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Abstract: The Information Geometry of extended exponential families has received much recent
attention in a variety of important applications, notably categorical data analysis, graphical modelling
and, more specifically, log-linear modelling. The essential geometry here comes from the closure
of an exponential family in a high-dimensional simplex. In parallel, there has been a great deal
of interest in the purely Fisher Riemannian structure of (extended) exponential families, most
especially in the Markov chain Monte Carlo literature. These parallel developments raise challenges,
addressed here, at a variety of levels: both theoretical and practical—relatedly, conceptual and
methodological. Centrally to this endeavour, this paper makes explicit the underlying geometry of
these two areas via an analysis of the limiting behaviour of the fundamental geodesics of Information
Geometry, these being Amari’s (+1) and (0)-geodesics, respectively. Overall, a substantially more
complete account of the Information Geometry of extended exponential families is provided than
has hitherto been the case. We illustrate the importance and benefits of this novel formulation
through applications.

Keywords: extended exponential families; information geometry; Riemannian Markov Chain
Monte Carlo

1. Introduction

Information Geometry has developed enormously, both theoretically and in its range of
applications, since the seminal works of [1-3]. Excellent summaries of this approach, which we shall
call classical, can be found in [4], and recently [5]. This approach has the property that the fundamental
geometric objects are smooth manifolds. In particular, they are open sets, of constant dimension. However,
there has been recent interest in studying the Information Geometry of closures of exponential families,
as defined in [6]: these closures typically being unions of manifolds of varying dimension. As discussed
in [7], this development gives a more exact duality between sample and model space, which is the
key to the intrinsic duality of Information Geometry. From an applications’ point of view, studying
closures of statistical manifolds is very natural in categorical data analysis [8,9] and graphical [10],
random graph [11], and log-linear [12] models. A strongly related approach, which gives an excellent
treatment of the closure of statistical models, uses algebraic geometry. See, for example, [13,14].

This paper focuses on extending the manifold-based approach of classical Information Geometry
by looking at the limiting behaviour of key objects: («)-geodesics, where we follow the standard
notation in information geometry where & = +1 is the exponential representation and « = 0 is
the Fisher/spherical representation of the manifold. To be precise, we note that we use the term
“limiting” here to denote the behaviour of a geodesic as it approaches the boundary of the closure
of an exponential family. This may mean that a natural parameter tends to infinity, in the case of
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a (+1)-geodesic, or a path-length parameter tends to a finite value, in the case of the (0)-geodesics.
We look specifically at the finite, discrete case and study two key types of geodesics « = 41 and 0.
In particular, we show how these two types of geodesics have fundamentally different boundary
behaviours. By studying the first of these, we construct an explicit representation of the limiting
behaviour of finite dimensional exponential families. The behaviour of the second was introduced
in our recent paper [15], which studied applications involving Markov chain Monte Carlo (MCMC)
methods. This paper gives the theoretical foundations to the MCMC applications found in the early
work. It also extends the results on (0)-geodesics found there to show both the asymptotic and limiting
behaviour of (+1)-geodesics. We begin with an insightful example.

Example 1. The extended trinomial model.
Figure 1 shows, in the simple case of the extended trinomial model, the behaviour of key geodesics. The model
is plotted in a mean, or (—1)-affine, parameterisation

i=0

2
{(T[O/Tter[Z) Zﬂi = 1/T[i 2 0}/

where boundaries are completely explicit, being the points where at least one m; = 0. In this figure, three
geodesics, passing through the same point and having the same initial tangent vector, have been computed.
The (—1)-geodesic in this parametrisation is, of course, a straight line and this cuts the boundary of the extended
family (see panel (a)). The (0)-geodesic, panel (b), smoothly touches the boundary. We show that this is generic
behaviour. We note here that the closed loop nature of the (0)-geodesic is not generic extended exponential
family behaviour. Instead, as we explain in Section 3, it reflects something quite specific about the multinomial
distribution. The (+1)-geodesic, panel (c), reaches the boundary at a vertex which, as we also show, is generic
behaviour. Furthermore, it approaches the vertex close to one of the edges of the simplex. In fact, it does this
exponentially fast. Again, we show that this behaviour is quite general.
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Figure 1. Key geodesics in the extended trinomial model.

The rest of the paper is organised as follows. Section 2 looks at the limiting behaviour
of (+1)-geodesics. This allows us to explicitly characterise the—sometimes subtle and
surprising—boundary behaviour of general discrete exponential families. The results clearly illustrate
the differences between the open-set, manifold-based classical information geometry and the geometry
required to take into account the boundaries that naturally occur in categorical data analysis. Section 3
looks at the limiting behaviour of Fisher or (0)-geodesics. We show how the boundary behaviour
of these geodesics allows them to be used as tools that have important applications. These include
designing efficient MCMC algorithms and solving optimisation problems on the closures of exponential
families. Throughout, we illustrate our results visually with simple but representative examples.
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2. Limits of (+1)-Geodesics

This paper looks at general finite exponential families, as used in categorical data analysis,
graphical modelling, random discrete graph models, and log-linear modelling. Each of these models
can be embedded in a sufficiently high dimensional closed simplex.

