A note on the border of an exponential family

Luigi Malago and Giovanni Pistone

Abstract Limits of densities belonging to an exponential family appear in many
applications, e.g. Gibbs models in Statistical Physics, relaxed combinatorial opti-
mization, coding theory, critical likelihood computations, Bayes priors with singu-
lar support, random generation of factorial designs. We discuss the problem from
the methodological point of view in the case of a finite state space. We prove two
characterizations of the limit distributions, both based on a suitable description of
the marginal polytope (convex hull of canonical statistics’ values). First, the set of
limit densities is equal to the set of conditional densities given a face of the marginal
polytope. Second, in the lattice case there exists a parametric presentation, in mono-
mial form, of the closure of the statistical model.

Key words: Algebraic Statistics, Convex Support, Extended Exponential Family,
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1 Background

We consider the exponential family defined by the family of densities

p(x;0) =exp <i 6;T;(x) - llf(9)> , BeRY, (D

Jj=1
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on a finite state space (2", ) with n = #.2" points and reference measure (1. Many
monographs have been devoted to the study of this important class of statistical
models, e.g. [1, 3, 2].

The canonical statistics

T=(T,...Ty): & % =T(Z)CR"

map the statistical model (1) to the canonical exponential family

p(t;0) =exp ( y 0tj — 1//(9)) , BeR™ (2)
=1

Jj=

where the new state space is (%/,v), with v = g o T~!. In Equation (2), all the
canonical statistics are coordinate projections.

Another useful parameterization is the monomial parameterization, which is ob-
tained from (1) by introducing the exponentials §; = e% of each canonical parameter
Gj,jz 1,...,m,

peg) < [1¢/", ey 3)
j=1

This presentation is especially useful in the lattice case, i.e. when the canonical
statistics are integer valued. This is the case which has been studied with the meth-
ods of Algebraic Statistics, see e.g. [11, Sec. 6.9], [8].

While Equations (1) and (3) are equivalent for positive densities, an interesting
phenomenon appears if the conditions {; > 0 are relaxed to {; > 0. In such a case,
(3) makes sense and an extension of the original model is obtained, see [12, 13].
Assume we let just one of the {;’s, say (j, to be zero. It follows that the correspond-
ing unnormalized density is zero if T} (x) # 0 and is positive for 7j(x) = 0, giving
rise to densities with support {7} = 0} which form a new exponential family. The
exponential family (1) is extended with exponential families of defective support
and the extension actually depends on the canonical statistics used to describe the
exponential statistical model. For example, if the canonical statistics are never zero,
no such extension is possible.

Statistical models of type (1) admit an implicit representation, see [11, 10]. Let
1®V = Span(Ty = 1,T1,...,T,,) be the linear space generated by the canonical
statistics together with the constant 1, and let kq,...,k; be a linear basis of the or-
thogonal space (1 ®V)*, ie., 1,T1,..., T, k1, ...,k is a linear basis of L2(2", i)
and

Y k@)Tix)ux) =0, i=1,....I, j=0,..,m
xeZ
If we introduce the (m+1) x n matrix A = [Tj(x)u(x)], j=0,....mx€ 2, Ty =1,
then Span (ki,...,k;) =kerA. The case where A is integer valued is discussed in [8].
The general case is discussed in [14].

Since log p(-; 0) is an affine function of the canonical statistics T;’s, a density p

belongs to the exponential model (1) if and only if p is a positive density of (2, )
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and
Y k(x)u(x)logp(x) =0, ke Span(ki,...,k). )
xeZ
More precisely, if p = p(-;0) in (1) for a 6, then (4) holds true; vice versa, if
Y o k(x)p(x)log p(x) = 0 holds true for k =k;, i = 1,...,/, then p = p(-;0) for
some 6.
Equation (4) is equivalent to the following equation

h
H p(x)h(x) =1, “(();)) € Span (ki,...,k), 5)
xeZ

or, clearing the denominators,

[M r&"9= T )", Z(?eSpan(kl,...,k,), (©6)

x: h(x)>0 x: h(x)<0 ( )

where h = h™ —h~ and h™,h~ > 0. Equation (6) makes sense outside the exponen-
tial model, i.e. if we assume p(x) > 0. Assume 2y = Supp p is strictly contained
in 2 and satisfies Equation (5). Therefore, p belongs to the exponential family

associated to the space V) = Span (k‘u%)L CL*(20.12;)-

2 Trace, closure, marginal polytope

In the present section we discuss two general methods under which the reduction
of the support appears, namely the trace operation and the limit operation. For each
event .¥ C 2, the trace on . of the exponential family in (1) is the exponential
family defined on (., 5) by conditioning on ..

