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[Introduction]

[n information geometry, a parametric statistical model (a family of probability density functions) is treated as
a differentiable manifold, where the Riemannian metric called Fisher metric and the pair of two torsion-free dual
affine connections called the exponential and mixture connections play essential roles for statistical inference. For
example, the maximum likelihood estimation in an exponential family is understood as the orthogonal projection
of the geodesic defined by the mixture connection. This comes from the fact that an exponential family is a
dually flat space, where the curvature and the torsion tensors of the two dual affine connections are all equal to
zero. Recently, it has been found by the authors that a general estimating function naturally induces a similar
geometric structure on a statistical model, that is, a Riemannian metric and a pair of dual affine connections.
However, one of the affine connections is not necessarily torsion-free, especially when the estimating function
is not integrable with respect to the parameter of the statistical model. In this presentation, we explain this
geometry with some basic knowledge of information geometry.

[Statistical manifold)

[n this presentation,we assume that all geometrical objects on differentiable manifolds are smooth (C'°).

Definition 1] (Statistical manifold)

For a Riemannian manifold (M, g) and an affine connection V on M, we call (M, g, V) a statistical manifold
if and only if both of V and its dual connection V* with respect to g are torsion-free.

Remark

1. The dual connection V* of V with respect to ¢ is defined by
X9V, 2)=9(VxY,Z)+g(Y,VZ) (VX,VY,VZ € X(M)),
where X'(M) is the set of all vector fields on M.

2. For an affine connection V on M, its curvature tensor field R and torsion tensor field 1" are defined by

R(X.Y)Z =VxVyZ—-VyVxZ-VixyZ T(X,Y)=VxY -VyX —[X,)Y]
(VX,VY,VZ € X(M)).

An affine connection V is said to be torsion-free it T = 0. For a torsion-free affine connection V., V* = V
implies that V is the Levi-Civita connection with respect to g. when we let R* and T™ be the curvature and
torsion tensor fields of V*, respectively. R = 0 always implies R* = 0, but T" = 0 does not necessarily imply

T* = 0. For a statistical manifold (M, g, V), R = 0 implies that V and V* are both flat (i.e. T'=0,R =0
and T* = 0, R* = 0). In this case, (M, g, V, V*) is called a dually flat space.

[Contrast function)

For a real-valued function ¢ on the direct product M x M of a manitold M and vector fields X1, ..., X;, Y7, ..., Y
on M, the functions ¢[ X7, ..., X;|V7,..., Y], (X1, ..., X;| | and ¢| |Y7,...,Y}] on M are defined by

¢[X17 e 7Xi’Y17 R 7}{7(74) ‘= <X1>p T (Xi>p(Y1>C] T <}/j>Q¢<pv q>|p=7“,q:7°7
X1, X1 (1) = (X1)p- - (Xp(p. )l pr
ol |Y1,. .., j-(ﬂ = (Yl)q T (Yj)cﬁb(r; (]>’q=r

for any r € M, respectively:.

Definition 2] (Contrast function)

A real-valued function ¢ on M x M is called a contrast function on M if and only if it satisfies

(a) ¢(p,p) =0 (Vp € M),
() ol X|]=¢l|X]=0 (VX € X(M)),
(c) g(X,Y) = —¢|X|Y] (VX,VY € X(M)) is a Riemannian metric on M.

These conditions imply that

o(p,q) >0, ¢(p,q) =0<=p=q

in some neighborhood of the diagonal set {(r,r)|r € M} in M x M. Although a contrast function is not
necessarily symmetric, this property means that a contrast function measures some discrepancy between two

points on M (at least locally). For a given contrast function ¢, the two affine connections V and V* are defined
by

g(VxY,Z) = —6|XY|Z], g(Y,V%Z) = —g[Y|XZ] (VX,VY,YZ € X(M)).

In this case, V and V* are both torsion-free and dual to each other with respect to g. This means that both
of (M, q,V) and (M, g, V*) are statistical manifolds. In particular, (M, g, V) is called the statistical manifold
induced from the contrast function ¢.

