32].This could lead to a broader class
of methods (e.g., SVM) using these divergences.

Appendix A

This Appendix details some calculations for distributions Wy, Wy, Wa.s.

A.1 Wishart Distribution YW,

n—d—1

X exp{—Ltr(S~1Xx
i, s) — XU ol dusTx0)
272|812 Ty(%)
—d—1 1 d
- exp{n T log|X| - (s X) - "7 log(2) — glog|S| —log Iy (g)}
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Letting (0, 0s) = (=41, $71) «— (1, 8) = (20, +d +1,05")

20, d+1—-d—-1 1 20, d+ 1)d
Wa(X: 0y, 05) =exp | 2 H0E tog X — zw(sx) — 2 FEIE D 1009
20, d+1 20, d+1
_ %bgwgw —log Iy (%)]

d+1)
2

1
=exp | bn log | X] — Etr(9sX) - (9n + ) (dlog(2) — log|0s])

1

1
=exp < b, log|X|>r + < 0, _EX >Hs —F(@)}

I
—
o

with F(®) = (Gn + @) (dlog(2) — log|0s|) + log I'y (Hn +

d+ 1))
2
=exp{< 0,1(X) > —F(O) + k(X)}

1
witht (X) = (log | X|. = X) and k(X) =0

d+1 (d+1))
2

) (dlog(2) — log |fs]) + log Iy (9,1 +=

F(O) = (9n +

OF
55 (On: 05) = dlog(2) —log 65| + ¥ (en + (11.43)
n

d+1)
2
where ¥, is the multivariate Digamma function (or multivariate polygamma of

order 0).

OF _ d+D\ ,_
8_95(9ns95)—_(9n+ 5 )05 (11.44)

Dissimilarity A(6, 6") between natural parameters 6 = (0,, 0s) and 0’ = (0, 05) is

d+1)
2

) (d1og(2) — log|fs + 65)

d+1
2

A0,0)=F@O+0)— (FO)+ F(©)) = (9” + 6, +

1
- (9,, + (d; ) ) (dlog(2) — log |6s]) — (6:, + ) (dlog(2) — log 8])
+log Iy (0,, +0,+ (d; 1)) —log Iy (9,1 + (d; 1)) —log Iy (9,/1 + (d; 1))
=— @+ 1)dlog(Z) + (9,, + (d—; 1)) log |6s| + (0; + (d; 1)) log |05

2
La (00 +0, + “452)
ra (00 + 2 1y (6, + “’;“))
(11.45)

d+1)
2

—(9,,4—0;%— )10g|93+9’5|+log<
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Remark A(B, 6) # 0. Same quantity with source parameters A = (n, S) and \' =
(n', ") is

d+1 / d-1
AN = = er ) d10g(2) — glongl - %long’I _nn log|S~!
Iy (n+n’2—d—l>
+ 8 log | ——————= (11.46)
ra(3) ra (%)

A.2 Distribution Wy,

n—d—1
X| 2z exp{—iu(ST1X
WX, S) = [X| Bk p{n Str( )}
27|82 Iy(5)

—d—1 1 d
— exp [% log | X| — 5tr(s—IX) - %log(Z) - %longl —log Iy (%)]

Letting fg = S~/

Wa(X: n, 0s) L0530 + 220 Viog 1) = 2 10g(2) — Zlog |05 — 1 r(ﬂ)
in =expi—=tr o —=—1o —=lo —1lo =
a(X;n,Ug p 5 N 5 g 5 g 5 g10g g1la B
1
:exp[< 95,—5)( >HS +k(X) — FE(Hs)}
. nd n n
with F, (05) = == log(2) — 5 log 65| + log I (5)

. n—d-—1
with &, (X) = #longl

Using the rule % =! (X~1) [33] and the symmetry of 65, we get

n_ _

Vos Fa(0s) = =205

The correspondence between natural parameter 6 and expectation parameter 7)g is
_ _ o _ * _ -1 _ B

ns = VGSFQ(QS) = _505 <« O = V?]SFQO?S) = (VogFu)™ (ns) = —=

—1
2l
Finally, we obtain the MLE for 6y in this sub family:

-1 -1

nf 1 1 il
w45 ) - (E)

i=1
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Same formulation with source parameter S:

-1

N -1 N
~ ~ S X
S=05"=(nN|D x; _Zi= X
s " (l.1 ') nN

Dual log-normalizer F,; for Wa,, is

Fr(ns) = (VF) ™' (). ns) — Fa(VF) ™ (s))

n _ n _j
(—5775 »7S) _FQ(_EUS )

at( 1) le (2)+£1 [(n)dl 71|] loo I (ﬂ)
—=tr —=1lo =log | ()| — —lo =
2 UM ) g ) g 3 UN g 14 2

nd n 1 n
~ (1 +log@) — logn +log2) + Zlog | — 15| — log I (5)

%log(%)ﬁL%logl—nE”—logr‘i (%)

KLOW, ,[W3,) = Br,(0s, : 0s,)
= FQ(QSz) - Fg(esl) - <952 - 051’ VGSFQ(0S1)>

n n _
= 7 (log 05, | - log |6, ) + Str((Os, — 5,)05,)

Os
(1 og 05,1 +tr (0520.5‘1 ) — )
105,

10, )
—1lo 0
( %2 g ] 5

NS IS

also with source parameter

1811

n
KLV, IIWVG,) =5 (—1 25

+r(Sy ' S1) — )

Let’s remark that KL divergence depends now on 7.

Bry (s, :ms,) = Fy(ns,) — Fy(ns,) — <ns; — ns,. VF, (11,)>Hs

_ n _
= (IOgI—ns | —log| — ﬁgzll)—<775. — 18y, — =75, > HS

2 2
-
n | — s, |
= 3 log +tr(7751 775 ) d
| — "752 |




11 Hartigan’s Method for k-MLE 327

A.3 Distribution Wy, s

For fixed S, the p.d.f of W, s can be rewritten® as

n—d—1

1X|72 exp{—3t(S~'X)}
12812 Ty(%)

Wa(X;n,S) =

d—1 1
— exp [rlTlog X = 5tr(S™' ) - %log 28] — log I'y (g)]

Letting 6, = ”_g_l n=20,+d+1)

1 d+1 d+1
Wa(X;0,,8) =exp ’9,, log |X| — Etr(g”X) - (9,, + %) log |28| — log Iy (9,, + %)]
=exp{< bn.log|X| > +ks(X) — Fs(6)}

d+1 d+1
with Fy(6,) = (9,, + %) log 25| + log I'y (9,1 + %)

1
with kg(X) = —Etr(y' X)

The correspondence between natural parameter 6, and expectation parameter 7, is

d+1
T = Vi, Fs(0) = log [28] + W, (0n + ))
N W, (on + @) = 1 — log 28]
© O + 57 = 05" (1 — log 25])

& Oy =W (i —log [28]) — L = (VF9) " () = VF{ ()

Finally, we obtain the MLE for 6,, in this sub family:

R T1 & d+1
0,,:11/[11(|:N210g|X|:|—10g|2§|)—( 5 )
i=1

Same formulation with source parameter n:

4 Since 28] = 29|, we have 2% |S|? that is equivalent to |25]3.
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i—d—1_ _f[1<T d+1)
—— =% ([N;10g|X|:| —1og|2§|)— 5
1 N
A= 2%_1( ﬁ210g|X|:| —1og|2§|)
i=1

Dual log-normalizer F§ for Wy g is

1

F§n) = ((VFs) ™' (1), ma) — Fs((VFs)™" ()

_ d+1
:(Wdl(ﬁn—10g|2§|)_( P )71771)
— ;! (1, — log [28|) log |2| — log Iy ( " (1 — log |2§|))

_ d+ _
=y, 1 (nn — log |2§}) (n,, —log |2§|) — ( > )7],, —logl'y (lI/d ! (7],, — log |2§|))

KL(Wdl§||W5§) =BF§(9,,2 : anl) = Fﬁ(anz) - Fi(enl) - (9 - 0”13 VFQ(anl))

d+1 d+1
= (9,,2 + T) log 28| + log I'y (9n2 + T)
d+1 d+1
— (9,11 + T) log |2S| log I'y (9,11 + T)

d+1
— (On, — On,, log 28] + ¥y (enl + ( ! )))

Ty (6, + <L)
Iy (9"1 %)
Iy

(6m + 45)
J’_

KLOW, 5|Wis) = lo

d+1
(91‘[2 - enl)q/d (enl + ( i ))

2

g (d+1))
2

d

+(9n _911 )qjd (0n +
Ly (0 +45) 0" 1

also with source parameter

I (% -
KLW; slIWj 5) = —log(rj Ei;)JF (m 2 nz) Y (%1)
2

Let us remark that this quantity does not depend on S.

BFE(nnl DMny) = FE(UVH) - Fg*(nnz) = <Mny = Nny> VFE(”"2)>HS

_ d+1
=" (1, —10g [28]) (1, o [25]) — 2,

—log I'y (WJI (nnl —log IZQD)

_ d+1
— ;" (1, —log [28]) (ma, — log|2S]) + %nnz
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+log I'y (l,llcfl (77”2 — log |2§D)

- d+1
= My — My Wd ! (nnz — log ’2§|) - ( B )>HS
Lo (97 (my — log 25]))
BF;(nnl t ny) = log =)
> Lo (7", —log [25)) )
—[w (= 10g[25]) = 95" (1, —10g |28]) | (0, — Tog[28])
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Chapter 12

Morphological Processing of Univariate
Gaussian Distribution-Valued Images Based
on Poincaré Upper-Half Plane Representation

Jesuis Angulo and Santiago Velasco-Forero

Abstract Mathematical morphology is a nonlinear image processing methodology
based on the application of complete lattice theory to spatial structures. Let us con-
sider an image model where at each pixel is given a univariate Gaussian distri-
bution. This model is interesting to represent for each pixel the measured mean
intensity as well as the variance (or uncertainty) for such measurement. The aim of
this work is to formulate morphological operators for these images by embedding
Gaussian distribution pixel values on the Poincaré upper-half plane. More precisely,
it is explored how to endow this classical hyperbolic space with various families
of partial orderings which lead to a complete lattice structure. Properties of order
invariance are explored and application to morphological processing of univariate
Gaussian distribution-valued images is illustrated.

Keywords Ordered Poincaré half-plane - Hyperbolic partial ordering - Hyperbolic
complete lattice - Mathematical morphology - Gaussian-distribution valued image *
Information geometry image filtering

12.1 Introduction

This work is motivated by the exploration of a mathematical image model f where
instead of having a scalar intensity ¢ € R at each pixel p, i.e., f(p) = ¢, we have, a
univariate Gaussian probability distribution of intensities N (11, %) € N, i.e., image
f is defined as the function
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Q- N

K 2

p = N(u,o7)

where € is the support space of pixels p (e.g., for 2D images Q C Z?) and N denotes
the family of univariate Gaussian probability distribution functions (pdf). Nowadays
most of imaging sensors only produce single scalar values since the CCD (charge-
coupled device) cameras typically integrates the light (arriving photons) during a
given exposure time 7. To increase the signal-to-noise ratio (SNR), exposure time is
increased to 7’ = a7, @ > 1. Let suppose that « is a positive integer number, this is
equivalent to a multiple acquisition of « frames during 7 for each frame (i.e., akind of
temporal oversampling). The standard approach only considers the sum (or average)
of the multiple intensities [28], without taking into account the variance which is
a basic estimator of the noise useful for probabilistic image processing. Another
example of such a representation from a gray scale image consists in considering that
each pixel is described by the mean and the variance of the intensity distribution from
its centered neighboring patch. This model has been for instance recently used in [10]
for computing local estimators which can be interpreted as pseudo-morphological
operators.

Let us consider the example of gray scale image parameterized by the mean and
the standard deviation of patches given in Fig. 12.1. We observe that the underlying
geometry of this space of patches is not Euclidean, e.g., the geodesics are clearly
curves. In fact, as we discuss in the paper, this parametrization corresponds to one
of the models of hyperbolic geometry.

Henceforth, the corresponding image processing operators should be able to deal
with Gaussian distributions-valued pixels. In particular, morphological operators for
images f € F(2, ) involve that the space of Gaussian distributions A/ must be
endowed of a partial ordering leading to a complete lattice structure. In practice, it
means that given a set of Gaussian pdfs, as the example given in Fig. 12.2, we need
to be able to define a Gaussian pdf which corresponds to the infimum (inf) of the
set and another one to the supremum (sup). Mathematical morphology is a nonlin-
ear image processing methodology based on the computation of sup/inf-convolution
filters (i.e., dilation/erosion operators) in local neighborhoods [31]. Mathematical
morphology is theoretically formulated in the framework of complete lattices and
operators defined on them [21, 29]. When only the supremum or the infimum
are well defined, other morphological operators can be formulated in the frame-
work of complete semilattices [22, 23]. Both cases are considered here for images
feFEQ,N).

A possible way to deal with the partial ordering problem of A/ can be founded
on stochastic ordering (or stochastic dominance) [30] which is basically defined in
terms of majorization of cumulative distribution functions.