We denote by .- the convex set of strictly positive densities and by .#~ the
convex set of densities. Both sets are endowed with the weak topology, i.e., if p,, n =
1,2,..., and p are densities, then lim,_ p, = p means lim,_,. p,(x) = p(x) for all
x € Z . In general, the exponential model (1) is not closed in the weak topology. The
extended exponential family is the closure in the weak topology of an exponential
family (1). An extended exponential family according to this definition is a set of
densities. A proper parameterization of the extended family requires the use of the
expectation parameters and the identification of their range.

Definition 1. The convex support, cf. e.g [3, 2, 6], or marginal polytope, see [19],
and also [9], of the exponential family (1) is the convex hull of % =T (2"),

CO(iInT): {1’] ERm,T] = Z)“jt/:)“j>0’2’l/:1}'
p= =
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The previous set-up covers the behavior of the exponential family and its param-
eterization with the expectation parameters in the interior of the marginal polytope,
see [2]. The discussion of the parameterization of the extended family requires the
notion of exposed subset.

Definition 2. 1. A face of the marginal polytope M is a subset F C M such that
there exists an affine mapping A: R™ 57— A(¢) € R which is zero on F and
strictly positive on M \ F.

2. A subset S C 2" is exposed for the exponential family (2) if S =T~ (F) and F
is a face of the marginal polytope.

The following theorem is a minor improvement of known results.

Theorem 1. Let 6,, n=1,2,..., be a sequence of parameters in Equation (1) such
that for some q € M~ we have lim,_, p(x; 0,) = q(x), i.e., g belongs to the extended
exponential model.

1. If the support of q is full, {q > 0} = 2, then q belongs to the exponential family
(1) for some parameter value 6 = lim;,_;. 6,,.

2. If the support of q is defective, then the sequence 0, is not convergent, Suppq =
{q > 0} is an exposed subset of %", and q belongs to the trace of the exponential
family on the reduced support.

Proof. Let Zo={x€ Z :q(x) >0}, Z1 ={x € 2 : q(x) = 0}. For each x € 2,
we have lim,_,log p(x; 6,) = logg(x) by continuity; for each x € 27, we have
lim,, o log p(x; 6,) = —oo. From (4) we get

Y logg(kou() + lim ¥ logp(s @)k =0, ()
x€Zy XEZ)

with k € Span (ky, ..., k).

1. If the set 2] is empty, then g belongs to the exponential model because Equation
(7) reduces to (4). The convergence lim, o 7, = lim, . Egq, [T] = E,[T] =1
in M° implies the convergence of the 6 parameters ( mod the identifiability
constraints).

2. If the set 2] is not empty, the second term of the LHS of (7) has to be finite, so
that no linear combination of the k;’s can be definite in sign. Otherwise, the limit
would diverge. In other words, the problem

!
k:Z1>x— Z?Liki(x) > 0 and k # O for at least one x 8)
i=1

=

is not satisfiable. By the Theorem of the alternative, see e.g. [16, Ch. 15], the non
satisfiability of (8) is equivalent to the existence of a positive solution u) (x) >0,
x € 21, to the problem

Y uM(@k(x)u(x) =0, keSpan(ki,... k).
XEQ//I
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The random variable

0 if x € 2,
uD(x) ifxe 24,

is orthogonal to all ;’s, so that there exist ag,ay, ..., a, such that
m
x)=ao+ Y a;T;(x). )
j=1

The conclusion on the support now follows from (9). In fact, for each r € % such
that T~!(t) € 2] the linear function ap+ Y. jajt; is positive, while for each ¢ such
that T~!(r) € 2) takes value zero, so that the points in 2] are the points of an
exposed set of the face of M identified by (9).

Finally, on the support of g, log g is a linear combination of the 7;’s being a limit
in the linear space generated by those functions. O

Theorem 2. If g belongs to the trace of the exponential family (1) with respect to an
exposed subset S, then q belongs to the extended exponential model.

Proof. We generate sequences that admit as limit a generic density in the trace
model by considering a one-dimensional (Gibbs) sub-model. Let F be the face of
the marginal polytope such that § = 7! (F) and let A be an affine function such that
A(n)=0forn € Fand A(n) > 0 forn € M\ F. We can chose A such that Ao T
belongs to the space generated by 1,71,...,T,i.e. AoT = 0+ Z L, a;T;. We can
take ap = 0if 1 € Span(Tj: j=1,. )

Let 6 be a value of the canonical parameter such that

exp (X7, 6,75(x))
q(x) = ):xESeXP():]-:l 6,70 ) 1)
0 ifxe 2°\S.