The key intuition behind the behaviour of (41)-geodesics is that they are normalised exponentials
of linear functions (see Definition 1). Hence, in the limit, their behaviour is determined by the
maximisers of these linear functions. The structure of these maximizers is further determined by the
polar duality of the support set of the exponential model. For illustrative examples, see Figures 2 and 3,
and, in Theorem 1, we give explicit asymptotic expressions for this behaviour.
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Figure 2. A set of (+1)-geodesics in the extended trinomial model.
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Figure 3. A set of (41)-geodesics in Altham’s model.

2.1. Notation

We start with some notational issues. Define

k k
AR = {71|27Ii=1,7'(i 20}, and Sk = {§|Z§lz =1,¢; 20},

i=0 i=0

where k > 1 is the dimension of the simplex. Let Z : = {0, ..., k} be the labels that we associate with
the vertices of A¥. In a convenient mild abuse of notation, identify any proper—i.e., not the relative
interior (r.i.) of AF—face of A* with the set @ C F C T of vertices spanning it—i.e., {i € Z: 7; > 0},
or, equivalently, with the complementary set @ C F© C I—i.e., {i € T : m; = 0}.

For any m > 1, let 1,, denote the vector of m 1s, C,, := {¢ € R" : lLQ = 0} the
(m — 1)-dimensional subspace of all centred (i.e., zero sum) vectors, Cy, := I — m’llml,ﬂ the
(Euclidean) orthogonal projector of R” onto Cy,, and put Q : = {the unit Euclidean sphere in R”}

={qeRP:qTqg=1}.
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Using this notation, we can define a p-dimensional full exponential family in r.i.(A¥) as follows.
Definition 1. For some ni° = (n?) € r.i.(AX) and V a (k+ 1) x p matrix defined by
V= (@V].]o") = (g...[ep)"

with linearly independent columns, where 1 ¢ Range(V), the (—1)-image of an exponential family M =
M(7, V) comprises {n(8) = (m;(0)) : 8 € RP} where i(0) = (0, (0) has general element:

m(0) = exp{(V0); — p(0) } = ) exp{o] 0 — p(0)}, 1)

i € I, where
exp(Y(8)) = Liczm} exp((VO);) = Licrm exp(v]6).

Without loss of generality, we take each column of V to be centred and take the columns of V to be
(Euclidean) orthonormal—i.e., VIV = Ip.

Since these exponential families are (+1)-affine sets, the geometry of all one dimensional affine
subsets—i.e., (+1)-geodesics—determines the underlying geometry. Thus, for each g € Q, define

o(q) = (vi(q)) := Vg,

a centred unit vector in R¥*1, The set My, comprising all (6;) = (7;(6;)), 6; € R, with

i(0,) = 7 exp{0i(9)0, — p(6,)}, ¢)

i € 7, is a one-dimensional exponential sub-family of M. Indeed, M, is a (41)-geodesic in both M
and r.i.(A¥). As g varies over Q, we get all such (+1)-geodesics in M, and the strategy of this section
is to carefully analyse the boundary behaviour of each M,.

2.2. Limits at the Boundary

In [15], we gave an explicit representation of how the p-dimensional model (1) is attached to the
boundary of AF. The key idea was to analyse the polar dual of the convex hull of the columns of V.
This convex hull defines the extremal points of the mean parameters, and its polar dual determines the
directions of recession [12]. These are the directions in the natural parameter space that attain these
extreme points. Here, we look much more explicitly at the way that these limits are attained.

Dropping the g notationally from (2), consider now the (+1)-geodesic M 1 = M 1(n°,v)
defined, for given ¥ = (n?) € r.i.(A¥) and centred unit vector v = (v;) € R**!, by:

mi(0) = ) exp{ov;6 — p(6)}, ®)

i € Z, 6 € R. We seek the limit points of M 1—and other related quantities—as 8 — Foo. Since —v is
also a centred unit vector, while 6v = (—6)(—v), it is enough to consider the case § — +oo.

Definition 2. Let {v; };c7 take distinct values v gy > - -+ > v(qy, with v(j) having multiplicity m; > 1, so that
Z‘ngomj = k + 1. Without loss, relabel the bins so that: the elements of v are in non-increasing order and,

or each 7, the m; corresponding values of 70 are also in non-increasing order. Then, we may replace the single
) j P 8 i 8 yrep 8
index “i” by a double index “(j,r)”, thus:

v=(v;) = V(j)dm; | and, correspondingly, i° = (1) = 0.



Entropy 2017, 19, 524 50f 19

0 — (0 P — ‘
where ) = (”(j,r))' j=0,.,8r=1,..m;
Definition 3. Using this double index, we can define some key notation, the requirement j > 0 being implicit

in all terms but the first:

Moo= LA, K=/ >0, g /o) # 1,
O = OG- —0G) >0 G =1t 40 =10 —0() >0,
€(0) = exp(—061), €j(0):=exp(—05;), €;.(0):=exp(—05;.)=TT,_,ex(0).

Before giving the main results of this section, we make some comments on these terms. Since all
terms J; > 0, each ¢;(0)—in particular, €()—tends to zero exponentially fast as § — oo, and we
will compute first order expansions in these terms. While these are “first order”, we emphasise the
exponentially fast convergence noted in Example 1.