However, we prefer to adopt here an information geometry approach [4], which
is based on considering that the univariate Gaussian pdfs are points in a hyper-
bolic space [3, 9]. More generally, Fisher geometry amounts to hyperbolic geometry
of constant curvature for other location-scale families of probability distributions
(Cauchy, Laplace, elliptical) p(x; pu, o) = éf (xﬂ‘), where curvature depends on

g
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Fig. 12.1 Parametrization of a gray scale image where each pixel is described by the mean and
the variance of the intensity distribution from its centered neighboring patch of 5 x 5 pixels: a Left,
original gray scale image; center, image of mean of each patch; right, image of standard deviation
of each patch. b Visualization of the patch according to their coordinates in the space mean/std.dev

0.8

-4

-3

-2

(b)

Fig. 12.2 a Example of a set of nine univariate Gaussian pdfs, Ny (p, a,%), 1 <k < 9.b Same

set of Gaussian pdfs represented as points of coordinates (x; = fx/~/2, yx = o) in the upper-half
plane
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the dimension and the density profile [3, 14, 15]. For a deep flavor on hyperbolic
geometry see [12]. There are several models representing the hyperbolic space in
R4, d > 1, such as the three following ones: the (Poincaré) upper half-space model
H?, the Poincaré disk model P and the Klein disk model ¢

1. The (Poincaré) upper half-space model is the domain H¢ = {(x1,--- ,x4) €
dxlz+~~—i-dx§v
W

Xa

2. The Poincaré disk model is the domain P = {(x1, ..., xg) € R? | x3 4+ - +
dx%+-~~+dx‘21

(1—x}——x2)2°

3. The Klein disk model is the space Ke ={(x1,...,x5) € RY | x%—i—- . -+x§ < 1}

dif+-dg + (erdxi +-+xgdxg)?

l—x%—u-—xlzl (l—x%—-u—xg)z :

)

R? | x4 > 0} with the Riemannian metric ds* =
xtzi < 1} with the Riemannian metric ds> = 4

with the Riemannian metric ds? =

These models are isomorphic between them in the sense that one-to-one correspon-
dences can be set up between the points and lines in one model to the points and
lines in the other so as to preserve the relations of incidence, betweenness and con-
gruence. In particular, there exists an isometric mapping between any pair among
these models and analytical transformations to convert from one to another are well
known [12].

Klein disk model has been considered for instance in computational information
geometry (Voronoi diagrams, clustering, etc.) [26] and Poincaré disk model in infor-
mation geometric radar processing [5-7]. In this paper, we focus on the Poincaré
half-plane model, 742, which is sufficient for our practical purposes of manipulating
Gaussian pdfs. Figure 12.2b illustrates the example of a set of nine Gaussian pdfs
Ny (ks a,%) represented as points of coordinates (1 / V2, o) in the upper-half plane
as follows:

(H,0) > z= i+i0.

V2

The rationale behind the scaling factor +/2 is given in Sect. 12.3.

In summary, from a theoretical viewpoint, the aim of this paper is to endow
H? with partial orderings which lead to useful invariance properties in order to
formulate appropriate morphological operators for images f: & — 2. This work is
an extension to the conference paper [1]. The rest of the paper is organized as follows.
Section 12.2 reminds the basics on the geometry of Poincaré half-plane model. The
connection between Poincaré half-plane model of hyperbolic geometry and Fisher
Information geometry of Gaussian distributions is briefly recalled in Sect. 12.3. Then,
various partial orderings on 7 are studied in Sect. 12.4. Based on the corresponding
complete lattice structure of 72, Sect.12.5 presents definition of morphological
operators for images on (2, H?) and its application to morphological processing
univariate Gaussian distribution-valued images. Section 12.6 concludes the paper
with the perspectives of the present work.
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12.2 Geometry of Poincaré Upper-Half Plane >

In complex analysis, the upper-half plane is the set of complex numbers with positive
imaginary part:
H={z=x+iyeC| y>0}. (12.1)

We also use the notation x = M(z) and y = J(z). The boundary of upper-half plane
(called sometimes circle at infinity) is the real axis together with the infinity, i.e.,
OH?> =RUoco={z=x+iy| y=0,x = F00,y = o0}.

12.2.1 Riemannian Metric, Angle and Distance

In hyperbolic geometry, the Poincaré upper-half plane model (originated with
Beltrami and also known as Lobachevskii space in Soviet scientific literature) is
the space H? together with the Poincaré metric

Lo
9Kk 1=12 = (VO L) (12.2)
2

y

such that the hyperbolic arc length is given by

dx® +dy*  |dz|?

5 =y ldeyldz". (12.3)
Yy y

ds*> = Z gr dx dy =
k=12

With this metric, the Poincaré upper-half plane is a complete Riemannian manifold
of constant sectional curvature K equal to —1. We can consider a continuum of
other hyperbolic spaces by multiplying the hyperbolic arc length (12.3) by a positive
constant k which leads to a metric of constant Gaussian curvature K = —1/k>. The
tangent space to 2 at a point z is defined as the space of tangent vectors at z. It
has the structure of a 2-dimensional real vector space, T.H> ~ R?. The Riemannian
metric (12.3) is induced by the following inner product on 7. H?: for (1, (& € T, H?,

with G = (€. m). we put
(G, Gy = D (12.4)

3(2)?

which is a scalar multiple of the Euclidean inner product ({1, (2) = &1& + 172
The angle # between two geodesics in ? at their intersection point z is defined
as the angle between their tangent vectors in 7,H2, i.e.,

cos) — (€1, G2); _ (€1, ¢2) _
ICillzlC2llz A/(Crh CDV(G2s G2)

(12.5)
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We see that this notion of angle measure coincides with the Euclidean angle measure.
Consequently, the Poincaré upper-half plane is a conformal model.

The distance between two points z; = x| + iy and zo = x» + iyz in (H2, dsz) is
the function

(12.6)

e )+ (1 — yz)z)

disty2(z1, z2) = cosh™! (
7t 2y1y2

Distance (12.6) is derived from the logarithm of the cross-ratio between these two

points and the points at the infinity, i.e., disty2(z1,22) = log D(z{°, 21, 22, 25°)

_u=z 2z

= % . To obtain their equivalence, we remind
-2 2%

where D(z{°, 21, 22, 25°

that cosh™! (x) = log(x + ~/x% — 1). From this formulation it is easy to check that

for two points with x; = x, the distance is disty2 (21, 22) = ‘log (;—;) .
To see that disty;2(z1, z2) is a metric distance in H2, we first notice the argument

fte*
2

of cosh™! always lies in [1, c0) and cosh(x) = , so cosh is increasing and
concave on [0, 0o). Thus cosh™!(1) = 0 and cosh~! is increasing and concave
down on [1, 00), growing logarithmically. The properties required to be a metric
(non-negativity, symmetry and triangle inequality) are proven using the cross-ratio
formulation of the distance.

We note that the distance from any point z € H? to 9H? is infinity.

12.2.2 Geodesics

The geodesics of H? are the vertical lines, VL(a) = {z € H? | M(z) = a}, and the
semi-circles in H2 which meet the horizontal axis %(z) = 0 orthogonally, SC,(a) =
(ze H? | |z—7| = r; R() = a and J(Z') = 0}; see Fig. 12.3a. Thus given any pair
21, 22 € H?, there is a unique geodesic connecting them, parameterized for instance
in polar coordinates by the angle, i.e.,

Y1) = a+re" = (a+rcost) +i(rsing), 0 <t <6 (12.7)

where z1 = a + ret?t and Z2=a+ rel?2,

A more useful expression of the geodesics involves explicitly the cartesian coor-
dinates of the pair of points. First, given the pair z;, z € H2, X1 # X2, the semi-circle
orthogonal to x-axis connecting them has a center ¢ = (a;~3, 0) and a radius r; 7 ,
(z1,22) > SCy,_,(a1~2), where

2 2 2 2
Xy =X +Y; =y
2 1 2 1.
a2 = ;T2 = \/(Xl —a12)? +yi = \/(xz —a1-2)? + 3.
2(x2 — x1)
(12.8)
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y=3(z)

@) ) 4¥=¢)

o

H2 x=R(z) (tan ¢, 0) x ="R(z}

Fig. 12.3 a Geodesics of H?: z; and z; are connected by a unique semi-circle; the geodesic between
2o and z3 is a segment of vertical line. b Hyperbolic polar coordinates

Then, the unique geodesic parameterized by the length, t — ~(z1, z2; t), v : [0, 1] —
H? joining two points z; = x1 + iy1 and 23 = x3 4 iy2 such as y(z1, z2; 0) = z; and
Y(z1, 22; 1) = z2 is given by

X1 + iesttho it x1 =x2

. . 12.9
[r tanh(ﬁt +1t9) +al+i [m] if xq ;é X2 ( )

v(z1, 225 1) = {

with a and r given in (12.8) and where for x| = x2, fo = log(y1), £ = log i—? and for
X1 #x2
_ r+rt =3
fo = cosh™! (L) = sinh ™! (u) , £ =log nov. 2
Y1 1 V2pq 2y

If we take the parameterized smooth curve () = x(¢) + iy(¢), where x(¢) and
y(t) are continuously differentiable for b < t < c, then the hyperbolic length along
the curve is determined by integrating the metric (12.3) as:

b b . 5 5 b os
L(y) = / ds = / 15 (0)dr = / VO 30, / |§Eg| g
Y a a a

y(®)

Note that this expression is independent from the parameter choice. Hence, using
the polar angle parametrization (12.7), we obtain an alternative expression of the

geodesic distance given
I (2) O
og | cot — ) —log | cot —
S\ S\ 2

which is independent of r and consequently, as described below, dilation is an
isometry.

02
dt =

disty2 (21, 22) = igl/fL(’Y) =/

9, 7sint
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12
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Fig. 12.4 a Example of interpolation of 5 points in H? between points z; = —6.3 4 2.6 (in red)

and zo = 3.5 +70.95 (in blue) using their geodesic t — (z1, 22; 1), with t = 0.2, 0.4, 0.5, 0.6,
0.8. The average point (in green) corresponds just to y(z1, z2; 0.5) = 0.89 + i4.6. b Original (in
red and blue) univariate Gaussian pdfs and corresponding interpolated ones

Remark Interpolation between two univariate normal distributions. Using the closed-
form expression of geodesics t +— 7y(z1, z2; 1), given in (12.9), it is possible to
compute the average univariate Gaussian pdf between N (up, a%) and N (uo, 0’%),
with (e = v/2xx, 0% = y), by taking r = 0.5. More generally, we can interpolate a
series of distributions between them by discretizing ¢ between 0 and 1. An example of
such amethod is givenin Fig. 12.4. We note in particular that the average Gaussian pdf
can have a variance bigger than J% and O'%. We note also that, due to the “logarithmic
scale” of imaginary axis, equally spaces points in ¢ do not have equal Euclidean
arc-length in the semi-circle.

12.2.3 Hyperbolic Polar Coordinates

The position of point z = x + iy in 4> can be given either in terms of Cartesian coor-
dinates (x, y) or by means of polar hyperbolic coordinates (7, ¢), where 7 represents
the distance of the point from the origin Oz2 = (0, 1) and ¢ represents the slope of
the tangent in Oy2 to the geodesic (i.e., semi-circle) joining the point (x, y) with the
origin. The formulas which relate the hyperbolic coordinates (7, ¢) to the Cartesian
ones (x, y) are [11]

_ sinh 7 cos ¢ — i
X = Coshy—simhysing® 1~ 0 n = distyy ((29_2-(5 ) Zl) (12.10)
= - _T us _ X4y — .
Y = Goshy—sinh7sin g’ 7 < ¢ < > ¢ = arctan 5

We notice that the center of the geodesic passing through (x, y) from Oy has
Cartesian coordinates given by (tan ¢, 0); see Fig. 12.3b.
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12.2.4 Invariance and Isometric Symmetry

Let the projective special linear group defined by PSL(2, R) = SL(2, R)/ {+£I} where
the special linear group SL(2, R) consists of 2 x 2 matrices with real entries which
determinant equals +1, i.e.,

geSLQ2,R): g=(‘C’Z), ad — be = 1;

and I denotes the identity matrix. This defines the group of Mobius transformations
My: H? — H? by setting for each g € SL(2, R),

’

ab az+b  aclz|* + bd + (ad + bo)R(z) + i3(2)
Z = Mg(Z) = 7= = >
cd cz+d lcz +d|

such that 3 (M,(z)) = (y(ad — be)) / ((cx + d)?* + (cy)?) > 0. The inverse map is
easily computed, i.e., z —> M . L) = (dz = b) /(—cz + a). Since M&bius transfor-
mations are well defined in 74> and map H? to > homeomorphically.

The Lie group PSL(2, R) acts on the upper half-plane by preserving the hyperbolic
distance, i.e.,

disty (My(z21), My(22)) = disty2 (21, 22), Vg € SL(2, R), Vz1, 20 € H2.

This includes three basic types of transformations: (1) translations z +— z + «,
a € R; (2) scaling z — fz, f € R\ 0; (3) inversion z +— z~!. More pre-
cisely, any generic Mobius transformation My(z), ¢ # 0, can be decomposed
into the following four maps: fi = z + d/c, p = —1/z, fs = z(ad — bc)/c?,
fa = z+a/csuch that My(z) = (fi of2 of3 0f4)(2). If ¢ = 0, we have My(z) =
(hy o hp o h3)(z) where hi(z) = az, ho(z) = z + b, ha(z) = z/d. It can be
proved that Mobius transformations take circles to circles. Hence, given a cir-
cle in the complex plane C of radius r and center ¢, denoted by C,(c), we have
its following mappings [27]: a translation z +— z + «, such as the functions fi,
fa and hy maps C,(c) to Cr(c + «); a scaling z +— [z, such as the functions
f3, h1 and h3, maps C,(c) to Cgr(5c); for inversion z +— 7L Cr(o) maps to
Cr/lczl (=1/0).

