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Abstract

In this paper, we introduce a novel family of iterative algorithms which carry out a-
divergence minimisation in a Variational Inference context. They do so by ensuring a
systematic decrease at each step in the a-divergence between the variational and the
posterior distributions. In its most general form, the variational distribution is a mixture
model and our framework allows us to simultaneously optimise the weights and components
parameters of this mixture model. Our approach permits us to build on various methods
previously proposed for a-divergence minimisation such as Gradient or Power Descent
schemes and we also shed a new light on an integrated Expectation Maximization algorithm.
Lastly, we provide empirical evidence that our methodology yields improved results on
several multimodal target distributions and on a real data example.

Keywords: Variational Inference, Kullback-Leibler, Alpha-Divergence, Mixture Models,
Bayesian Inference

1. Introduction

Bayesian inference tasks often induce intractable and hard-to-compute posterior densities
which need to be approximated. Among the class of approximating methods, Variational
inference methods (for example Variational Bayes Jordan et al., 1999; James Beal, 2003)
have attracted a lot of attention as they have empirically been shown to be widely applicable
to many high-dimensional machine-learning problems (Hoffman et al., 2013; Ranganath
et al., 2014; Kingma and Welling, 2014).

These optimisation-based methods introduce a simpler variational family @ and find
the best approximation to the unknown posterior density among this family in terms of a
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certain measure of dissimilarity, the most common choice of measure of dissimilarity being
the exclusive Kullback-Leibler divergence (Blei et al., 2017; Zhang et al., 2019).

However, the exclusive Kullback-Leibler divergence is known to have some drawbacks.
Indeed, its zero-forcing behavior is responsible for returning variational approximations
with light tails that severely underestimate the posterior covariance and that are unable to
capture multimodality within the posterior density (Minka, 2005; Jerfel et al., 2021; Prangle,
2021). This is especially inconvenient when the variational family Q does not exactly match
the posterior density (Yao et al., 2018; Campbell and Li, 2019) and even more so if one
wants to appeal to Importance Sampling methods to approximate integrals of interest in a
Bayesian Inference setting (Jerfel et al., 2021; Prangle, 2021).

To avoid this hurdle, advances in Variational Inference turned to more general families of
divergences such as the a-divergence (Zhu and Rohwer, 1995b,a) and Rényi’s a-divergence
(Rényi, 1961; van Erven and Harremoes, 2014). These families of divergences both recover
the exclusive Kullback-Leibler when @ — 1 and thanks to the hyperparameter «, they
provide a more flexible framework that can bypass the difficulties associated to the exclusive
Kullback-Leibler divergence by choosing o < 1 (Minka, 2005). For this reason, they have
notably been used in Minka (2004); Hernandez-Lobato et al. (2016); Li and Turner (2016);
Dieng et al. (2017); Wang et al. (2018); Daudel et al. (2021); Daudel and Douc (2021).

In the spirit of Variational Inference methods based on the a-divergence, we propose in
this paper to build a framework for a-divergence minimisation in a Variational Inference
context. The particularity of our work is that our algorithms will ensure a monotonic decrease
at each step in the a-divergence between the variational and the posterior distributions. In
addition, our work will apply to variational families as wide as the class of mixture models.
The paper is then organised as follows:

e In Section 2, we introduce some notation and state the optimisation problem we aim at
solving in terms of the posterior density, the variational density ¢ € Q and the a-divergence.

e In Section 3, we consider the typical Variational Inference case where ¢ belongs to a
parametric family. In this particular case, we state in Theorem 1 conditions which ensure
a systematic decrease in the a-divergence at each step for all @ € [0,1). We then show
in Corollary 1 that these conditions are satisfied for a well-chosen iterative scheme and
we call the resulting approach the mazimisation approach. This approach is particularly
convenient, a fact that we illustrate over Example 1 and Lemma 1. Furthermore, we derive
in Corollary 2 additional iterative schemes satisfying the conditions of Theorem 1 under the
name gradient-based approach, which we then use to underline the links between our approach
and Gradient Descent schemes for a-divergence and Rényi’s a-divergence minimisation.

e In Section 4, we extend the results from Section 3 to the more general case of mixture
models. We derive in Theorems 2 and 3 conditions to simultaneously optimise the weights
and the components parameters of a given mixture model, all the while maintaining the
systematic decrease in the a-divergence initially enjoyed in Section 3. These conditions are
then met in Corollary 4 and 5, which respectively generalise the maximisation approach of
Corollary 1 and the gradient-based approach of Corollary 2 to the case of mixture models.