We look at the limiting behaviour of key geometric terms: probabilities, tangent vectors, and the
Fisher information as 8 — co. We comment that since we are working in the closure of an exponential
family, we cannot assume that the usual, open set based, geometric intuition holds. Thus, for example,
even the existence of tangent vectors, and their transformation rules, need careful checking.

Theorem 1. With 1 < rq < myq defining a bin (0,rq) and for 1 < r; < m;, we have the following asymptotic
expansions as @ — +oo.

(i)  For the probabilities, we have:

010)
(o) (0) = ﬂ(}o x {1 —1x1€(0) +o(e(9))}, (4)
0-
_ Tt(()l,ﬁ)
T (0) = 0 x x1€(0) | +o(e(0)), (5)
1.
) (0) = o(e(0)), j>1. (6)

(ii)  The mean parameter has the expansion:
#(8) = ¢'(8) = v(o) — x1[v() — v(1)]€(B) + 0(e(8)).
(iii)  The Fisher information has the expansion:

$"(0) = x1[v(g) — v(1)]%€(8) +0(e(9)). )

(iv)  Finally, for tangent vectors, with respect to u, we have the expansions:

omt 1

(0,r9) - (0,rp)

o ) = ) X[U(O)_U(l)]H(E(@)), 8)
ot ot 1

(Lry) _ (1ry)

o 0) = = x[v(o)_v(l)]Jro(e(G)), )
TG0 0) — o(e(@)) j>1 (10)
oy

Proof. See Appendix A. [

Corollary 1. The set of limit points of a p-dimensional exponential family in r.i.(AX) is a finite union of
exponential families, each lying in its own specific proper face of A¥.
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Proof. The limit points in Theorem 1 are functions of an initial point () and an initial direction .
However, the support set—denoted by Z (v)—of the limit points is purely a function of v. Furthermore,
since the initial point can be anywhere in the p-dimensional exponential family, it can be written as
having general element

i exp{of ¢ — y(9)}-
The corresponding limit points have general elements positively proportional to

mexp{of ¢}, i€ZI(v),
0, i¢ I(Q)r

which is an exponential family with support Z (v). Itis not, of course, necessarily in the minimal form
since the columns defining V, once restricted to the subset Z(v), need not be linearly independent. [

It is important to note that for a fixed {n)} the set of limit points of (+1)-geodesics of the form
given by Equation (3) does not form the complete closure of a statistical model (see Example 3 for an
illustration of this fact).

Corollary 2. We have that

= P p) = Y T 0) =0 4 ofe(s)), ay

i

=

-

Il

N
)

=

which is consistent with the fact that d7t(0) /oy is a tangent vector in (—1)-coordinates and, hence, is centred.
Proof. By direct calculation. [

Example 2. Extended Trinomial Model.

We return to the extended trinomial model in order to visualise and interpret the results of Theorem 1
and its corollaries. In Figure 2a, we select a fixed 7° and a number of different unit vectors, q, to define a set
of (+1)-exponential families. For each value of q, we compute the corresponding double index. The “generic”
case has § = 2 and my = my = my = 1. That is, the vector has no ties, and thus has a unique maximum and
minimum value. These cases are plotted with a solid line in the figure. We see that these all converge to a vertex,
exponentially approaching one of the edges, as predicted. The process of convergence is emphasised in panel (b),
showing the convergence in detail.

There are two non-generic cases, where there is a tie for the maximum, or the minimum value. Note that,
since the vector is centred and non-zero, all three values cannot be the same. In this case, we have § = 1 and
either my = 2,my = 1 or mg = 1,my = 2. As the theorem shows, the limit, in any such case, lies on the face

spanned by the two largest (smallest) values, with the other limit point being a vertex. The position of the point
0

on the edge is determined by the expression % These geodesics are plotted with a dashed line in the figure.
We note that, in this special case, these (41)-geodesics are also (—1)-geodesics.

When we look at the set of tangent vectors, we see behaviour considerably at variance with what would
be expected in a manifold-based setting. As mentioned above, since we are not working in open sets, care is
needed in checking even standard properties of tangent vectors. First, we note that the set of tangent vectors
to (+1)-geodesic, which meet at a vertex, has a conal, rather than a vector space structure. In addition, if we
consider the “generic” case where § = 2, then, from Theorem 1 (iv), we have all limiting tangent vectors that are
parallel to (a permutation of)

(1,-1,0),

for all such corresponding (+1)-geodesics. These are plotted with solid lines in the figure, and a close-up of
the local behaviour; panel (b) shows clearly that all tangent vectors have the same limit. Note that this means
that the exponential map, which maps tangent vectors to points in a manifold, cannot be uniquely defined at a
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boundary point. The fact that the set of limiting directions at a vertex is a (closed) cone comes not, principally,
from the “generic” case, but, rather, from the case where ¢ = 1. In the figure, one such geodesic converging to
(0,0) is shown with a dashed line. However, for this case, the limiting tangent direction depends on m°, so all
values in the relative interior of the cone can be attained, while it is the boundary directions of the cone that come
from the generic case.

Example 3. Altham’s Model.
A two-dimensional extension of the binomial family, as described by Altham in [16], is given by

(S) exp(yy + T(y)g — p(1,9)) € A, 12)

where we take T(y) = (y —§)?, y = 0,--- k. This allows both over and under-dispersion relative to the
binomial model and for large k can be thought of as a finite, discrete approximation to the normal model (see [15]
for more details).