Let H € H? be a geodesic of the upper half-plane, which is described uniquely
by its endpoints in 92, there exists a Mobius transformation M such that My maps
H bijectively to the imaginary axis, i.e., VL(0). If H is the vertical line VL(a), the
transformation is the translation z > M (z) = z — a. If H is the semi-circle SC,(a)
with endpoints in real axis being (_, (+ € R, where (_ =a—rand (4 =a +r,
the map is given by My(z) = %, such that My((~) = 0, My((+) = oo and
My(a+ir) =1i.
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The unit-speed geodesic going up vertically, through the point z = i is given by

t/2 0
’Y(t) = (80 e_t/z) i = iet.

Because PSL(2, R) acts transitively by isometries of the upper half-plane, this geo-
desic is mapped into other geodesics through the action of PSL(2, R). Thus, the
general unit-speed geodesic is given by

ab\ (* 0 ~ aiel +b

12.2.5 Hyperbolic Circles and Balls

Let consider an Euclidean circle of center ¢ = (x, y.) € H> and radius r in the
upper-half plane, defined as C(¢) = {z € H2|V/(xc — a)?> + (yo — b)?> = r}, such
that it is contained in the upper-half plane, i.e., C.(c) C HZ2. The corresponding
hyperbolic circle Cyp2 .., (cn) {z € H2|distHz (cn, z) = rp} is geometrically equal to
C,(c) but its hyperbolic center and radius are given by

,
ch = (e, Y2 =r?); 1, =tanh™! (—) .
Ye

We note that the hyperbolic center is always below the Euclidean center. The inverse
equations are
¢ = (X; = xp, ye =ypcoshry); r = y,sinhry,. (12.12)

Naturally, the hyperbolic ball of center ¢;, and radius ry, is defined by By2 ,, (ch)
{z € H? |disty2 (cp, z) < rp}. Let us consider a hyperbolic ball centered at the origin
By . (0, 1), parameterized by its boundary curve OB in Euclidean coordinates:

x=rcos; y=b+rsind

where using (12.12), we have b = cosh r, and r = sinh r,. The length of the boundary
and area of this ball are respectively given by [32]:

2T
’
L(OB) = ————df = 2xsinh 1y, 12.13
(OB) /0 b+ rsinf TSI Th ( )

dxdy dx
Area(B) = — =9 —= 2m(coshry, — 1). (12.14)
B Y vy
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Comparing the values of an Euclidean ball which has area Wr,% and length of its

3 5
boundary circle 27y, and considering the Taylor series sinh 7, = r, + % + % +---
2 4
and coshry, =1+ % + % + -+ -, one can note that the hyperbolic space is much

larger than the Euclidean one. Curvature is defined through derivatives of the metric,
but the fact that infinitesimally the hyperbolic ball grows faster than the Euclidean
balls can be used a measure of the curvature of the space at the origin (0, 1) [32]:

K =lim,, ¢ me;r}u%)] = —1. Since there is an isometry that maps the neigh-

h
borhood of any point to the neighborhood of the origin, the curvature of hyperbolic
space is identically constant to —1.

Remark Minimax center in H>. Finding the smallest circle that contains the whole
set of points x1, x2, ..., xy in the Euclidean plane is a classical problem in com-
putational geometry, called the minimum enclosing circle MEC. It is also rel-
evant its statistical estimation since the unique center of the circle ¢*° (called
1-center or minimax center) is defined as the L® center of mass, i.e., for R2,
€% = argmin, g2 maxj<;<pn [|x; — x||2. Computing the smallest enclosing sphere
in Euclidean spaces is intractable in high dimensions, but efficient approximation
algorithms have been proposed. The Bddoiu and Clarkson algorithm [8] leads to a

fast and simple approximation (of known precision ¢ after a given number of itera-

tions }2 using the notion of core-set, but independent from dimensionality 7). The

computation of the minimax center is particularly relevant in information geometry
(smallest enclosing information disk [25]) and has been considered for hyperbolic
models such as the Klein disk, using a Riemannian extension of Bddoiu and Clarkson
algorithm [2], which only requires a closed-form of the geodesics. Figure 12.5 depicts
an example of minimax center computation using Baddoiu and Clarkson algorithm for
a set of univariate Gaussian pdfs represented in 7{>. We note that, using this property
of circle preservation, the computation the minimal enclosing hyperbolic circle of a
given set of points Z = {zx}1<k<k, % € H2, denoted MEC42(Z) is equivalent to
computing the corresponding minimal enclosing circle MEC(Z) if and only if we
have MEC(Z) C 'H?. This is the case for the example given in Fig. 12.5.

12.3 Fisher Information Metric and a-Order Entropy Metric
of Univariate Normal Distributions

In information geometry, the Fisher information metric is a particular Riemannian
metric which can be associated to a smooth manifold whose points are probability
measures defined on a common probability space [3, 4]. It can be obtained as the
infinitesimal form of the Kullback—Leibler divergence (relative entropy). An alterna-
tive formulation is obtained by computing the negative of the Hessian of the Shannon
entropy.

Given an univariate probability distribution p(x|6), x € X, it can be viewed as a
point on a statistical manifold with coordinates given by 6 = (01, 6, ..., 6,). The
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Fig. 12.5 a Example of minimax center (xy, y) (red x) of a set of nine points Z = {zx}1<x<9 in
H? (original points * in black), the minimal enclosing circle MEC,>(Z) is also depicted (in red).
b Corresponding minimax center Gaussian set N (i = v/2xp,, 0% = y,%) of nine univariate Gaussian
pdfs, Ny (u, 02),1 <k <9

Fisher information matrix then takes the form:

dlogp(x, 0) dlogp(x, 0)
i (i, 1=1,2 =/
X

90, 20, p(x, 0) dx.

The corresponding positive definite form
n
ds*(0) = D gu(0)d6ydo,
k,I=1

is defined as the Fisher information metric. In the univariate Gaussian distributed case
px|0) = N(u, o?), we have in particular § = (u, o) and it can be easily deduced
that the Fisher information matrix is

1
= 0
(g (p, o)) = (%z ;) (12.15)
o2
and the corresponding metric is
dp? + 2do? dy?
oy = P 0 (Yo wart). a2
2 2 NG

Therefore, the Fisher information geometry of univariate normal distribution is essen-
tially the geometry of the Poincaré upper-half plane with the following change of
variables:

x=p/N2, y=o
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Hence, given two univariate Gaussian pdfs N(u, 012) and N (uo, 0%), the Fisher
distance between them, distgge,: N x N'— R, defined from the Fisher informa-
tion metric is given by [9, 14]:

distrigier (1, D), (2. 03)) = V2distyp (ﬂ +ior, L= 4 iaz) (217

2

The change of variable also involves that the geodesics in the hyperbolic Fisher
space of normal distributions are half-lines and half-ellipses orthogonal at o = 0,
with eccentricity 1/ V2.

The canonic approach can be generalized according to Burbea and Rao geometric
framework [9], which is based on replacing the Shannon entropy by the notion of
a-order entropy, which associated Hessian metric leads to an extended large class of
information metric geometries. Focussing on the particular case of univariate normal
distributions, p(x|6) = N (i, %), we consider again points in the upper half-plane,
7z =x+ iy € H? and for a given o > 0 the a—order entropy metric is given by [9]:

x =A@ y=o;

where

Al) = (@'?=a7 21207 B(a) = a322m) 1 924(); a > 0. (12.19)

The metric in (12.18) constitutes a Kahler metric on H% and when o = 1
reduces to the Poincaré metric (12.3). Its Gaussian curvature is K,(z) = —(a + 1)
[B(a)]~! y*~!; being always negative (hyperbolic geometry). In particular, for o = 1
we recover the particular constant case K (z) = —1.

The geodesics of the Burbea-Rao a-order entropy metric can be written in its
parametric polar form as [9]:

v(@) =x(0) +iy@®), 0<6<m, with (12.20)
x(9) =a-+ rl/ﬁFl/g(Q),
Hy(ﬂ) =r/Psinl/P g, (12.21)

where
I6] =(a+1)/2, r>0, aeR,

F,(0) = —y f,f/z sin” #dt.

Figure 12.6 shows examples of the geodesics from the Burbea-Rao a-order entropy

metric fora =0,r =1 and o = 0.01, 0.5, 1, 5 and 20.
By integration of the metric, it is obtained the Burbea-Rao «-order entropy

geodesic distance for 7, 22 € H2 [9]:
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Fig. 12.6 Examples of the

25 Burbea-Rao a.-order entropy geodesics

geodesics from the Burbea- —a-o01
Rao a—order entropy metric —t
obtained using (12.20) and 2| =20

(12.21) fora =0, r = 1 and
a=0.01,0.5, 1,5 and 20

i

. 2J/B(a) |x1 — x; —a _
disty 2 (21, 227 @) = VB(@) | x1 —x2 +y51 /2 /| _r_zyTH-l _y;l /2 [ _r_zyg—o—l

[1—al r
(12.22)

which unfortunately depends on the value of r. This quantity should be determined
by solving a system of three nonlinear equations for the unknown variables 61, 6,
and r:

x1 —xp = r'/P (Fy,5(01) — F15(62))

yi = r'/Psinl/B gy,

yo = r1/Bsin!/B g,
An alternative solution to compute a closed form distance between two univari-
ate normal distributions N (,ul,alz) and N (uz, a%) according to the Burbea-Rao

a-deformed geometry is based on the a-order Hellinger distance [9]:

2(271_)(1—0)/4

2
. 1—a)/2 1—a)/2 —
dlStHellinger ((Nl; U%)» (112, U%); LY) = T |: (Ug /2 _ o-é @)/ ) + 2(010-2)(1 a)/2

1/2 ) 172
- 20102 exp —a(p — p2)
ol +o3 ) ’

In particular, when oo = 1 this formula reduces to

172 2
. 20107 —(p1 — )
distainger (1. 7D G2, 0)) =27 (1 () (e

(12.23)

12

(12.24)



12 Morphological Processing of Univariate Gaussian Distribution-Valued Images 345

12.4 Endowing H? with Partial Ordering and Its Complete
(inf-semi) Lattice Structures

The notion of ordering invariance in the Poincaré upper-half plane was considered
in the Soviet literature [19, 20]. Ordering invariance with respect to simple tran-
sitive subgroup T of the group of motions was studied, i.e., group T consists of
transformations ¢ of the form:

z=x+iy~ 7 = (A\x+a) +idy,

where A > 0 and « are real numbers. We named 7" the Guts group. We note that 7'
is just the composition of a translation and a scaling in 2, and consequently, T is
an isometric group (see Sect. 2.4).

Nevertheless, up to the best of our knowledge, the formulation of partial orders
on Poincaré upper-half plane has not been widely studied. We introduce here partial
orders in 2 and study invariance properties to transformations of Guts group or to
other subgroups of SL(2, R) (Mobius transformations).

12.4.1 Upper Half-Plane Product Ordering

A real vector space E on which a partial order < is given (reflexive, transitive,
antisymmetric) is called an ordered vector space if (i) x, y, z € E and x < y implies
x+z<y+z(@{)x,y€ E,0<XeR,and x < yimplies Ax < Ay. Let us consider
that the partial order < is the product order. An element x € E with x > 0 (it means
that all the vector components are positive) is said to be positive. The set £, =
{x € E'| x = 0} for all positive elements is called the cone of positive elements. It
turns out that the order of an ordered vector space is determined by the set of positive
elements. Let E be a vector space and C C E acone. Then, x < yifx —y € C
defines an order on E such that E is an ordered vector space with £, = C. The
notion of partially ordered vector space is naturally extended to partially ordered
groups [18]. An ordered vector space E is called a vector lattice (E, <) if Vx,y € E
there exists the joint (supremum or least upper bound) x vV y = sup(x,y) € E and
the meet (infimum or greatest lower bound) x A y = inf(x, y) € E. A vector lattice
is also called a Riesz space.

Thus, we can introduce a similar order structure in 7{> as a product order of RxR .
To achieve this goal, we need to define, on the one hand, the equivalent of ordering
preserving linear combination. More precisely, given three points z1, 22,23 € H>
and a scalar positive number 0 < A € R we say that

21 =12 22 implies A\ @ z; Hz3 =2 AEzp Hzs,
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where we have introduced the following pair of operations in H?:
ABz= X+ iy’\ and z; Hzp = (x1 +x2) + i(y1y2).