e Section 5 is devoted to related work. We explain in more detail the links between our
framework and existing Variational Inference methods for a-divergence minimisation. We
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also connect our approach to the Power Descent algorithm from Daudel et al. (2021) and
provide in Proposition 2 additional monotonicity results which go beyond the case o € [0, 1).
In addition, we obtain that an integrated Expectation Maximization algorithm introduced
in Cappé et al. (2008) can be recovered as a special case of our framework.

e In Section 6, we state generic results that solve our maximisation and gradient-based
approaches when the variational family is based on the exponential family. More specifically,
we introduce in Section 6.1 additional notation for the exponential family and we recall
several of its useful properties. Section 6.2 and Section 6.3 then focus on the maximisation
approach and gradient-based approach respectively and notably provide the theoretical
justification behind some special cases mentioned earlier in the paper, such as Gaussian
densities in Example 1. Lastly, Section 6.4 extends once again the maximisation approach in
order to incorporate variational families that were not previously included in our framework,
yet draw on the exponential family (such as multivariate Student’s ¢ densities in Example 5).

e In Section 7, we focus on the important case of Gaussian Mixture Models (GMMs)
and we discuss practical implementations of our algorithms for GMMs optimisation.

e Finally, we show in Section 8 that our enhanced framework has empirical benefits that
permit us to improve on the existing algorithms presented in Section 5 when we consider a
variety of multimodal targets as well as a real data example.

2. Notation and Optimisation Problem

Let (Y,Y,v) be a measured space, where v is a o-finite measure on (Y,)). Assume that
we have access to some observed variables & generated from a probabilistic model p(+|y)
parameterised by a hidden random variable y € Y that is drawn from a certain prior pg.
The posterior density of the latent variable y given the data & is then given by

_ (v, 2) _ poWp(Zly)

p(y|2) WD) - p @)

where p(2) = [, po(y)p(2|y)v(dy) is called the marginal likelihood or model evidence. For
many interesting choices of models, sampling directly from the posterior density is impossible
and the marginal likelihood is also unknown or too costly to compute.

To address this difficulty, Variational Inference methods approximate the posterior
density by a simpler probability density belonging to a given variational family Q (from
which it is easy to sample from). They select the best probability density in Q by solving
an optimisation problem that involves a certain measure of dissimilarity, which is chosen to
be the a-divergence in this paper due to its advantages compared to the more traditional
exclusive Kullback-Leibler divergence (see for example Minka, 2005).

More precisely, let us denote by P the probability measure on (Y,)) with corresponding
density p(-|Z) with respect to v. As for the variational family, let us denote by Q the
probability measure on (Y,)) with associated density ¢ € Q with respect to v. We let
fa be the convex function on (0,+00) defined by fo(u) = —log(u), fi(u) = ulogu and
falu) = m [u® — 1] for all @ € R\ {0,1}. Then, assuming that both Q and P are
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absolutely continuous w.r.t. v, the a-divergence between Q and P (extended by continuity
to the cases & = 0 and o = 1 as for example done in Cichocki and Amari, 2010) is given by

Du@IP) = [ £o (02 ) ol wtan) . (1

and the Variational Inference optimisation problem we aim at solving is infyecg Do (Q||P).
Notably, it can easily be proven that this optimisation problem is equivalent to solving

inf Va(g;p)  with p(y) =p(y, ) forallyey, (2)
q

where, for all measurable non-negative function p on (Y,)) and for all ¢ € Q, we have set

Volg;p) = /Yfa (M) p(y)v(dy) -

p(y)

As the unknown constant p(2) does not appear anymore in the optimisation problem (2),
this formulation is often preferred. Therefore, we consider the general optimisation problem

inf W, (q;p) , 3
Inf (¢;p) (3)

where p is any measurable positive function on (Y, )). Note that we may drop the dependency
on p in V¥, for notational ease and when no ambiguity occurs.

At this stage, we are left with the choice of the variational family Q appearing in the
optimisation problem (3). The natural idea in Variational Inference and the starting point
of our approach is then to work within a parametric family : letting (T,7) be a measurable
space, K : (6,A) — [, k(0,y)v(dy) be a Markov transition kernel on T x ) with kernel
density k defined on T x Y, we consider a parametric family of the form

Q={q:y—k(0,y) : 6T} .

3. An Iterative Algorithm for Optimising V¥, (k(0,);p)

In this section, our goal is to define iterative procedures which optimise ¥, (k(0, -); p) with
respect to # and which are such that they ensure a systematic decrease in W, at each step.
For this purpose, we start by introducing some mild conditions on k, p and v that will be
used throughout the paper.