[Geometry induced from Kullback-Leibler divergence]

Let S = {p(x;0) | 8 = (A, ...,0%) € © C R?} be a regular parametric statistical model, that is, a set of prob-
ability density functions with respect to a dominating measure v on a sample space {2, each element of which is
indexed by a parameter vector @ in an open subset © of Rd, and which satisfies some regularity conditions.

The Kullback-Leibler divergence of the two density functions pj(x) = p(x; 01) and py(x) = p(x; 09) in
S,

po(x)
p1(x)
1s a contrast function on S. Its induced Riemannian metric and dual affine connectins are called Fisher metric

g%, the exponential connection V() and mixture connection V(m), respectively, which are given as
follows:

OK L(p1,p2) = /Q p2() log v(dx)

9i1(8) = g" (0}, 0) = Ey{s (a0, 0)s"(x, 0)},
).(8) = gF(V)0;.0,) = El{0;5) (.0)} " (,0)

T0) = g7(0,, V5 0p) = [y (@, 0)0i0ypla: O)v(de)

where Fjy indicates that the expectation is taken with respect to p(x;0), 9, = ai and si(:c;H) =

(92

O;logp(x;0) (i = 1,...,d). In particular, if S is an exponential family, (S, g*', vie) V<m>) is a dually flat
space. This geometrical structure plays the most fundamental and important role in the differential geometry
of statistical inference. For example, the maximum likelihood estimator in an exponential family is obtained by

the orthogonal projection of the geodesic with respect to the mixture connection v(m).

[Statistical manifold admitting torsion]

Definition 3] (Statistical manifold admitting torsion)

For a Riemannian manifold (M, g) and an affine connection V on M, we call (M, g, V) a statistical manifold
admitting torsion (or SMAT for short) if and only if the dual connection V* of V with respect to g is
torsion-free.

For a SMAT (M, g, V), the affine connection V possibly has torsion (i.e. T # 0). Hence, R = 0 does not
necessarily imply that V is flat, but it implies that V* is flat since R* = 0 and 7™ = 0. In this case, we call
(M, g,V , V") a partially flat space.
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[Pre-contrast function)

For a real-valued function p on the direct product T'M x M of a manifold M and its tangent bundle 7'M, and

vector fieldsXy, ..., X;, Y1, ..., Y}, Z on M, the function p| X7, ..., X;Z|Y7, ..., Y] on M is defined by

Y (r) = (X1>p' " (Xz')p(Y1>q T (Yj)qP<va q)|p=7“,q=7“ (Vr € M)

The functions p[ Xy, ..., X;Z| | and p[ |Y7, ..., Y;] are also defined in the same way as above.

o[X1,.... X; 2|V, ...

Definition 4/ (Pre-contrast function)

A real-valued function p on T'M x M is called a pre-contrast function on M it and only if it satisfies

(@) p(f1X1+ f2X2,q) = fip(X1,q) + fap(X2,q)
(Vf1,Vfa e CF(M), VX1,VX9 € X(M), Vg € M).
(b) plX|]=0 (VX € X(M)) (i.e. p(Xp,p)=0 (Vpe M)).
(c) g(X,Y) = —p X|Y] (VX,VY € X(M)) is a Riemannian metric on M.

For a given pre-contrast function p, two affine connections V and V* are defined by
g(VxY,Z) = =p[XY|Z], g(Y,VxZ)=—p[Y|XZ] (VX,VYVZ € X(M)).

In this case, V and V* are dual to each other with respect to g and V™ is torsion-free. However, the affine
connection V possibly has torsion. This means that (M, g, V) is a SMAT and it is called the SMAT induced
from the pre-contrast function p.

For any contrast function ¢ on M, the function pg, which is defined by
po(Xp,q) = Xpd(p,q) (Vp,Vq € M, VX € Ty(M)),

is a pre-contrast function on M. The notion of pre-contrast function is obtained by taking the fundamental
properties of the first derivative ot a contrast function as axioms.