On the other hand, the corresponding partial ordering <;,2 will be determined by
the positive cone in > defined by H2 ={z € H> | x >0andy > 1}, i..,

2 <2 B eH, (12.25)

withzy Hzp = (2 — x1) + i(y, 1yl). According to this partial ordering the corre-
sponding supremum and infimum for any pair of points z; and z» in 72 are formulated
as follows

21 Vap 22 = (11 Vx) + iexp (log(yp) V log(v2)) (12.26)
21 A2 22 = (x1 A x2) +iexp (log(yr) Alog(y2)) . (12.27)

Therefore > endowed with partial ordering (12.25) is a complete lattice, but it is
not bounded since the greatest (or top) and least (or bottom) elements are in the
boundary OH?. We also have a duality between supremum and infimum, i.e.,

A V222 = C (EZ1 A2 sz) ; AN 2= C (EZ] V2 Ezz) s
with respect to the following involution
> Ce=(Dmz=—x+iy L. (12.28)
We easily note that, in fact, exp (log(y1) V log(y2)) = y1 V y2 and similarly for the
infimum, since the logarithm is an isotone mapping (i.e., monotone increasing) and
therefore order-preserving. Therefore, the partial ordering <4,> does not involve any
particular structure for 72 and does not take into account the Riemannian nature of

the upper half plane. According to that, we note also that the partial ordering <;,2 is
invariant to the Guts group of transforms, i.e.,

U 26 T() <4p T(22).

12.4.2 Upper Half-Plane Symmetric Ordering

Let us consider a symmetrization of the product ordering with respect to the origin
in the upper half-plane. Given any pair of points z1, zo € H?, we define the upper
half-plane symmetric ordering as
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0 <x; <x2 and 0 <log(y1) <log(y2) or
x2 <x1 <0 and 0 <log(y;) <log(y2) or
X2 <x1 <0 and log(y2) <log(y1) <0 or
0 <x; <x» and log(yz) <log(y;) <0

U2 S (12.29)

The four conditions of this partial ordering entails that only points belonging to
the same quadrant of ‘H? can be ordered, where the four quadrants {7'(2+ 1 H2 T
H_, Hi_} are defined with respect to the origin Oy,2 = (0, 1) which corresponds
to the pure imaginary complex zg = i. In other words, we can summarize the partial
ordering (12.29) by saying that if z; and z; belong to the same O-quadrant of >
we have 21 <42 22 € [x1] < [x2| and [log(x1)| < [log(x2)|. Endowed with the
partial ordering (12.29), H? becomes a partially ordered set (poset) where the bottom
element is zg, but we notice that there is no top element. In addition, for any pair of

point z; and z2, the infimum A2 is given by

@1 Ax) i Ay if 21,22 € HY
(@1 Vx)+ii Ay if 21,22 € HZ

A M e G va)+i vy if 2z € HE (12.30)
(1 AX2) + i1 Vyo) if 21,20 € H2
20 otherwise

The infimum (12.30) extends naturally to any finite set of points in H?, Z =
{zx}1 <k <k and will be denoted by AHz Z. However, the supremum zj Y2 22 1S
not defined; or more precisely, it is defined if and only if z; and z> belong to the
same quadrant, i.e., similarly to (12.30) mutatis mutandis A by v with the “other-
wise” case as “non existent”. Consequently, the poset (HZ, =4¢2) is only a complete
inf-semilattice. The fundamental property of such infimum (12.30) is its self-duality
with respect to involution (12.28), i.e.,

2l A2 22 = C (CZ] A2 sz) . (12.31)

Due to the strong dependency of partial ordering <4,2 with respect to Oy2, it is
easy to see that such ordering is only invariant to transformations that does not move
points from one quadrant to another one. This is the case typically for mappings as
z—=> A0z, A > 0.

12.4.3 Upper Half-Plane Polar Ordering

Previous order <42 is only a partial ordering, and consequently given any pair of
points z1 and z2, the infimum z; A442 25 can be different from z; and z>. In addition,
the supremum is not always defined. Let us introduce a total ordering in 7 based on
hyperbolic polar coordinates, which also takes into account an ordering relationship
with respect to Oy2. Thus, given two points Vzi, zo € H the upper half-plane polar
ordering states
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<ol m<mn or
U2 m=m and tan¢; < tan (12.32)

‘;’;)é 72 and infimum
71 /\’;_% 77 are naturally obtained from the order (12.32) for any subset of points Z,

denoted by \/?:i Z and /\’;_% Z. Total order 5’7:%

from the bottom (i.e., the origin O;,2) but not from the top. Furthermore, as <
a total ordering, the supremum and the infimum will be either z; or z>.

Polar total order is invariant to any Mobius transformation M, which preserves
the distance to the origin (isometry group) and more generally to isotone maps in
distance, i.e., 7(z1) < 7(z2) © nN(My(z1)) < n(My(z2)) but which also preserves
the orientation order, i.e., order on the polar angle. This is for instance the case of
orientation group SO(2) and the scaling maps z — M (z) = Az, 0 < A e R.

We note also that instead of considering as the origin Oz, the polar hyperbolic
coordinates can be defined with respect to a different origin zE) and consequently, the

where (7], ¢) are defined in Eq. (12.10). The polar supremum z; Vv

leads to a complete lattice, bounded

pol

e is

total order is adapted to the new origin (i.e., bottom element is just zé)).
One can replace in the polar ordering the distance disty;2 (O, z) by the a-order

. . . . —pol .
Hellinger distance to obtain now the total ordering fiﬂp " parametrized by o:
2 ~a—pol Z distHellinger (O’HZ, 215 a) < distHellinger (07-(27 223 CY) or
—H? distHellinger (OHZ > 215 04) = diStHellinger (07—(2 , 225 04) and tan¢; < tan ¢,
(12.33)

As we illustrate in Sect. 12.5, the “deformation” of the distance driven by « can

significantly change the supremum and infimum from a set of points Z. Obviously,
a—

Hzp ?l are related to the isometries of the a-order

the properties of invariance of <
Hellinger distance.

12.4.4 Upper Half-Plane Geodesic Ordering

As discussed above, there is a unique hyperbolic geodesic joining any pair of points.
Given two points z1, 72 € H?2 such that x; # x2,let SC;, _, (a1~2) be the semi-circle
defining their geodesic, where the center a;—~»> and the radius r;—, are given by
Eq. (12.8). Let us denote by zj~» the point of SC,, ,(aj~2) having the maximal
imaginary part, i.e., its imaginary part is equal to the radius: z;—» = aj 2 + ir; 3.

The upper half-plane geodesic ordering 5353 defines an order for points being in
the same half of their geodesic semi-circle as follows,

a2 <x1 <xp or

(12.34)
X2 < X1 Zaj-2

21 5353 2= [
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The property of transitivity of this partial ordering, i.e., z; 5353 22,22 5§j§ 3 =
21 535;’ 23, holds for points belonging to the same geodesic. For two points in a

geodesic vertical line, x; = x», we have z; ﬁgz 72 < y2 < y;. We note that
considering the duality with respect to the involution (12.28), one has

eo eo
a1 <5 22 ¢ bz =77 Caa.

According to this partial ordering, we define the geodesic infimum, denoted by
M?ji, as the point on the geodesic joining z; and z» with maximal imaginary part,

ie., forany z1,20 € HZ, with x; # X, we have

(x1Vx)+iy1 vy if x1,x <air-
21 Ag:? e 1 @A) +iVy) if x,x>a1-2 (12.35)
721~2 otherwise

If x; = xp, we have that z; A% 72 = x1 + i(y1 V »2). In any case, we have that
disty2 (21, 22) = disty2 (21, 21 )\gjg 22)+ distyy (2 )\g_ig 22, 22). Intuitively, we notice
that the geodesic infimum is the point of the geodesic farthest from the real line.
We observe that if one attempts to define the geodesic supremum from the partial
ordering 5353, it results that the supremum is not defined for any pair of points, i.e.,
supremum between z; and z» is defined if and only if both points are in the same
half of its semi-circle. To tackle this limitation, we propose to define the geodesic

supremum zj Y75 22 by duality with respect to the involution (z, i.e.,

(x1 Ax2) +iyi Ay2) i X, x0 < a2
21 Yf],jg z=C (Cm A%’ Uzz) & 1 (1 V) +iyi Ay2)  if xp, x> a2
Cagi -0 otherwise
(12.36)
where EZUlAﬂz is the dual point associated to the semi-circle defined by dual points
Cz; and Cz,.

Nevertheless, in order to have a structure of complete lattice for (Hz, f;’j;), it
is required that the infimum and the supremum of any set of points Z = {zx};<x<x
with K > 2, are well defined. Namely, according to (12.35), the geodesic infimum
of Z, denoted \}/5 Z, corresponds to the point zin with the maximal imaginary part
on all possible geodesics joining any pair of points z,, z,, € Z. In geometric terms, it
means that between all these geodesics, there exists one which gives zjy¢. Instead of
computing all the geodesics, we propose to define the infimum /\gjg Z as the point

Zinf = Qinf + iFinf, Where ajqf is the center of the smallest semi-circle in H? of radius
rinf Which encloses all the points in the set Z. We have the following property

geo
N\ Z = zint <00 1<k<K,
H2
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which geometrically means that the geodesic connecting ziyr to any point zx of Z lies
always in one of the half part of the semi-circle defined by zjnr and z.

In practice, the minimal enclosing semi-circle defining zj,r can be easily computed
by means of the following algorithm based on the minimum enclosing Euclidean
circle MEC of a set of points: (1) Working on R?, define a set of points given, on
the one hand, by Z and, on the other hand, by Z* which corresponds to the reflected
points with respect to x-axis (complex conjugate), i.e., points Z = {(x, yx)} and
points Z* = {(x¢, —yx)}, 1 < k < K; (2) Compute the MEC(Z U Z*) — C,(c), in
such a way that, by a symmetric point configuration, we necessarily have the center
on x-axis, i.e., ¢ = (x¢, 0); (3) The infimum /\;ijg Z = Zjnr s given by zins = x. +ir.
Figure 12.7a-b gives an example of computation of the geodesic infimum from a set
of points in H?.

As for the case of two points, the geodesic supremum of Z is defined by duality
with respect to involution (12.28), i.e.,

geo geo
zup =\ Z=C[ A\CZ| = aup + irap. (12.37)
H? H?
: _ dual _ dual dualy s
with agyp = —x{" and rgyp = 1/, where SC,aua (x{"*) is the minimal enclos-

ing semi-circle from dual set of points CZ. An example of computing the geodesic
supremum Zgp is also given in Fig. 12.7a-b. It is easy to see that geodesic infimum
and supremum have the following properties for any Z C H?:

. Zinf f;}jg Zsup»
2. 3(zinf) = S(zk) and J(zsup) =< I(2k), Vi € Z;
3. Vlfkf[( N(zk) < {m(zinf)» m(Zsup)} < /\151{5[( N(zk)-

The proofs are straightforward from the notion of minimal enclosing semi-circle and
the fact that zgy), lies inside the semi-circle defined by zins.

Geodesic infimum and supremum being defined by minimal enclosing semi-
circles, their invariance properties are related to translation and scaling of points
in set Z as defined in Sect.2.4, but not to inversion. This invariance domain just
corresponds to the Guts group of transformations, i.e.,

geo geo
AT @ hazk =T | N\ lahi=k
'H2 HZ

As we discussed in Sect. 12.3, we do not have an explicit algorithm to compute
the Burbea-Rao «a-order entropy geodesic and consequently, our framework based
on computing the minimum enclosing geodesic to define the infimum cannot be
extended to this general case. We can nevertheless consider the example depicted
in Fig. 12.8, where we have computed such smallest Burbea-Rao «-order geodesic
enclosing the set of points Z. Indeed, the example is useful to identify the limit cases
with respect to . In fact, we note that if @« — 0, the corresponding a-geodesic
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infimum will correspond to the z; having the largest imaginary part, and dually for
the supremum, i.e., z; having the smallest imaginary part. In the case of large «,
we note that the real part of both, the a-geodesic infimum and supremum equals
(Vi<k=kR(zk) — A<k=kR(zx)) /2, and the imaginary part of the infimum goes to
+o00 and of the supremum to 0 when o« — +o0.

12.4.5 Upper Half-Pane Aymmetric Godesic Infimum/Supremum

According to the properties of geodesic infimum zj,¢ and supremum Zzg, discussed
above, we note that their real parts R (zjnf) and R (zsup) belong to the interval bounded
by the real parts of points of set Z. Moreover, 3 (zinf) and R(zgyp) are not ordered
between them. Therefore, the real part of supremum one can be smaller than that of
the infimum one. For instance, in the extreme case of a set Z where all the imaginary
parts are equal, the real part of its geodesic infimum and supremum are both equal to
the average of the real parts of points, i.e., givenZ = {zx}1<k<k.ifyk =y, 1 <k <K,
then N (zint) = NR(zsup) = 1/K ZkK: 1 Xk From the viewpoint of morphological image
filtering, it can be potentially interesting to impose an asymmetric behavior for the
infimum and supremum such that ‘R(zmt <z < ‘R(zsup ), 1 < k < K. Note
that the proposed notation — — 4 indicates a partially ordered set on x-axis. In order
to fulfil these requirements, we can geometrically consider the rectangle bounding
the minimal enclosing semi-circle, which is just of dimensions 2rinf X Finf, and use it
to define the asymmetric infimum z,_-~ * as the upper-left corner of the rectangle. The
asymmetric supremum Zg,; — 7 is similarly defined from the bounding rectangle of the
dual minimal enclosing semi-circle. Mathematically, given the geodesic infimum zjn¢
and supremum Zzgyp, we have the following definitions for the asymmetric geodesic
infimum and supremum (Fig. 12.9):

Zi;lf \/'H?+ Z = (ainf — Tinf) + iTinf; (12.38)
s_u;-‘r — /\ >tz _ (xgual dual) + lrdual

Remark Geodesic infimum and supremum of Gaussian distributions. Let us consider
their interpretation as infimum and supremum of a set of univariate Gaussian pdfs, see
example depicted in Fig. 12.7. Given a set of K Gaussian pdfs Ny (1 = ~/2x;, 0% =
y,%), 1 <k < K, we observe that the Gaussian pdf associated to the geodesic infimum
Nine(u = 2xing, 0% = y%nf) has a variance larger than any Gaussian of the set and its
mean is a kind of barycenter between the Gaussian pdfs having a larger variance. The
supremum Gaussian pdf Ngyp (1 = «/Exsup, o2 = ygup) has a smaller variance than
the K Gaussian pdfs and its mean is between the ones of smaller variance. In terms
of the corresponding cumulative distribution functions, we observe that geodesic
supremum/infimum do not have a natural interpretation In the case of the asymmetric
Gaussian geodesic infimum N, -~ +(u = /2x 26", 0% = (i7" H)?) and Gaussian

supremum N> (i = v2x5F, 02 = (v T)%), we observe how the means are



12 Morphological Processing of Univariate Gaussian Distribution-Valued Images 353

(a) 08 M)
o7l 0.9

081
0.6
0.7r

0.5 06}

(x)

g
04 5 0.5F
A >

03} 041
03}
02}
02}

01p 01t

—4
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ordered with respect to the K others, which also involves that the corresponding cdfs
are ordered. The latter is related to the notion of stochastic dominance [30] and will
be explored in detail in ongoing research.