Figure 3 shows, for k = 12, some of the details of the boundary convergence of (+1)-geodesics that define
this family. Panel (a) is shown in the mean, or (—1)-affine, parameterisation. The solid lines are “generic”
(41)-geodesics that converge to a vertex, as predicted by Theorem 1. As can be seen by close inspection, all of
these geodesics have a tangent vector that is parallel to the corresponding edge. The dashed lines correspond to
the case where there is a tie in the largest component of the initial direction of the geodesic.

Panel (b) of Figure 3 shows the same geodesics in the natural, or (+1), parameters. Here, the dual polytope
is shown as the convex hull of a set of vertices, each of which corresponds to a “direction of recession” (for details,
see [12] or [15]). The polar duality can be clearly seen, with all (+1)-geodesics cutting an edge in (b) intersecting
the corresponding vertex in panel (a), while the dashed lines hit vertices in (b), intersecting edges in (a).

3. Fisher Geodesics

We turn now to the Fisher, or (0), geodesic in an exponential family embedded in a finite
simplex. For completeness, we recall that the 0-representation maps the simplex to the sphere,
and the Fisher metric is the pullback of the standard metric on the sphere. Here, we shall define a
new class of geometric object—the extended Fisher geodesic—which lies naturally in the extended
exponential family.

In an exponential family, Fisher geodesics are the geodesics of the Levi—Civita connection and
have the property of being (local) minimisers of path length and energy [17]. They were one of the first
differential geometric objects studied in statistics [1]. In general, they cannot be computed in closed
form, except in a few special cases, but can be computed numerically using their defining differential
equations. Since these equations need to be defined on open sets, the analysis here is required to
understand their limiting behaviour in the closure.

In Figure 1b, we see a Fisher geodesic in the extended trinomial model. This is a case where there
is a closed form (see [1], p. 32). It can be directly calculated in the (0)-representation of the simplex,
givenby ¢; = \/m;, i = 0,1,...,k. The image of Fisher geodesic connecting ¢ and ¢ is the set of points
of the form

gty =c(t) (& +t(Ei—¢)), (13)

where i = 0,---,k, and c(t) is the positive normalising constant, which ensures X , & (t)? = 1.
Since we are working in the extended multinomial model, there is no constraint on the positivity of
¢i(t) and the figure shows the image of the full great circle in the sphere, which is the Fisher geodesic
in the (0)-representation. We can alternatively think of it as the union of Fisher geodesics in the relative
interior, which is smoothly connected at the boundary. It is this smooth touching of the boundary
that motivated the results in this section. In fact, the curve in Figure 1b was computed by solving
the underlying differential equation numerically using the methods of Section 3.2 below. The local
solution is guaranteed to exist in open neighbourhoods, but the numerical solution was extended
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smoothly into, and out of, the boundary. The main result of this section shows, both theoretically and
numerically, that this a general property of extended Fisher geodesics in extended exponential families
in the simplex.

We note that the way that the (0)-geodesic smoothly intersects with the boundary in Figure 1b
is generic in all exponential families, as shown in Theorem 6. However, for clarity, we also note that
the closed nature of the (0)-geodesic, seen in the figure, is a special property of multinomial models.
This follows since they are equivalent to standard spheres under their Fisher Reimannian structure.
Hence, in this special case, the extended geodesics are the images of great circles and hence closed.
In general, as illustrated in Example 3, the geodesics do not form closed loops.

3.1. The Fisher Geodesic and the Boundary

In order to define extended Fisher geodesics, we need to consider how to measure the energy
of a curve in an extended model. In particular, we need to understand the energy of a path whose
limit lies in the boundary, as seen in Figure 1b. The following result on how the Fisher information
behaves near the boundary follows from results in [18] and was stated in [15]. It shows the singularity
of the metric, in both the mean and natural parameters at the boundary. The importance of this result
is to emphasise that standard Riemannian geometry does not extend directly to the boundary of the
extended exponential family.

Theorem 2. (a) Let {y;} be a sequence of points in the mean parameter space of an exponential family, lying
in r.i.(AX), which converge to 7, which lies on a face of the boundary polytope, defined by the half space,
characterised by an equation of the form (a, u) <1, for a unit normal vector a.

Let I(p) be the Fisher information, Amin(pt) its minimum eigenvalue, assumed simple, and exin () a
corresponding unit eigenvector, and unique up to overall sign. Then,

ZILI{.L Amin(pi) = 0
and lim;_, o emin () = a.

(b) Let {0;} be the corresponding sequence to y; in the natural parameters, 1(0) := 1(1(0))~! the Fisher
information, with Amax () its maximum eigenvalue, assumed simple, emax(}) a corresponding unit eigenvector,
unique up to overall sign. Then,

lim Amax(6;) =0

1—00

and im; o, emax (0) = a, which is the vertex in the polar which corresponds to the face in (a).

From the proof of Corollary 1, we have that the closure, M, of an exponential family M C r.i .(Ak)
can be written explicitly as a finite union of exponential families each lying in its own, proper, face.
We first define what it means for a curve to be smooth in the closure.