ifxes,

For B € R,

ﬁA+ZGT 72 (Ba;+0,)T; + Bao,
j=1

so that the one-dimensional statistical model

m
ﬁ—CXP( Z Ba+6)>7 ﬁERa
is a sub-model of (1). The family of densities

’;—ﬁ —exp (B(A—00) — (v(Ba+6) — y(d)))
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is a one-dimensional exponential family whose canonical statistics A — 0 reaches
its minimum value — o on S. Therefore, if B, — —oo, n — oo, its limit is the uniform
distribution on S and, consequently, pg, is convergentto g. [

3 Toric families

In this section we assume the exponential family (1) to be of lattice type, i.e. we
assume that the m x n matrix A = [T;(x)u(x)], j=1,...,m and x € 27, is non-
negative integer valued. Hence, the exponential family can be written as in Equation
(3) and takes the monomial parametric form
Aj(x) .
pf)e I &7 =0, j=1,...,m. (10)

jrAj(x)>0

In [8] the statistical model (10) is called the A-model, see also [7]. If all { ;’s are
positive, then (10) is the exponential family with a different parameterization. If we
let one, or more, of the { ;s to be zero, either the monomials in (10) are zero for all
x € 2, in which case no probability is defined, or the monomials are non-zero for
some x, giving rise to a statistical model with restricted support, see the discussion
in [8].

Each integer vector k such that Ak = 0, i.e. k € kerz A, splits into its positive and
negative part, k = kt — k~, and we have

[T pc0) = ] pxOY, kekerzA. (11)

x: kt(x)>0 x: k= (x)>0

The statistical model defined by the infinite system of binomial equations (11) is
called the foric model of A, as defined in [11]. Again, if all the probabilities in (11)
are positive, then the toric model is just the exponential family. If some probabilities
are zero, then the toric model implies the A-model. In fact, substitution of (10) into
(11) leads to an algebraic identity, without any restriction on the parameters ;.

The existence of a finite generating set for Equation (11) is discussed in details in
[8], see also [7]. Moreover, in [8] it is proved that each probability in the extended
exponential family satisfies (11). We shall obtain a related result in a different way.

One could consider a second / x n matrix B with the same integer ker as A. The
exponential model would be the same, but the border cases could be different. The
problem of finding a suitable maximal monomial model is considered in [13]. This
approach has been applied in [5] to the Bayesian analysis of tables with structural
zeros. Here, we show that all of the extended exponential family is actually param-
eterized by this maximal monomial model. For a related approach see [15].

The maximality of the monomial model is defined as follows. Consider the ma-
trix A € Z™*" and assume that the constant vectors belong to the row space. Let the
column span of the matrix K = [k; ---k;] € Z"/ be kergA. The integer matrix K can
be computed by a symbolic algebra software, such as [4, 18]. Consider all possible
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rows of a matrix equivalent to A,
B={bel :b#0,b"K=0}.

The set £ is closed for the sum of vectors. It is proved in [17] that an inclusion-
minimal generating set, called Hilbert basis, exists. The Hilbert basis can be com-
puted by symbolic software and it is usually larger than a linear basis.

Theorem 3. Let us consider the set of non-negative and non-zero integer vectors
that are orthogonal to kery A and let by, . . ., b; be its unique Hilbert basis. Define the
| X n matrix B whose rows are the elements of the Hilbert basis. Hence, the extended
exponential family is fully parametrized by the B-model with non-negative parame-
ters. Each one of the maximal exposed subsets of the A-model, i.e. S = T~ (F) and
F is a facet, is obtained by letting one of the {;’s to be zero.

Proof. The constant vector belongs to %, so that 1,by,...,b; is a generating set, pos-
sibly non-minimal. The sets S; = {x € 2 :b;(x) =0}, j=1,...,I are not empty,
unless b; is constant. In fact, if m; = min, b;(x) > 0 and b;(x) # O for some x, the
vector b; —m; belongs to 4, and therefore can be represented as

bj(x)—mj = Znibi(x), xeZ.
i=1
If n; # 0, the basis is not minimal. If n; > 1, subtracting b;(x) from both sides, we
get, by inspection of the signs of the two sides, that m; = 0.
Each non empty §; is an exposed set of the exponential family. In fact, each

element of the Hilbert basis belongs to the row Q-space of the original matrix A, so
that

m
bi(x) =Poj+ Y Bijai(x), j=1,...,1,
i=1

where a; is the i-th row of A. The definition of exposed set is easily checked.
Vice-versa, let S be an exposed set, i.e.

b(x) = By + iﬁiam,

with § = {x: b(x) =0} and b(x) > 0 for each x ¢ S. As A has integer entries, the
coefficients B, B1, ..., B; can be chosen to have integer values, therefore b € % and
it is a sum of elements of the Hilbert basis,

!
bx) =} a;b;(x).
j=1

Therefore, S = N;. ¢,05;. The additive representation of b for maximal exposed
sets contains only one term. [0
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