12.5 Morphological Operators on F (£, H?) for Processing
Univariate Gaussian Distribution-Valued Images

Let consider that 742 has been endowed with one of the partial orderings discussed
above, generally denoted by <. Hence (Hz, <) is a poset, which has also a structure
of complete lattice since we consider that infimum /\ and supremum \/ are defined
for any set of points in H?.

12.5.1 Adjunction on Complete Lattice (’HZ, <)

The operators ¢: H> — H? and §: H?> — H? are an erosion and a dilation
if they commute respectively with the infimum and the supremum: ¢ ( Ai Zk) =
N €(zx) and 6 (Vk zk) =/, 6(zk), for every set {zx}<k<k. Erosion and dilation
are increasing operators, i.e., ¥z, 7 € H2,ifz < 7/thene(z) < e(z’) and §(z) < §(2).
Erosion and dilation are related by the notion of adjunction [21, 29], i.e.,

6z) <7 & z<el@); Vz.7 e H>. (12.39)

Adjunction law (12.39) is of fundamental importance in mathematical morphol-
ogy since it allows to define a unique dilation § associated to a given erosion ¢,
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ie, 07) = Nz € H?>: 7 < (2}, 7 € H?. Similarly one can define a
unique erosion from a given dilation: (z) = \/{z' € H?: §(Z) < 2z}, z € H>.
Given an adjunction (g, 6), their composition product operators, v(z) = d (¢(z)) and
»(z) = € ((2)) are respectively an opening and a closing, which are the basic mor-
phological filters having very useful properties [21, 29]: idempotency 7Y(z) = Y(z),
anti-extensivity y(z) < z and extensivity z < ¢(z), and increaseness. Another rele-
vant result is the fact, given an erosion ¢, the opening and closing by adjunction are
exclusively defined in terms of erosion [21] as y(z) = A {z’ e H> e(@) <e@ )},
0@ = N\{e@): 7 e H?, z<e(@)}, Vz e H~

In the case of complete inf-semilattice (Hz, <), where infimum A\ is defined
but supremum \/ is not necessarily, we have the following particular results
[22, 23]: (a) it is always possible to associate an opening <y to a given erosion €
by means of v(z) = A {2’ € H? : £(z) < £(z)}. (b) even though the adjoint dilation
§ is not well-defined in HZ2, it is always well-defined for elements on the image of H?
by ¢, and (c) v = de. The closing defined by ¢ = ¢ is only partially defined. Obvi-
ously, in the case of inf-semilattice, it is still possible to define § such that \/ d(zx) =
0 \/ (z) for families for which supremum \/ exist.

12.5.2 Erosion and Dilation in F (R, H?)

If (Hz, <) is a complete lattice, the set of images F (€2, Hz) is also a complete lattice
defined as follows: for all f, g € F(, H?), () f < g & f(p) < g(p), Yp € Q; (ii)
(F AP =FP) A g(p), ¥p € 2; (i) (f V 9)(p) =f(p) V g(p). Vp € @, where
A and V are the infimum and supremum in 2. One can now define the following
adjoint pair of flat erosion e (f) and flat dilation 6 (f) of each pixel p of image f [21,
29]:

s @) = )\ fo+a), (12.40)
q<B(p)
OO =\ fo-a, (12.41)
q€B(p)
such that
S5(HP) < 9p) & FP) < ep(@P): f.g € F(Q H). (12.42)

where set B is called the structuring element, which defines the set of points in 2 when
it is centered at point p, denoted B(p) [31]. These operators, which are translation
invariant, can be seen as constant-weight (this is the reason why they are called flat)
inf/sup-convolutions, where the structuring element B works as a moving window.
The above erosion (resp. dilation) moves object edges within the image in such a
way that it expands image structures with values in 2 close to the bottom element
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............................. = product Order (Max)
Product Order (Min)
Geodesic Ordering (Max)
Geodesic Ordzring (Min)
Polar Ordering (Max)
Polar Ordering (Min) =
Agyrmetric Geodesc Ordering (Max) |.....
Asymmetric Geodesic Ordaring (M) [

4d p % 8 4 + »

15 -1 0.5 0 05 1 15 2 25 3 23 4
Meaan of patch

Fig.12.10 Supremum and infimum of a set of 25 patches parameterized by their mean and standard
deviation: a in red the region where the overlapped patches are taken; b embedding into the space H>
according to the coordinates j1/+/2 and ¢ and corresponding sup and inf for the different ordering
strategies

(resp. close to the top) of the lattice F (€2, H?) and shrinks the objects with values
close to the top element (resp. close to the bottom).

Let us consider now the various cases of supremum and infimum that we have
introduced above. In order to support the discussion, we have included an example
in Fig. 12.10. In fact, we have taken all the patches of size 5 x 5 pixels surrounding
one of the pixels from image of Fig. 12.1. The 25 patches are then embedded into
the space H? according to the coordinates 11/+/2 and o. Finally, the supremum and
infimum of this set of points are computed for the different cases. It just corresponds
to the way to obtain respectively the dilation and erosion for the current pixel center
of the red region in image Fig. 12.10a.

Everything works perfectly for the supremum and infimum in the upper half-
plane product ordering \/,2 and /\ 2,2, which consequently can be used to construct
dilation and erosion operators in F (€2, Hz). In fact, this is exactly equivalent to the
classical operators applied on the real and imaginary parts separately.

Similarly, the ones for the upper half-plane polar ordering \/’;_% and /\177_%, based
on a total partial ordering, also lead respectively to dilation and erosion operators.
The erosion produces a point which corresponds here to the patch closer to the origin.
That means a patch of intermediate mean and standard deviation intensity since the
image intensity is normalized, see Sect. 5.4. On the contrary, the dilation gives a point
associated to the farthest patch from the origin. In this example, an homogenous bright
patch. Note that patches of great distance correspond to the most “contrasted ones”
on the image: either homogeneous patches of dark or bright intensity or patches with
a strong variation in intensity (edge patches).

We note that for the symmetric ordering <, one only has an inf-semilattice
structure associated to )\ ;,2. However, in the case of the upper half-plane geodesic
ordering, the pair of operators (12.40) and (12.41) associated to our supremum \/;’jg
and infimum A %% will not verify the adjunction (12.42). Same limitation also holds
for the upper half-plane asymmetric geodesic supremum and infimum. Hence, the
geodesic supremum and infimum do not strictly involve a pair of dilation and erosion
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in the mathematical morphology sense. Nevertheless, we can compute both operators
and use them to filter out images in (2, H?) without problem. From the example
of Fig.12.10 we observe that the geodesic infimum gives a point with a standard
deviation equal to or larger than any of the patches and a mean intermediate between
the patches of high standard deviation. The supremum involves a point of standard
deviation smaller than (or equal to) than the others, and the mean is obtained by
averaging around the mean of the ones with a small standard deviation. Consequently
the erosion involves a nonlinear filtering which enhances the image zones of high
standard deviation, typically the contours. The dilation enhances the homogenous
zones. The asymmetrization produces operators where the dilation and erosion have
the same interpretation for the mean as the classical ones but the filtering effects are
driven by the zones of low or high standard deviation.

12.5.3 Opening and Closing in F (R, H?)

Given the adjoint image operators (g, 0p), the opening and closing by adjunction
of image f, according to structuring element B, are defined as the composition oper-
ators [21, 29]:

v8(f) = 0B (B (f)), (12.43)
wp(f) = ep (68(f)) . (12.44)

Openings and closings are referred to as morphological filters, which remove objects
of image f that do not comply with a criterion related, on the one hand, to the
invariance of the object support to the structuring element B and, on the other hand,
to the values of the object on > which are far from (in the case of the opening) or
near to (in the case of the closing) the bottom element of 7?2 according to the given
partial ordering <.

Once the pairs of dual operators (¢p, dg) and (vp, ¢p) are defined, the other
morphological filters and transformation can be naturally defined [31] for images in
F(S2, H*). We limit here the illustrative examples to the basic ones.

Following our analysis on the particular cases of ordering and supremum/infimum
in H2, we can conclude that opening and closing in F (€2, H?) are well formulated for
the upper half-plane product ordering and the upper half-plane polar ordering. In the
case of the upper half-plane symmetric ordering, the opening is always defined and the
closing cannot be computed. Again, we should insist on the fact that for the upper half-
plane geodesic ordering, the composition operators obtained by supremum :;’_i(; and
gjg will not produce opening and closing stricto sensu. Notwithstanding,
the corresponding composition operators yield a regularization effect of F(Q, H?)-
images which can be of interest for practical applications.

infimum A
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12.5.4 Application to Morphological Processing Univariate
Gaussian Distribution Valued Images

Example I A first example of morphological processing for images in F (2, H?) is
given in Fig. 12.11. The starting point is a standard gray-level image g € F (2, R),
which is mapped to the image f (p) = f.(p) +1if,(p) by the following transformations:
(1) the image is normalized to have zero mean and a unit variance; (2) the real and
imaginary components of f(p) are obtained by computing respectively the mean and
standard deviation over a patch centered at p of radius W pixels (in the example
W =4);ie.,

g(p) — Mean(g)
v Var(g)

We note that definition of our representation space f,(p) > 0. It means that the
variance of each patch should always be bigger than zero and obviously this is not
the case in constant patches. In order to cope with this problem, we propose to add
a e to the value of the standard deviation.

Figure 12.11 gives a comparison of morphological erosions g (f) (p) and openings
v8(f)(p) on this image f using the five complete (inf-semi)lattice of H?> considered
in the paper. We have included also the pseudo-erosions and pseudo-openings asso-
ciated to the geodesic supremum and infimum and the asymmetric geodesic ones.
The same structuring element B, a square of 5 x 5 pixels, has been used for all
the examples. First of all, we remind again that working on the product complete
lattice (H2, <442) is equivalent to a marginal processing of real and imaginary com-
ponents. As expected, the symmetric ordering-based inf-semilattice (2, =<742) and

9(p) = 9(p) = > f(p) = Meany (9)(p) + i/ Varw (9) (p).

polar ordering-based lattice (H2, 5’7’35) produce rather similar results for openings.
We observe that in both cases the opening produces a symmetric filtering effect
between bright/dark intensity in the mean and standard deviation component. But it
is important to remark that the processing effects depend on how image components
are valued with respect to the origin zo = (0, 1). This is the reason why it is proposed
to always normalize by mean/variance the image.

The results of the pseudo-openings produced by working on geodesic lattice
(H?, %;, g;;’ ) and asymmetric geodesic lattice (2, /\7_1?+, \/7_1;”“) involves
a processing which is mainly driven by the values of the standard deviation. Hence,
the filtering effects are potentially more interesting for applications requiring to deal
with pixel uncertainty, either in a symmetric processing of both bright/dark mean
values with (H2, V42, Njg2) or inamore classical morphological asymmetrization
with (H%, A7z ™ Voz ™).

Example 2 Figure 12.12 illustrates a comparative example of erosions e(f)(p) on a
very noisy image g(p). We note that g(p) is mean centered. The “noise” is related to
an acquisition at the limit of exposure time/spatial resolution. We consider an image
model f(p) = f:(p) +ify(p), where f,.(p) = g(x) and f; (p) is the standard deviation of

intensities in a patch of radius equal to 4 pixels. In fact, the results of erosion obtained
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Fig. 12.11 Comparison of morphological erosions and openings of an image f € F(Q,H?):
a Original real-valued image g(p) € F(2,R) used to simulate (see the text) the image
f(®) = fi(p) + ify(p), where b and c gives respectively the real and imaginary components.
d- and e- depict respectively the erosion p(f)(p) and opening vg(f)(p) of image f(p) for five
orderings on the upper half-plane. The structuring element B is a window of 5 x 5 pixels. (Contin-
ued) in next figure

by the product and symmetric partial orderings, are compared to ones obtained by
polar ordering and more generally by the a-polar ordering with four values of a.
We observe, on the one hand, polar orderings are more relevant than the product or
symmetric ones. As expected, the a-polar erosion with a = 1 is almost equivalent
to the hyperbolic polar ordering. We note, on the other hand, the interest of the limit
cases of a-polar erosion. The erosion for small « produces a strongly regularized
image where the bright/dark objects with respect to the background has been nicely
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Fig. 12.11 continued
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Fig. 12.11 (continued)

enhanced. In the case of large «, the background (i.e., pixels values close to the origin
in %) is enhanced, which involves removing all the image structures smaller than
the structuring element B.