Definition 4. A (—1)-representation of a curve in the closure, M, of an exponential family in M C r.i.(A¥) is
7:[0,1) = M c Ak,

1t is defined to be S-smooth in the closure when it can be partitioned into the union of smooth subpaths each
in an exponential family,
Y- [a]‘,a]qu) — M] cCMCcC Ak,
forj=1,..,]—1, where:

(i) 0= <ap<---<a;=1
(ij) Foreachj=2,...,],
lim y(t) = 7(aj) € AF,

t—a
a
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(iii) Foreachj=2,...,J,ands=1,...,S,

We denote the set of S-smooth curves as C®.

A curve in C! has a finite arc length if

L
3 / /
lim J [ (V)7 (8))g5)ds < oo,

where (-, -)  is the Fisher information in A¥. Furthermore, the curve has finite energy if

L
lim [ (/(9),7/(5)) s < e
It is common, and convenient, in Riemannian geometry [17] (Theorem 13, p. 128), to characterise
Levi—Civita geodesics as being local minimisers of the energy functional, since these are the same
paths that are local minimisers of the length functional. We follow this approach here when extending
the definition of a (0)-geodesic to the extended exponential family.
We can now define an extended geodesic on an extended exponential family.

Definition 5. Let M C AX be an extended exponential family, and let 7,7 € M. Define the set of finite
energy paths by

_ 1
D(m, 7t) = {7 |7 :[0,1] = M, v(0) = m,9(1) = ”/o < (5),7(5) > (5)ds < °°} - (19
Definition 6. Ify € D(m, 7), we call y an extended Fisher geodesic if it (locally) minimises the energy functional.

Theorem 3. (a) Consider a curve v € C', where y(t) € r.i.(A¥) for t € [0,1) and lim,_,1 y(t) lies in the
proper face defined by a support set T, C T, i.e., if y(1) = 0, then /(1) = 0.

Then, the curve has finite energy implies that lim;_,q ‘% lies in the tangent space to the proper face defined
by the support set L.

(b) Let M C r.i.(A¥) be a p-dimensional exponential family, whose closure is M. Let m € M and let
7t € M lie in a proper face of A defined by the index set Fy. If v € D(m, &) has the property that (t) € M
fort € [0,1) and is an extended Fisher geodesic, then we have: in the relative interior, after writing |y in
terms of the mean parameters of M as (p1(t), -+, pp(t))

d2 i d i d d m
i+ Y ) i T o, a5)

I,m=1

where Fifj(y) are the Christoffel symbols for the Levi-Civita connection of the Fisher metric.

On the boundary, we have that the curve <y has the property that lim;_,q ‘fiit‘(t) is tangent to the face
containing .

Proof. See Appendix B. O

3.2. Computing the Extended Fisher Geodesic

Figure 1b shows an example of a Fisher geodesic’s limiting behaviour. In particular, it is smooth
on the boundary. However, it shows more, as we see a smooth curve in the extended multinomial
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model that has three points lying on the edges and three disconnected, Fisher geodesics in the relative
interior. These geodesics are smoothly connected in the extended family. This example motivated
our investigation of the properties of extended Fisher geodesics. In this section, we investigate if
it is possible to numerically find extended Fisher geodesics for arbitrary exponential families and
numerically investigate their limiting properties. We have, from the consideration of the limiting
properties of (+1)-geodesics, that, near the boundary, the exponential family lies almost parallel to a
low-dimensional face of the simplex. Thus, locally (0)-geodesics in general exponential families will
behave rather like (0)-geodesics in multinomial families, shown in Figure 1b, and reflect back into the
the interior. At least locally, the geodesic behaves like the projection of the continuation of geodesics
on the sphere. Example 4 below shows an explicit example of such a solution, where we have added
the so-called reflection principle, Definition 7, in order to ensure both uniqueness and numerical stability
in the solution.

The characterisation of the exponential family via Equation (1) is the familiar explicit
representation in terms of the natural parameters, but is problematic numerically in representing the
limiting distributions since the natural parameter needs to be unbounded to attain the boundaries.
Thus, we replace this with a (—1)-representation, and then, invoking the reflection principle, we will
work numerically in a (0)-representation.

From above, a p-dimensional exponential familiy is defined by v(1), ... 2(P), an orthonormal set of
centred vectors. This set can be extended to form a k-dimensional orthonormal set of centred vectors,
by selecting u(P*+1), ..., u®). Within r.i.(A¥), a (0)-geodesic within this exponential family can be
characterised by a set of differential equations of the form: forj=1,--- ,pandm=p+1,--- ,k,

k. d2m(s)

;}1 ds? =0 e
iu ' im(s) idm(S) dmi(s) (m) 1 (17)
D ds2 T & ds ds " 72 (s)’

Ky dm(s) 1 & dmi(s) dmis) , (j) (k)y)_L
; sz 5,;0 s s i TEalV ))”i(s), o

where Equation (16) constrains the curve to lie in the space of unit measures, Equation (17) forces
the solution to lie in the p-dimensional exponential family, and finally Equation (18) constrains the
solution to be a Fisher geodesic inside that family.