[Geometry induced from estimating functions])

Let S = {p(x:0) | 8 = (01, ...,0%) € ® c R% be a regular parametric statistical model. An estimating
function on S, which we consider here, is a R%valued function w(zx, 0) satisfying

ou

Eolu(x,0)) =0, E,{|u(z,0)|%} < oo, det [Eg {%(wﬁ)}] £0 (VO € O).

For an estimating function w(X, @) and a random sample X7, ..., X, from an unknown probability distribution
p(x; Bp) in S, an M-estimator @ for @) is obtained as a solution to the estimating equation

n

> u(X;,0)=0.

1=1
The M-estimator 8 has the consistency and asymptotic normality

0 — 0, (in probability), /n(0 — 6y) — N (O, Avar (é)) (in distribution)

as n — 0o under some additional regularity conditions. A
The matrix Avar(0) is the asymptotic variance-covariance matrix of @ and is given by

Avar(0) = {A(80)} 'B(8y){A(6y) '} = {G(80)}

where A(0) == Ey{(0u/00)(x,0)}, B(8) = Fjq {u(w,@)u(w,@)T} and G(0) is the asymptotic variance-

covariance matrix of the standardized estimating function ux(x, @) of u(X, @), which is defined by

—1

us(x,0) = E, {s(m, 0)u(x, H)T} |:E9 {u(az, O)u(x, H)TH u(x,0),

where s(a,0) := (0/00)log p(x; 8) is the score function for 8. Geometrically, the i-th component of the stan-
dardized estimating function ws(a, @) is the orthogonal projection of the i-th component of the score function
s(ax, @) onto the linear space spanned by all components of the estimating function w(x, @) in the Hilbert space

Ho = {a(@) | Eo{a(z)} =0, Ep{a(2)’} < oo}

with the inner product < a(x),b(x) >45:= FEs{a(x)b(x)} (Va(x),Vb(x) € Hy). The matrix G(0) is called a
Godambe information matriz, which can be seen as a generalization of the Fisher information matrix.

Since the Kullback-Leibler divergence ¢ 7 is a contrast function on .S, we obtain a pre-contrast function pgr,
on .S from the first derivative of Qg

P L((0)p,p2) = (0j)p @K L(P1,P2) = —/528‘7(%,91)29(56592)V(dw) J=1,...,d)

for any two probability distributions pi(x) = p(x; 1) and py(x) = p(a; O9) in S. This observation leads to the
following proposition.

Proposition| (Pre-contrast function associated with an estimating function)

For an estimating function u(x, @) on the parametric model S, a pre-contrast function p, : TS xS — R
1s defined by

pul(0)pyop2) = — /Q (@, 0))p(@; 0,)v(dz) (j=1,....d)

for any two probability distributions p1(x) = p(ax; 01) and pa(x) = p(x; 09) in S, where ui(w, 0) is the j-th
component of the standardized estimating function u«(x,0) of u(x, ).

The use of ux(x, 0) instead of u(x, @) ensures that the definition of the function p, does not depend on the
choice of coordinate system (parameter) of S.

The proof of Proposition is straightforward. In particular, the condition (b) in the definition of pre-contrast
function follows from the unbiasedness of the (standardized) estimating function. The Riemannian metric g,
dual connections V and V* induced from the pre-contrast function p, are given as follows:

gik(0) = 9(8;,0y) = Eol{ul(x, 0)ul(x,0)} = G;1(0),

{ Ly 1(0) = 9(V,0;,0p) = E[{07ul(,0)}s"(x, 0)]
F;k]g,](e) = g<8j7 va@k) — fQ U‘i(iv, H)azakp(w: H)V(dw) |

where G;1,(0) is the (j, k) component of the Godambe information matrix G(8). Note that V* is always torsion-
free since F;kj =1 1 whereas V is not necessarily torsion-free unless ux(x, @) is integrable with respect to 6

)

(i.e. there exists a function ¥(x, ) satistying 09 (x, 0) = u;l(a:, 0)(j=1,...,d)).
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