Example 3 In Fig.12.13 a limited comparison for the case of dilation dp(f)(p) is
depicted. The image f (p) = fx(p) +ify(p) is obtained similarly to the case of Example
1. We can compare the supremum by product ordering with those obtained by the
polar supremum and the a-polar supremum, with o = 0.01. The analysis is similar
to the previous case.
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(b) ep(f)(p). () eB(f)(p), (d) ea(f)(p),
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Fig.12.12 Comparison of erosion of Gaussian distribution-valued noisy image e (f) (p): a Original
image f € F(2, H?), showing both the real and the imaginary components; b upper half-plane
product ordering (equivalent to standard processing); ¢ upper half-space symmetric ordering;
d upper half-plane polar ordering; e-h upper half-plane a-polar ordering, with four values of . In
all the cases the structuring element B is also a square of 5 x 5 pixels

Example 4 Figure 12.14 involves again the noisy retinal image, and it shows a com-
parison of results from (pseudo-)opening vz (f)(p) and (pseudo-)closing ¢ (f)(p)
obtained for the product ordering, the geodesic lattice (2, 3;’3, geo) and the
asymmetric geodesic lattice (H?, /\%Z’Jr, \/7_1?+). The structuring element Bisa
square of 5 x 5 pixels. In order to be able to compare their enhancement effects
with an averaging operator, it is also given the result of filtering by computing the
minimax center in a square of 5 x 5 pixels [2, 8], see Remark in Sect.2.5. We note
that operators associated to the asymmetric geodesic supremum and infimum yield
mean images relatively similar to the standard ones underlaying the supremum and
infimum in the product lattice. However, including the information given by the local
standard deviation, the contrast of the structures is better in the asymmetric geodesic
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Fig. 12.13 Comparison of dilation of Gaussian distribution-valued image dp(f)(p): a Original
image f € F(2, H?), showing both the real and the imaginary components; b upper half-plane
product ordering (equivalent to standard processing); ¢ upper half-plane polar ordering; e half-plane
a-polar ordering, with o = 0.01. In all the cases the structuring element B is also a square of 5 x 5
pixels

supremum and infimum. Nevertheless, we observe that the operators by geodesic
supremum and infimum also produce in this example a significant regularization of
the image. By the way, we note that the corresponding geodesic pseudo-opening
and pseudo-closing give rather similar mean images but different standard deviation
images, as expected by the formulation of the geodesic supremum and infimum.

Example 5 The example given in Fig. 12.15 corresponds to an image f (p) = fx(p) +
ify(p) obtained by multiple acquisition of a sequence of 100 frames, where f;(p)
represents the mean intensity at each pixel and fy (p) the standard deviation of intensity
along the sequence. The 100 frames have been taken from a stationary camera.
The goal of the example is to show how to extract image objects of large intensity
and support size smaller than the structuring element (here a square of 7 x 7 pixels)
using the residue between the original image f(p) and its filtered image by opening
4B(f). In the case of images on F(£2, H?), the residue is defined as the pixelwise
hyperbolic distance between them. In this case study, results on processing on polar
ordering-based lattice versus asymmetric geodesic lattice are compared.

12.5.5 Conclusions on Morphological Operators
for F (R, H?) images

Based on the discussion given in Sect. 5.2 as well as on the examples from Sect. 5.4,
we can draw some conclusions on the experimental part of this chapter.
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Fig. 12.14 Morphological processing of Gaussian distribution-valued noisy image: a Original
image f € F(, H?), showing both the real and the imaginary components; b filtered image by
computing the minimax center in a square of 5 x 5 pixels; ¢ morphological opening working on the
product lattice; d morphological closing working on the product lattice; e morphological pseudo-
opening working on the geodesic lattice; f morphological pseudo-opening on the asymmetric geo-
desic lattice; g morphological pseudo-closing working on the geodesic lattice; h morphological
pseudo-closing on the asymmetric geodesic lattice. In all the cases the structuring element B is also
a square of 5 x 5 pixels

e First of all, we note that the examples considered here are only a preliminary
exploration on the potential applications of morphological processing univariate
Gaussian distribution-valued images.

e We have two main case studies. First, standard images which are embedded into the
Poincaré upper-half plane representation by parameterization of each local patch
by its mean and standard deviation. Second, images which naturally involves a
distribution of values at each pixel. Note that in the first case, the information
of standard deviation is mainly associated to discriminate between homogenous
zones and inhomogeneous ones (textures or contours). In the second case, the
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Fig. 12.15 Morphological detail extraction of multiple acquisition image modeled as a Gaussian
distribution-valued: a Original image f € F(S2, H?), showing both the real and the imaginary com-
ponents; b morphological opening g (f) working on polar ordering-based lattice; ¢ corresponding
residue (pixelwise hyperbolic difference) between the original and the opened image; d morpholog-
ical pseudo-opening g (f) working on the asymmetric geodesic lattice; e corresponding residue.
In both cases the structuring element B is also a square of 7 x 7 pixels

standard deviation involves relevant information on the nature of the noise during
the acquisition.

e For any of these two cases, we should remark that different alternatives of ordering
and derived operators considered in the paper will produce nonlinear processing its
main property is that filtering effects are strongly driven by the standard deviation.

e Upper half-plane product ordering is nothing more than standard processing of
mean and standard deviation separately. The symmetric ordering leading to an
inf-semilattice has a limited interest since similar effects are obtained by the polar
ordering.

e Upper half-plane polar ordering using standard hyperbolic polar coordinates or
the a-order Hellinger distance produces morphological operators appropriate for
image regularization and enhancement. We remind that points close to the ori-
gin (selected by the erosion) correspond in the case of the patches to those of
intermediate mean and standard deviation intensity after normalization. On the
contrary, patches far from the origin correspond to the “contrasted” ones: either
homogeneous patches of dark or bright intensity or patches with a strong variation
in intensity (edge patches).
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We note that with respect to filters based on averaging, the half-plane polar
dilation/erosion as well as their product operators, produces strong simplified
images where the edges and the main objects are enhanced without any blurring
effect.
From our viewpoint this is useful for both cases of images. Then, the choice of a
high or low value for o will depend on the particular nature of the features to be
enhanced. In any case, this parameter can be optimized.

e Upper half-plane geodesic ordering involves a nonlinear filtering framework which
takes into account the intrinsic geometry of 2. It is mainly based on the notion
of minimal enclosing geodesic which covers the set of points.

In practice, the geodesic infimum gives a point with a standard deviation equal to or
larger than any of the point and a mean which can be seen as intermediate between the
mean values of high standard deviation. The supremum produces a point of standard
deviation equal to or smaller than the others, and the mean is obtained by averaging
around the mean of the ones having a small standard deviation.

Consequently the erosion involves a nonlinear filtering which enhances the image
zones of high standard deviation, typically the contours. The dilation enhances the
homogenous zones. We should note that the processed mean images by the com-
position of these two operators (i.e., openings and closings) are strongly enhanced
by increasing their bright/dark contrast. Therefore, it should be considered as an
appropriate tool for contrast structure enhancement on irregular backgrounds.

The asymmetric version of the geodesic ordering involves that dilation and erosion
have the same interpretation for the mean as the classical ones but the filtering
effects are driven by the zones of low or high standard deviation. These operators are
potentially useful for object extraction by residue between the original image and
the opening/closing. In comparison with classical residues, the new ones produce
sharper extracted objects.

12.6 Perspectives

Levelings are a powerful family self-dual morphological operators which have been
also formulated in vector spaces [24], using geometric notions as minimum enclosing
balls and half-planes intersection. We intend to explore the formulation of levelings
in the upper half-plane in a future work.

The complete lattice structures for the Poincaré upper-half plane introduced in this
work, and corresponding morphological operators, can be applied to process other
hyperbolic-valued images. For instance, on the one hand, it was proven in [13] that the
structure tensor for 2D images, i.e., at each pixel is given a 2 x 2 symmetric positive
definite matrix which determinant is equal to 1, are isomorphic to the Poincaré unit
disk model. On the other hand, polarimetric images [17] where at each pixel is given
a partially polarized state can be embedded in the Poincaré unit disk model. In both
cases, we only need the mapping from the Poincaré disk model to the Poincaré
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half-plane, i.e.,

> —i

z—1"

We have considered here the case of Gaussian distribution-valued images. It
should be potentially interesting for practical applications to consider that the distri-
bution of intensity at a given pixel belongs to a more general distributions compared
to the Gaussian one. In particular, the case of the Gamma distribution seems an
appropriate framework. The information geometry of the gamma manifold has been
studied in the past [16] and some of the ideas developed in this work can be revisited
for the case of Gamma-distribution valued images by endowing the gamma manifold
of complete lattice structure.

Previous extension only concerns the generalization of ordering structure for
univariate distributions. In the case of multivariate Gaussian distributions, we can
consider to replace the Poincaré upper-half plane by the Siegel upper-half space [7].
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Chapter 13
Dimensionality Reduction for Classification
of Stochastic Texture Images

C.T. J. Dodson and W. W. Sampson

Abstract Stochastic textures yield images representing density variations of differ-
ing degrees of spatial disorder, ranging from mixtures of Poisson point processes
to macrostructures of distributed finite objects. They arise in areas such as sig-
nal processing, molecular biology, cosmology, agricultural spatial distributions,
oceanography, meteorology, tomography, radiography and medicine. The new con-
tribution here is to couple information geometry with multidimensional scaling, also
called dimensionality reduction, to identify small numbers of prominent features
concerning density fluctuation and clustering in stochastic texture images, for clas-
sification of groupings in large datasets. Familiar examples of materials with such
textures in one dimension are cotton yarns, audio noise and genomes, and in two
dimensions paper and nonwoven fibre networks for which radiographic images are
used to assess local variability and intensity of fibre clustering. Information geom-
etry of trivariate Gaussian spatial distributions of mean pixel density with the mean
densities of its first and second neighbours illustrate features related to sizes and den-
sity of clusters in stochastic texture images. We derive also analytic results for the
case of stochastic textures arising from Poisson processes of line segments on a line
and rectangles in a plane. Comparing human and yeast genomes, we use 12-variate
spatial covariances to capture possible differences relating to secondary structure.
For each of our types of stochastic textures: analytic, simulated, and experimental,
we obtain dimensionality reduction and hence 3D embeddings of sets of samples to
illustrate the various features that are revealed, such as mean density, size and shape
of distributed objects, and clustering effects.
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13.1 Introduction

The new contribution in this paper is to couple information geometry with dimension-
ality reduction, to identify small numbers of prominent features concerning density
fluctuation and clustering in stochastic texture images, for classification of group-
ings in large datasets. Our methodology applies to any stochastic texture images,
in one, two or three dimensions, but to gain an impression of the nature of exam-
ples we analyse some familiar materials for which we have areal density arrays, and
derive analytic expressions of spatial covariance matrices for Poisson processes of
finite objects in one and two dimensions. Information geometry provides a natural
distance structure on the textures via their spatial covariances, which allows us to
obtain multidimensional scaling or dimensionality reduction and hence 3D embed-
dings of sets of samples. See Mardia et al. [14] for an account of the original work
on multidimensional scaling.

The simplest one-dimensional stochastic texture arises as the density variation
along a cotton yarn, consisting of a near-Poisson process of finite length cotton
fibres on a line, another is an audio noise drone consisting of a Poisson process of
superposed finite length notes or chords. A fundamental microscopic 1-dimensional
stochastic process is the distribution of the 20 amino acids along protein chains in a
genome [1, 3]. Figure 13.1 shows a sample of such a sequence of the 20 amino acids
A,C,D,E,FG H LK,L,M,N,P,Q,R, S, T, V, W, Y mapped onto the 20 grey
level values 0.025, 0.075, ..., 0.975 from the database [19], so yielding a grey-level
barcode as a 1-dimensional texture. We analyse such textures in Sect. 13.6.5.

The largest 3-dimensional stochastic structure is the cosmological void distribu-
tion, which is observable via radio astronomy [1]. More familiar three-dimensional
stochastic porous materials include metallic (Fig.13.2) and plastic solid foams,
geological strata and dispersions in gels, observable via computer tomography [1].
Near-planar, non-woven stochastic fibre networks are manufactured for a variety of
applications such as, at the macroscale for printing, textiles, reinforcing, and fil-
tration and at the nanoscale in medicine. Figure 13.3 shows a selection of electron
micrographs for networks at different scales. Radiography or optical densitometry
yield areal density images of the kinds shown in Fig. 13.4.