In order to solve these equations numerically, we discretise in the standard way, but, near the
boundary, we recognise that there is numerical instability in Equations (16)—-(18) for small values of ;.
From the analysis of Section 2, we know that the small values are a fundamental part of the limit
process. To illustrate such a solution, consider the following example.

Example 4. Altham’s Model.

We return to Altham’s two-dimensional extension of the binomial family. We take the Equations (16)—(18)
and solve them numerically, in order to get an extended Fisher geodesic. This numerical solution is shown in
Figure 4, with panel (a) showing the complete extended exponential family and panel (b) showing detail of the
boundary behaviour.

As can be seen, in this example, the extended Fisher geodesic smoothly touches the boundary in two places.
In fact, we can think of the path as the smooth union of a set of extended geodesics.
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Figure 4. Extended Fisher geodesic in Altham’s model.

As the previous example shows, we can think about the smooth union of extended geodesics.
To ensure smoothness, we employ the following idea, which ensures the paths ‘reflect” at a boundary
and join in a smooth way.

Definition 7. The reflection principle.
To the conditions of Theorem 3, we add the condition that the limit of the second derivative, ’ZZT”, is finite
and continuous on the path and use this to smoothly connect extended Fisher geodesics at the boundary.

In Appendix C, we discuss how we implement code that computes smooth unions of extended
Fisher geodesics numerically using this principle by working in the = /7 parameters.

3.3. Applications

While Fisher geodesics were studied very early in the Information Geometry literature,
the importance of their applied utility is still an open question. The geodesic and the corresponding
geodesic distance seem to be a natural thing to study and has, for example, found applications in
image analysis (see [19,20], for example).

The seminal paper [21] illustrates a very important way that Fisher Riemannian geometry can
have an impact on statistical practice. It considers, under regularity, parameter spaces of statistical
models as smooth manifolds, and designs highly efficient Markov chain Monte Carlo algorithms by
using Langevin methods on Riemannian geometric structures. In our recent paper [18], we showed
the way that Fisher geodesics can smoothly attach to the boundaries of exponential families, and how
this is one of the ways that the MCMC method achieves its efficiency. The results of this paper give the
details of the results announced there.

In the paper [18], it was also shown how the boundary effects in extended exponential families
mean that the log-likelihood can be very far from approximately quadratic in the mean and natural
parameters.

Example 5. Altham’s model.

Returning to Altham'’s model, Figure 5 shows an example of the shape of the log-likelihood function, in the
mean parameters, when the maximum likelihood estimate is near the boundary. We see that the log-likelihood is
very far from being approximately quadratic.
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Log-likelihood

H2

Ha

Figure 5. Contours of the log-likelihood in Altham’s model.

Example 5 illustrates, in a simple visual way, how the log-likelihood can be far from approximately
quadratic when near the boundary. The condition that the maximum likielihood estimate is on, or
close to, the boundary is very common in categorical data analysis [9] and other discrete models [11].
This means that that standard iterative gradient based method, such as Newton’s method, can fail in the
mean or natural parameters. This was explored in [22] where it was shown that the boundary effects
mean that commonly used first order asymptotic analyses, in, say logistic regression, can also fail.

We propose here that the smooth way that the Fisher Riemannian geometry deals with the
boundary can be a useful tool to help deal with these problems. If we explore the model space using
its Riemannian geodesics structure, we can smoothly reach the boundary. We see that this is in sharp
contrast to working in the mean parameters, which, using Newton’s method, would jump outside
the boundary, or the natural parameters, which can never reach the boundary in finite time using a
gradient approach. We note in fact Amari’s highly efficient natural gradient method [23], while often
motivated by divergence ideas, exactly uses the Fisher Riemannian geometry.
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Appendix A. Proof of Theorem 1

We begin with the following preliminaries. Recall: f(6) = o(e(f)) means that f(6)/e(0) =
exp(041)f(0) — 0as 6§ — oo. It follows that, for h,j € {1, ..., ¢}:

@Vji>2: €.(0) =o(e(9))

O)h<ji £(6) = o(e;.(6)) > F(0) = o(ey, (6). (A1
In particular, for all j > 2,
£(0) = o(e;.(60)) = £(6) = o(e(0)). (A2)
Again, x — x" being continuous at 0 for all n > 1,
£(0) = o(e(6)) = [(6)]" = o(e(0)). (A3)

Note that we work throughout to first order (only) in €(6).
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Now, (3) gives:

(i) (0) = ;) exp{Bo(;) —(6), } (A4)
where
exp P(6) = L5 exp(6o;))
=, exp(QU(O ) < {1+ X8 x5e.(0)} (A5)
— ) exp(60(0)) x {1+ K16(0) +0(e(6)) -
Differentiating:

¢'(0) exp p(0) = TF_m).0(j) exp(6v(;))
= 710.9(0) exp(60(g)) x {1+ LI x;p7¢.(6)} (A6)
= m0.0(0) Xp(69(g)) x {1+ x101€(6) + 0(e(6))}.
In addition, again:
[9(60) + (/(0))2} exp p(6) = LS yn0?, exp(60y;)
= 718 Yo )exp(()v )x {14+ Y% 1 ]-pjzej. (0)} (A7)
— 8 010 exp(6ug >{mew0+wdm»
In addition, for a third time:
{9 (0) +3¢'(0)9" (0) + (¢'(6))°} exp y(6) = Z] oﬂov( ) exp(60(;))

= 710 ZJ(O) exp(@v ) x {1 +Z}g 1K]p]€] (0)}
— 78 0(0) exp(60(0)) x {1+ x1p%(0) +0(e(0)) ).