Much analytic work has been done on modelling of the statistical geometry of sto-
chastic fibrous networks [1, 6, 7, 17]. Using complete sampling by square cells, their
areal density distribution is typically well represented by a log-gamma or a (trun-
cated) Gaussian distribution of variance that decreases monotonically with increasing
cell size; the rate of decay is dependent on fibre and fibre cluster dimensions. They
have gamma void size distributions with a long tail. Clustering of fibres is well-
approximated by Poisson processes of Poisson clusters of differing density and size.
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Saccharomyces Cerevisiae Amino Acids SC1

Fig. 13.1 Example of a 1-dimensional stochastic texture, a grey level barcode for the amino acid
sequence in a sample of the Saccharomyces cerevisiae yeast genome from the database [19]

Fig. 13.2 Aluminium foam with a narrow Gaussian-like distribution of void sizes of around 1 cm
diameter partially wrapped in fragmented metallic shells, used as crushable buffers inside vehicle
bodies. The cosmological void distribution is by contrast gamma-like with a long tail [8], inter-
spersed with 60 % of galaxies in large-scale sheets, 20% in rich filaments and 20 % in sparse
filaments [12]. Such 3D stochastic porous materials can both be studied by tomographic meth-
ods, albeit at different scales by different technologies, yielding sequences of 2D stochastic texture
images

An unclustered Poisson process of single fibres is the standard reference structure
for any given size distribution of fibres; its statistical geometry is well-understood
for finite and infinite fibres. Note that any skewness associated with the underlying
point process of fibre centres becomes negligible through the process of sampling
by square cells [18].

Many stochastic textures arise from spatial processes that may be approximated by
mixtures of Poisson or other distributions of finite objects or clusters of objects, in an
analogous way to that which has been used for the past 50 years for the study of fibre
networks. The Central Limit Theorem suggests that often such spatial processes may
be represented by Gaussian pixel density distributions, with variance decreasing as
pixel size increases, the gradient of this decrease reflecting the size distributions and
abundances of the distributed objects and clusters, hence indicating the appropriate
pixel size to choose for feature extraction. Once a pixel size has been chosen then
we are interested in the statistics of three random variables: the mean density in
such pixels, and the mean densities of its first and second neighbouring pixels. The
correlations among these three random variables reflect the size and distribution of
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Fig. 13.3 Electron micrographs of four stochastic fibrous materials. Top left Nonwoven carbon
fibre mat; rop right glass fibre filter; bottom left electrospun nylon nanofibrous network (Courtesy
S. J. Eichhorn and D. J. Scurr); bottom right paper using wood cellulose fibres—typically flat
ribbonlike, of length 1-2mm and width 0.02-0.03 mm

Fig. 13.4 Areal density radiographs of three paper networks made from natural wood cellulose
fibres, with constant mean coverage, ¢ ~ 20 fibres, but different distributions of fibres. Each image
represents a square region of side length 5 cm; darker regions correspond to higher coverage. The
left image is similar to that expected for a Poisson process of the same fibres, so typical real samples
exhibit clustering of fibres
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Fig. 13.5 Trivariate distribution of pixel density values for radiograph of a 5cm square newsprint
sample Left source density map; centre histogram of [3;, ﬂl i and 32 ;; right 3D scatter plot of 3,

/81,1 and 52,1

density clusters; this may be extended to more random variables by using also third,
fourth, etc., neighbours. In some cases, of course, other pixel density distributions
may be more appropriate, such as mixtures of Gaussians.

13.2 Spatial Covariance

The mean of a random value p is its average value, p, over the population. The
covariance Cov(p, g¢) of a pair of random variables, p and ¢ is a measure of the
degree of association between them, the difference between their mean product and
the product of their means:

Cov(p.q) =pq—pq.- (13.1)

In particular, the covariance of a variable with itself is its variance. From the array of
local average pixel density values Bi , we generate two numbers associated with each:
the average density of the six first-neighbour pixels, 3 1.; and the average density of
the 16 second- nelghbour plxels ﬁzl Thus, we have a trivariate distribution of the
random variables (,6’,, ﬂl i 52 ) with 5, = 31 = f3.

Figure 13.5 provides an example of a typical data set obtained from a radiograph
of a 5 cm square commercial newsprint sample; the histogram and three-dimensional
scatter plot show data obtained for pixels of side 1 mm.

From the Central Limit Theorem, we expect the marginal distributions of 3;,
Bl, ; and 52, ; to be well approximated by Gaussian distributions. For the example in
Fig. 13.5, these Gaussians are represented by the solid lines on the histogram; this
Gaussian approximation holds for all samples investigated in this study.

We have a simulator for creating stochastic fibre networks [10]. The code works by
dropping clusters of fibres within a circular region where the centre of each cluster is
distributed as a point Poisson process in the plane and the number of fibres per cluster,
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I=0.15

n.=10

n,=20

ng=30

Fig. 13.6 Simulated areal density maps each representing a 4 cm x 4 cm region formed from fibres
with length A = 1 mm, to a mean coverage of 6 fibres

n., is a Poisson distributed random variable. The size of each cluster is determined
by an intensity parameter, 0 < / < 1 such that the mean mass per unit area of the
cluster is constant and less than the areal density of a fibre. Denoting the length and
width of a fibre by A\ and w respectively, the radius of a cluster containing n. fibre

centres is
A
PR (13.2)
w1

Figure 13.6 shows examples of density maps generated by the simulator. We
observe textures that increase in ‘cloudyness’ with n, and increase in ‘graininess’
with 1.

13.3 Analytic Covariance for Spatial Poisson Processes of Finite
Objects

Consider a Poisson process in the plane for finite rectangles of length A and width
w < A, withuniform orientation of rectangle axes to a fixed direction. The covariance
or autocorrelation function for such objects is known and given by [7]:
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ForO<r <w

Y (A (13.3)
afr)=1——-{\+-+—- . .
! T\ w 2w
Forw <r <\
- 2 ) (w) w r+ r2 | (13.4)
ar(r)==larcsin(=) - — — — — — ) .
2 T r 2\ w w?

For A <r < /(A2 +w?)
(r) 2 arcsin (w) arccos A @ A r’
oRr) = — —_ — ot _-—— —— = —
3 T r r 2 2w 2w

r2 r2
+ p—l—i- E_l . (13.5)

Then, the coverage c at a point is the number of rectangles overlapping that point,
a Poisson variable with grand mean value ¢, and the average coverage or density
in finite pixels ¢ tends to a Gaussian random variable. For sampling of the process
using, say square inspection pixels of side length x, the variance of their density ¢ (x)
is

V2x
Var(c(x)) = Var(c(0)) / a(r,w, A) b(r) dr (13.6)
0

where b is the probability density function for the distance » between two points
chosen independently and at random in the given type of pixel; it was derived by
Ghosh [13].

Using square pixels of side length x, for0 <r < x
2 2
b(r, x) = — (ﬂ —2rx + r—) . (13.7)
X

Forxsrfﬁx

b(r,x) = i—: (x2 (arcsin (i—c) — arccos (;)))
+ i—z (2x\/m - %(F2 + 2x2)) : (13.8)
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Fig. 13.7 Probability density function b(r, 1) from Egs. (13.7), (13.8) for the distance r between
two points chosen independently and at random in a unit square

A plot of this function is given in Fig. 13.7. Observe that, for vanishingly small
pixels, that is points, b degenerates into a delta function on » = 0. Ghosh [13] gave
also the form of b for other types of pixels; for arbitrary rectangular pixels those
expressions can be found in [7]. For small values of r, so r < D, the formulae for
convex pixels of area A and perimeter P all reduce to

27r  2Pr?
b(V,A,P):T— A2

which would be appropriate to use when the rectangle dimensions w, A are small
compared with the dimensions of the pixel.

It helps to visualize practical variance computations by considering the case of
sampling using large square pixels of side mx say, which themselves consist of
exactly m? small square pixels of side x. The variance Var(c(mx)) is related to
Var(c(x)) through the covariance Cov(x, mx) of x-pixels in mx-pixels [7]:

m?—1

Var(¢c(mx)) = #Var(é(x)) + Cov(x, mx).

m2

As m — 00, the small pixels tend towards points, lz Var(¢(x)) — 0soVar(c(mx))
m

admits interpretation as Cov(0, mx), the covariance among points inside mx-pixels,

the intra-pixel covariance, precisely Var(¢(mx)) from Eq. (13.6).
The fractional between pixel variance for x-pixels is

_ Cov(0,x)  Var(é(x))

PO = Vo) ~ Vare)
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which increases monotonically with A and with w but decreases monotonically with
mx, see Deng and Dodson [6] for more details. In fact, for a Poisson process
of rectangles the variance of coverage at points is precisely the mean coverage,
Var(c(0)) = ¢, so if we agree to measure coverage as a fraction of the mean cover-
age then Eq. (13.6) reduces to the integral

~ «/ZX
Var(Ec(x)) _ / a(r,w, N) b(r) dr = jp(x). (13.9)
0

Now, the covariance among points inside mx-pixels, Cov(0, mx), is the expec-
tation of the covariance between pairs of points separated by distance r, taken over
the possible values for r in an mx-pixel; that amounts to the integral in Eq. (13.6).
By this means we have continuous families of 2 x 2 covariance matrices for x € R™
and 2 < m € Z™ given by

s _ (11012} _ Var(c(x)) Cov(x,mx)
“\ownon ) \Covix,mx) Var(c(x))
_( p(x) p(mx)
= (ﬁ(mx) ) ) (1310

which encodes information about the spatial structure formed from the Poisson
process of rectangles, for each choice of rectangle dimensions w < A € R™. This can
be extended to include mixtures of different rectangles with given relative abundances
and processes of more complex objects such as Poisson clusters of rectangles.

There is a one dimensional version of the above that is discussed in [6, 7], with
point autocorrelation calculated easily as

L 0<r<A

1—
a(r):lo A \Zr (13.11)

Also, the probability density function for points chosen independently and at
random with separation r in a pixel, which is here an interval of length x, is

by = > (1 — 1) ©<r<x). (13.12)
X X

Then the integral (13.6) gives the fractional between pixel variance as

1—3”—A 0<x<A\

plx, N = { 21=2) a=w (13.13)

X 3x

So in the case of a one dimensional stochastic texture from a Poisson process of
segments of length A we have the explicit expression for the covariance matrices in
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Eq. (13.10):
S () :( plx, N) p(mx,)\)).

13.14
Bmx. N) e \) (1319

In particular, if we take unit length intervals as the base pixels, for the Poisson
process of unit length line segments, x = A = 1 we obtain

1-h Loy
2“”(1):(( 30 m m) form=2,3,.... (13.15)
w(l=5) (1-3) o

13.4 Information Distance

Given the family of pixel density distributions, with associated spatial covariance
structure among neighbours, we can use the Fisher metric [1] to yield an arc length
function on the curved space of parameters which represent mean and covariance
matrices. Then the information distance between any two such distributions is given
by the length of the shortest curve between them, a geodesic, in this space. The
computational difficulty is in finding the length of this shortest curve since it is the
infimum over all curves between the given two points. Fortunately, in the cases we
need, multivariate Gaussians, this problem has been largely solved analytically by
Atkinson and Mitchell [2].

Accordingly, some of our illustrative examples use information geometry of
trivariate Gaussian spatial distributions of pixel density with covariances among
first and second neighbours to reveal features related to sizes and density of clusters,
which could arise in one, two or three dimensions. For isotropic spatial processes,
which we consider here, the variables are means over shells of first and second neigh-
bours, respectively. For anisotropic networks the neighbour sets would be split into
more new variables to pick up the spatial anisotropy in the available spatial directions.

Other illustrations will use the analytic bivariate covariances given in Sect. 13.3
by Eq.(13.10).

What we know analytically is the geodesic distance between two multivariate
Gaussians, A, B, of the same number n of variables in two particular cases [2]:

LA £ B A =3P =3 fA =, pA %), f8 =, 18, %)

DuFA, £By = (uh — pB) 31 (uA —pB). (1316)

24 =B =y, A £ 3B A = (n, 1, B4, B = (n, p, BB)

Dx(f*, %) = (13.17)
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Fig. 13.8 Plot of Dx(f*, f%) from (13.17) against Ax (f4, £8) from (13.18) for 185 different
trivariate Gaussian covariance matrices

12

with {\;} = Big(z? " . 28 . 247",

In the present paper we use Eqgs. (13.16) and (13.17) and take the simplest choice
of a linear combination of both when both mean and covariance are different.

However, from the form of Dx (f4, £%)in (13.17) we deduce that an approximate
monotonic relationship arises with a more easily computed symmetrized log-trace
function given by

As(f4 15

1
= \/log (2— (Tr(zA™"? . 5B . 2472y L Tp(2B717 . 24 23”2)).
n

(13.18)

This is illustrated by the plot in Fig. 13.8 of Dy (fA, fB) from Eq. (13.17) on
Ax(f4, £B)fromEq. (13.18) for 185 trivariate Gaussian covariance matrices, where
we see that

Ds(f*, By ~ 17854, 1P,

A commonly used approximation for information distance is obtained from the
Kullback-Leibler divergence, or relative entropy. Between two multivariate Gaus-
sians fA = (n, ,uA, ZA), fB = (n, ,uB, EB) with the same number n of variables,
its square root gives a separation measurement [16]:
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1 det =8 1 -
KL(f4, B = E1og (detEA) +t§Tr[EB .24
Ly B\! B! A B n
+§(u —/L) »> -(u _“)_5' (13.19)

This is not symmetric, so to obtain a distance we take the average KL-distance in
both directions:

A B B A
DKL(fA’fB)=/|KL<f SDIEIKLGE D

2

The Kullback-Leibler distance tends to the information distance as two distributions
become closer together; conversely it becomes less accurate as they move apart.

For comparing relative proximity, Ax (f*4, f5) is a better measure near zero
than the symmetrized Kullback—Leibler Dg; (f4, f2) distance in those multivariate
Gaussian cases so far tested and may be computationally quicker for handling large
batch processes.

13.5 Dimensionality Reduction of Spatial Density Arrays

We shall illustrate the differences of spatial features in given data sets obtained
from the distribution of local density for real and simulated planar stochastic fibre
networks. In such cases there is benefit in mutual information difference comparisons
of samples in the set but the difficulty is often the large number of samples in a set
of interest—perhaps a hundred or more. Human brains can do this very well; the
enormous numbers of optical sensors that stream information from the eyes into the
brain with the result that we have a 3-dimensional reduction which serves to help us
‘see’ the external environment. We want to see a large data set organised in such a
way that natural groupings are revealed and quantitative dispositions among groups
are preserved. The problem is how to present the information contained in the whole
data set, each sample yielding a 3 x 3 covariance matrix ¥ and mean y. The optimum
presentation is to use a 3-dimensional plot, but the question is what to put on the
axes.

To solve this problem we use multi-dimensional scaling, or dimensionality reduc-
tion, to extract the three most significant features from the set of samples so that all
samples can be displayed graphically in a 3-dimensional plot. The aim is to reveal
groupings of data points that correspond to the prominent characteristics; in our
context we have different former types, grades and differing scales and intensities
of fibre clustering. Such a methodology has particular value in the quality control
for processes with applications that frequently have to study large data sets of sam-
ples from a trial or through a change in conditions of manufacture or constituents.
Moreover, it can reveal anomalous behaviour of a process or unusual deviation in a
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product. The raw data of one sample from a study of spatial variability might typi-
cally consist of a spatial array of 250 x 250 pixel density values, so what we solve
is a problem in classification for stochastic image textures.

The method, which we introduced in a preliminary report [11], depends on extract-
ing the three largest eigenvalues and their eigenvectors from a matrix of mutual infor-
mation distances among distributions representing the samples in the data set. The
number in the data set is unimportant, except for the computation time in finding
eigenvalues. This follows the methods described by Carter et al. [4, 5]. Our study
is for datasets of pixel density arrays from complete sampling of density maps of
stochastic textures which incorporate spatial covariances. We report the results of
such work on a large collection of radiographs from commercial papers made from
continuous filtration of cellulose and other fibres, [9].

The series of computational stages is as follows:

1. Obtain mutual ‘information distances’ D (7, j) among the members of the data set
of N textures X1, X2, ..., Xy using the fitted trivariate Gaussian pixel density
distributions.

2. The array of N x N differences D(i, j) is a real symmetric matrix with zero
diagonal. This is centralized by subtracting row and column means and then
adding back the grand mean to give CD(i, j).

3. The centralized matrix CD(i, j) is again a real symmetric matrix with zero diag-
onal. We compute its N eigenvalues ECD(i), which are necessarily real, and the
N corresponding N-dimensional eigenvectors VCD(i).

4. Make a 3 x 3 diagonal matrix A of the first three eigenvalues of largest absolute
magnitude and a 3 x N matrix B of the corresponding eigenvectors. The matrix
product A - B yields a 3 x N matrix and its transpose is an N x 3 matrix 7', which
gives us N coordinate values (x;, y;, z;) to embed the N samples in 3-space.

Example: Bivariate Gaussians

1
fx,y) = zm/zexp (y )01t + (x — p)(x — p1)on +2(=y + w))onl,

= (p1, p12),
A = Det[X] = o110 — 0%2,

_fon o2 n 01 n 00
" \opon 12 10 722 01)’
(58
- _ %12 g1 :
A A

Put 6 = (u — pb).
Then we have
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Du(f4 %) = \JouT - =1 op

\/5M2 (011012 — 0120p01)  Opn (022041 — 0120142)
- A + A '

Numerical example:

(10 _ (32 (37 =177
ZA‘(m)’ EB_(%)’ = _(—1/7 3/14)

A-12 B a2 (10 32 10y (32
z RS _(01)(26)(01)_(26)’

with eigenvalues: A\ =7, \p = 2.

1 n
5 > log?(\)) ~ 1.46065
j=1

[ 7+2
As (24, 28) = [log : ~ 0.9005.

For comparison, the symmetrized Kullback—Leibler distance [16] is given by

Dip(24 EB)—l \/110 14 19+\/110 l+7 ~ 1.1386
KLA& 2 ) =5 \V2 B g Ty B g Ty )T

13.6 Analysis of Samples

13.6.1 Analytic Results for Poisson Processes of Line Segments
and Rectangles

We provide here some graphics showing three dimensional embeddings of Pois-
son processes that yield stochastic textures of pixel density, using the analysis in
Sect. 13.3.

Figure 13.9 shows an embedding of 20 samples calculated for a Poisson line
process of line segments, (13.15), withx = A = landm = 2, 3, ...21. The starting
green point in the lower right is for m = 2 and the red end point is for m = 21.
Figure 13.10 shows an embedding of 18 samples calculated for a planar Poisson
process of unit squares, from (13.10), with w = A = 1. It shows the separation into
two groups of samples: analysed with small base pixels, x = 0.1 right, and with large
base pixels, x = 1 left. Figure 13.11 shows an embedding of 18 samples calculated
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Fig.13.9 Embedding of 20 evaluations of information distance for the bivariate covariances arising
from a Poisson line process of line segments, (13.15), withx = A = land m = 2,3,...21. The
starting green point in the lower right is for m = 2 and the red end point is for m = 21
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—-0.005
0.05

0.0

Fig. 13.10 Embedding of 18 evaluations of information distance for the bivariate covariances
arising from a planar Poisson process of squares, (13.10), with w = X\ = 1. The two groups arise
from different schemes of inspection pixels. Right group used small base pixels with x = 0.1, from
blue to pink m = 2,3, ..., 10; left group used large base pixels with x = 1, from green to red
m=2,3,...,10
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Fig. 13.11 Embedding of 22 evaluations of information distance for the bivariate covariances
arising from a planar Poisson process of rectangles, (13.10), with w = 0.2, A = 1. The two groups
arise from different schemes of inspection pixels. Left group used large base pixels x = 1, from
greento red m = 2,3,...,10; right group used small base pixels x = 0.1, from blue to pink
m=2,3,...,10

for a planar Poisson process of rectangles with aspect ratio 5:1, from (13.10), with
w = 0.2, A = 1. Again it shows the separation into two groups of samples analysed
with small pixels, right, and with large pixels, left.

13.6.2 Deviations from Poisson Arising from Clustering

Our three spatial variables for each spatial array of data are the mean density in a cen-
tral pixel, mean of its first neighbours, and mean of its second neighbours. We begin
with analysis of a set of 16 samples of areal density maps for simulated stochastic
fibre networks made from the same number of 1 mm fibres but with differing scales
(clump sizes) and intensities (clump densities) of fibre clustering. Among these is the
standard unclustered Poisson fibre network; all samples have the same mean density.

Figure 13.12 gives analyses for spatial arrays of pixel density differences from
Poisson networks. It shows a plot of Dy (f A f B as a cubic-smoothed surface (left),
and the same data grouped by numbers of fibres in clusters and cluster densities
(right), for geodesic information distances among 16 datasets of 1 mm pixel density
differences between a Poisson network and simulated networks made from 1 mm
fibres. Each network has the same mean density but with different scales and densities
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Fig. 13.12 Pixel density differences from Poisson networks. Left plot of Dx (f4, %) as a cubic-
smoothed surface, for trivariate Gaussian information distances among 16 datasets of 1 mm pixel
density differences between a Poisson network and simulated networks made from 1 mm fibres,
each network has the same mean density but with different clustering. Right embedding of the same
data grouped by numbers of fibres in clusters and cluster densities

of clustering; thus the mean difference is zero in this case. Using pixels of the order of
fibre length is appropriate for extracting information on the sizes of typical clusters.
The embedding reveals the clustering features as orthogonal subgroups.

Next, Fig. 13.13 gives analyses for pixel density arrays of the clustered networks.
It shows on the left the plot of Dx(f*, f5) as a cubic-smoothed surface (left)
for trivariate Gaussian information distances among the 16 datasets of 1 mm pixel
densities for simulated networks made from 1 mm fibres, each network with the same
mean density but with different clustering. In this case the trivariate Gaussians all
have the same mean vectors. Shown on the right is the dimensionality reduction
embedding of the same data grouped by numbers of fibres in clusters and cluster
densities; the solitary point is a Poisson network of the same fibres.

13.6.3 Effect of Mean Density in Poisson Structures

Figure 13.14 gives analyses for pixel density arrays for Poisson networks of different
mean density. It shows the plot of Dy (f A £B) as a cubic-smoothed surface (left),
for trivariate Gaussian information distances among 16 simulated Poisson networks
made from 1 mm fibres, with different mean density, using pixels at 1 mm scale. Also
shown is, (right) dimensionality reduction embedding of the same Poisson network
data, showing the effect of mean network density.
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Fig. 13.13 Pixel density arrays for clustered networks: Left plot of Dy (f A £B) as a cubic-
smoothed surface, for trivariate Gaussian information distances among 16 datasets of 1 mm pixel
density arrays for simulated networks made from 1 mm fibres, each network with the same mean
density but with different clustering. Right embedding of the same data grouped by numbers of
fibres in clusters and cluster densities; the solitary point is an unclustered Poisson network

Fig. 13.14 Pixel density arrays for Poisson networks of different mean density. Left plot of
Dy (f A £B) as a cubic-smoothed surface (left), for trivariate Gaussian information distances
among 16 simulated Poisson networks made from 1 mm fibres, with different mean density, using
pixels at 1 mm scale. Right embedding of the same Poisson network data, showing the effect of
mean network density
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Fig.13.15 Embedding using 182 trivariate Gaussian distributions for samples from the data set [9].
Blue points are from gap formers; orange are various handsheets, purple are from pilot paper
machines and green are from hybrid formers. The embedding separates these different forming
methods into subgroups

13.6.4 Analysis of Commercial Samples

Figure 13.15 shows a 3-dimensional embedding for a data set from [9] including
182 paper samples from gap formers, handsheets, pilot machine samples and hybrid
formers. We see that to differing degrees the embedding separates these different and
very disparate forming methods by assembling them into subgroups. This kind of
discrimination could be valuable in evaluating trials, comparing different installations
of similar formers and for identifying anomalous behaviour.

The benefit from these analyses is the representation of the important structural
features of number of fibres per cluster and cluster density, by almost orthogonal
subgroups in the embedding.

13.6.5 Analysis of Saccharomyces Cerevisiae Yeast and Human
Genomes

This yeast is the genome studied in [3] for which we showed that all 20 amino
acids along the protein chains exhibited mutual clustering, and separations of 3—12
are generally favoured between repeated amino acids, perhaps because this is the
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Fig. 13.16 Determinants of 12-variate spatial covariances for 20 samples of yeast amino acid
sequences, black Y, together with three Poisson sequences of 100,000 amino acids with the yeast
relative abundances, blue RY. Also shown are 20 samples of human sequences, red H, and three
Poisson sequences of 100,000 amino acids with the human relative abundances, green RH.
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Fig. 13.17 Twelve-variate spatial covariance embeddings for 20 samples of yeast amino acid
sequences, small black points, together with three Poisson sequences of 100,000 amino acids with
the yeast relative abundances, large blue points. Also shown are 20 human DNA sequences, medium
red points, and three Poisson sequences of 100,000 amino acids with the human relative abundances,
large green points



13 Dimensionality Reduction for Classification of Stochastic Texture Images 387

usual length of secondary structure, cf. also [1]. The database of sample sequences
is available on the Saccharomyces Genome Database [19]. Here we mapped the
sequences of the 20 amino acids A, C,D,E,F, G, H,, K, L, M, N, P, Q,R, S, T, V,
W, Y onto the 20 grey-level values 0.025, 0.075, ..., 0.975 so yielding a grey-level
barcode for each sequence, Fig. 13.1. Given the usual length of secondary structure
to range from 3 to 12 places along a sequence, we used spatial covariances between
each pixel and its successive 12 neighbours. Figure 13.16 plots the determinants of
the 12-variate spatial covariances of 20 for yeast, black Y, together with three Poisson
random sequences of 100,000 amino acids with the yeast relative abundances, blue
RY. Also shown are 20 samples of human sequences, red H, and three Poisson
sequences of 100,000 amino acids with the human relative abundances, green RH.
Figure 13.17 shows an embedding of these 20 12-variate spatial covariances for yeast,
small black points, together with three Poisson sequences of 100,000 amino acids
with the yeast relative abundances, large blue points, and 20 human DNA sequences,
medium red points using data from the NCBI Genbank Release 197.0 [15], and three
Poisson sequences of 100,000 amino acids with the human relative abundances,
large green points. The sequences ranged in length from 340 to 1,900 amino acids.
As with the original analysis of recurrence spacings [3] which revealed clustering,
the difference of the yeast and human sequence structures from Poisson is evident.
However, it is not particularly easy to distinguish yeast from human sequences by
this technique, both lie in a convex region with the Poisson sequences just outside,
but there is much scatter. Further analyses of genome structures will be reported
elsewhere.
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