Using these preliminary results, we can look at limits of the relevant quantities. Throughout
1 < rg < my defines a reference bin (0, rg), for which the maximum value (o) is observed.

(i) First look at the bin probabilities.

Forj=0:
Using (A4), (A5) and, twice, (A2) gives:

A
—~o

T(00) (6) = ng” x {1+ X5 xe(0)} !

E

‘
o
Nd

= —5= < {1 =T x5 (6) +0(e(6))} (A8)

4 2

(=)
3

Nty

= 50 1 —x1e(0) +0(e(0))},

b

where, recall, k1 := 7r[1), / 7'(8, > 0, so that
70.(0) := Lo 17(0,1) (0) = {1 — K1€(6) + 0(e(0))}- (A9)

Forj > 0:
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Foreachj>0and1 <r < mj, (A4) gives

T ir (9) TEO';' TCO'V j
@ = ey 1O = < Tt (0) o
20 0,70 0,70

Thus, (A8) and (A10) give, for j = 1:

)
(1, (0) = [0’1 XE(G)] X [

(0,r9)

0
_ [”(m)

0
7.

xx1 x €(0)| +o(e(d)), (Al11)

so that
m.(0) == L)L (1,0, (0) = x1€(8) +0(e(8)) (A12)

and, for j > 2:

0
Tt
(OJ’O )

| i xﬂéleh(e)} X lﬂo

() (0) = x {1 —x1€(0) +0(e(6))}

0-

]gj) X Kj X 6(9)] X [H;;:zeh(e)} + O(G(Q)) (A13)

so that

m

m1.(6) == X, L171(;,) (6) = 0(e(0)). (A14)
(i) We can now look at the mean parameter for the geodesic u(6) = ¢/(6).
Dividing (A6) by (A5), and repeatedly using (A2), gives:
70.0(0) exp(00(0)) X {1+ Kk1p1€(8) +0(e(6))}
7'[8 exp(6v(g)) x {14+ x1€(0) +0(e(6))}
= 0(0) {1 +x101€(6) + 0(e(0)) }{1 —x1€(0) + 0(e(6)) } (A15)
= 0(){1 —x1(1 —p1)e(0) +0(e(0))}
= 0(0) — K1[v(0) — v(1)]€(0) + 0(e(0)).

H(6) = ¥'(0) =

It follows at once from (A15) that:
[v0) — 1(0)] = x1[o0) — v(1)]€(0) +0(e(8)), (Al6)
while, for each j > 0,

— o) = #(0)] = [v0) — o(] — x1[v(0) — v(1)]e(B) + 0(e(6)). (A17)

Furthermore, using (A3), we have:

[v00) — 1(6)]* = 0(e(0)), (A18)
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while, for each j > 0,

[0y — #(0)]* = [0(0) — v(3)]* — 2K1[v(0) — 0 (1)) [0(0) — (7)€ (8) + 0((6)).

(iii) Next, we look at the Fisher information Var(6) = ¢" (9).

Using (A9), (A12) and (A14), together with (A18) and (A19):

Var(8) = " (6) = =F_ym;.(6)[o) — u(0)>
= 110.(6) [v(0) — 1(6)] + m1.(8) [v(a) — p(8)]* + L5 7. (8) [oj) — p(6)]?
={1—x1€(0) +o(e(0))} x 0(e(0))

+ {x1€(0) +o(e(0))} x {[U(o —oq)]* — 2K1[vg) — v(1)]%€(0) +0(e(6))}

(6)
+ 15, {0(e(0))} x {[ogg) — v(p]* = 2x1[v(0) — o)) o(0) — v]e(6) + 0(e(8))}

=x1[v Y(0) —U(l)]2 (0) + ( (6)).

(iv) Finally, we look at limiting tangent vectors in (-1)-coordinates.
Forj = 0:
Now, using (A8), (A16) and (A20):

OT(0,r) (0)  97(0,1)(0) /00 [v(0) — 9" (0)]7(0,1) (6)
o owjoe 97 (0)

[k1[0(0) = v(1)]e(6) +0(e(0))] x 0”’ x {1 —rx1€(6) +0(e(0))}

x1[00) — 0(1))%€ (9)+0(€(9))

Mo, 1 {alg s el®) +ofe(@)}
T o o] (ale) — o) Pe(®) +o(e(0))}
0
_ (7(330) “ iv(l)] +o(e(0)),
so that ) ©
Y (Oér:l) = [v(0) — o)) " + 0(e(6)).
Forj=1:

Note first that, from (A5) and (A20):

"(6) x exp(p(6)) = {Kl[v(o) —op))%e(8) +o(e(6))}
x 7). exp(80(g)) x {1+ x1€(8) +o(e(8)) }

=) exp(6v(g)) x {x1[v() — v(l)]ze((?) +o(e(0))}.

15 0f 19

(A19)

(A20)

(A21)

(A22)

(A23)
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Using (A23), together with (A4) and the j = 1 version of (A17), we have:

I (0)  Ompr,,)(0)/00 oy — ¢ ()]}, ) x {exp(v(q)) x €(0)}

o ou/a6 tp"( ) x exp(1(6))
Al — ol +mlo) —va)le() +o(e(6))} x ), % €(0)
T, X {Kl[ 0) —0(1 J2e(0) +o(e(0))}
0
T ) —rel+r [0(0) v1yle(0) +o(e(0))} x e(0)
T Talog — 0 1)1 () +o(c(@))} (A2
_ M NRICORLING (9) +o(e(6))}
. x1[og) —v)l?e(d) + ( (6))
_ _7‘(()1,r1) y 1 {K1[ (0) = v(1))%€(0) +o(e())}
). Ko — o)l “Tn [v(0) — U(l)}2€(9) +o(e(0))}
(1r1) 1 ole
TR g e T
so that 5 ®)
Dhi— g = ~low — o] +o(e(®)). (A25)
Forj > 2:
Finally, consider any j > 2. Then, using (A17) and (A23), we have:
871(]',,,].) (9)
op
o) =¥ O)ny0) oG - ¢'(O)]n(;, ) x {exp(8v(0)) x €;.(6)}
C)) a P (0) x exp(y(0))
. .
TGy Al = o]+ Kalve) —oyle(6) +0(e(6))} x {e(0)IT,_,en(0)}
T Talog) — o) 2e(8) + o(e(@))} (A26)
T o) —ole(®) +0(e(6)} * IT_yen®)
), {x1[o0) —v(1)]%€(8) +0(e(6))}
= 0(e(0)),
so that
Ll oom, r)(0) /01 = 0(e(6)). (A27)

Appendix B. Proof of Theorem 3

(a) It is convenient to work in the (0)-representation of the simplex i.e., Sk = {C \ 2 -0 éz =1,¢ > 0}.
In Sk, the Fisher metric on all tangent spaces is induced by the identity matrix in R¥*! and this agrees
with the Fisher metric for all tangent spaces of A¥,
We write
v(8) = (mo(t), -, e (t)) -

The image of 7(t) in the r.i.(SX ) is

(Vrol /o) yfrin).
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and its tangent vector is

Vo) vm(t) T /m(t)

Thus, for t € [0,1), the squared length of the tangent vector is

k [ o 2 K (7(1)2
% Z ( 1(t) ) Z 1 .
i=0 =0

1<ﬂe<t> m (1) n@(t))_

;i (t)

For any index i such that 7;(1) = 0, suppose 7;(1) # 0. There are two cases. First, 7/(t) < C < 0
fort € (1 —¢,1], so that
L (+))2
[mor,
1-e

m(t)

/L (mi(5)* .
1-e m(t)
which is unbounded above as L — 1. The second case, 7/(t) > C > 0, can not happen due to the
non-negativity of probabilities. Thus, we have

> [C]

/1 . (ngg)df‘ = C|(log(m;(1 —€)) — log(m;(L))],

L
%1311/0 <9(8),7'(8) > (s)ds < 00 = {7;(1) =0 = 7;(1) =0}. (A28)

Appendix C. Numerically Solving for Extended Fisher Geodesic

To numerically solve Equations (16)-(18), we have found that it is convenient to work in the
(0)-representation of the simplex, that is, {; := /7. In these parameters, the defining equations, in the
relative interior, are

k d ; d ;
gé‘z 552 = E)( bils ) , (A29)
k u(m d2€ ( ) k d (S) 2 M(m)
y LT Z( : ) -, (A30)
i=0 Gi ds i=0 ds g
k . 42
Y (@)~ Ee()(VO)) 512 D~ (A31)

i=0

We use the package deSolve in R [24], to numerically solve the Equations (A29)—(A31).
This method discretises the equations and solves them iteratively. At iteration s, we have state
variables ¢ () and v() : d‘:’ . From the standard theory of ODE, in the relative interior, such state
variables are enough to determine what happens at the next state by solving the linear equations,
which are the discrete version of Equations (A29)—(A31).

At the boundary, where at least one ¢; = 0, the corresponding linear equations are singular
and do not define a unique next state. We therefore apply the reflection principle to extend the path
through this singularity. To apply the principle numerically, we add to the algorithm the condition
that whenever the value of

z6) 400 <,

we reflect in this boundary by changing this component of the tangent vector to —v(). This means
that the path in ¢-space is locally of the form

¢(t) = alt —to|

in a neighbourhood of (#p) = 0. In terms of the -parameters, this gives
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&
" dt?

w(t) = a2t — t0)%, (1) = 202 (1 — to)

)
o (t) = 2a°,

which means at t = tj, where the path touches the boundary, we have that the tangent is zero,
as required by Theorem 3(b) but also that the second derivative is finite and continuous as required by
the reflection principle.

(b) We use the characterisation of a Fisher geodesic as being a local minimiser of the energy
functional among smooth curves. We follow the standard argument using the calculus of variations,
which give the geodesic Equations (15) within the relative interior. A path thatis smooth in the extended
exponential family will have finite energy if the tangent vector is parallel to the boundary. Since the
geodesic is a local minimiser, it must have finite energy. This gives the final boundary condition.
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