(A1) The kernel density k on T x Y, the function p on Y and the o-finite measure v on (Y,))
satisfy, for all (6,y) € T xY, k(0,y) >0, p(y) > 0 and 0 < [, p(y)r(dy) < oco.

From this point onwards, and as announced in the previous section, we will drop the
dependency on p in ¥, for notational convenience. Let us now construct a sequence (0;,)n>1
valued in T such that the sequence (¥, (k(6y,)))n>1 is decreasing. The core idea of our
approach will rely on the following proposition.
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Proposition 1 Assume (Al). For all o« € [0,1) and all 0,6’ € T such that U, (k(6',-)) < oo,
it holds that

! ot l1—a
wa(h(0,) < [ DI oy (FOI Y v 4wy @)

Moreover, if a = 0, this inequality is an equality and, if o € (0,1), equality in (4) is equivalent
to having k(0,y) = k(0',y) for v-a.e. y € {p > 0}.

Proof We treat the two cases « = 0 and « € (0, 1) separately.

(a) Case a =0 with fy(u) = —log(u) for all u > 0. This case is immediate since

woh(6,) = = [ plo)tog (1525 ) v + (k8. )

(b) Case a € (0,1) with fu(u) = —2= [u® — 1] for all u > 0. We have that

kO, \* _
Vo (k(,-)) =/ M)l]p(yw(dy)

y ala—1)

ke () - :
- /[ ( p(y)y) o ) + Pa k(')

Furthermore, using that log(u®) < u® — 1 for all u > 0 with equality only if u = 1, and since
a € (0,1), this inequality becomes
u® —1 . log(u®)  log(u)
ale—1) T ala—-1) a—-1"

Applying this with v = k(0,y)/k(#’,y) in the previous expression, we get that

/ a -
wa(h(0,) < [ AL oy (HOIY )+ wah0', )

which is exactly (4). Moreover, the equality holds if k(6,y)/k(¢',y) = 1 for v-a.e. y such
that k(0',3)*p(y)' = > 0, which, by (A1), only happens if p(y) > 0.

This result then allows us to deduce Theorem 1 below.

Theorem 1 Assume (Al). Let a € [0,1) and starting from an initial 61 € T, let (0r)n>1 be
defined iteratively such that for alln > 1,

k(0. y)p(y) k(Ony1,y)
/v a—1 log ( k(az,ly)

Further assume that U, (k(01,-)) < co. Then, Vo (k(0ni1,-)) < Yolk(On,-)) for alln > 1
with an equality occurring only if (5) is also an equality.

) v(dy) <0. (5)
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Proof Applying Proposition 1 iteratively for n = 1,2,... with § = 6,41 and 6’ = 6,, in (4)
combined with (5), we get that U, (k(6y,-)) < co and

F(On: y)p(y)' = | (k‘(9n+1,y)
a—1 k(On,y)

Suppose now that ¥, (k(0,11,-)) = Vo (k(fy,-)) for some n > 1. Then we have equalities in
the previous display and thus an equality in (5) and in (4) with 6 = 60,47 and ' =6,,. R

Walk(ns1.)) < [ ) V() + Ca(k(Bn, ) < a(k(bn,-)) -

At this point, we seek to find iterative schemes satisfying (5). To do so, for all a € [0, 1),
alln > 1 and all y € Y, we introduce the notation:

' (y) = k0, y)°p(y) = (6)
() _ SOSLOC) .
" fgo%a) dv

Note that under (Al), the normalisation in ¢${") satisfies 0 < [ go%a) dv < oo, where the

right inequality in particular follows from Jensen’s inequality applied to the strictly concave
function u + u'~%. We then state our first corollary.

Corollary 1 (Maximisation approach) Assume (Al). Let a € [0,1) and let (by)n>1 be
a non-negative sequence. Starting from an initial 01 € T, let (0,,)n>1 be defined iteratively as
follows

k(0,y)
E(On,y)

where we assume that this argmaz is uniquely defined at each step. Then (5) holds at all
times n > 1 and we can apply Theorem 1.

Opi1 = argmax/ {%(104) (y) + bpk(6n, y)} log (
0T Y

Jr. nz1o @

Proof Under (Al) and using that o € [0, 1), we can rewrite (5) as

/Ywﬁf‘) (y)log (W) v(dy) > 0.

Since [y k(6,,y) log (M) v(dy) = —D1(K(0n, )| K(0n+1,-)) <0, we also obtain that

k(0n,y)
/Ywﬁf“)(y) log (W) v(dy) > /Y () () + bak(60n, ) | og (W) v(dy) -

Thus, (5) holds at all times n if the following condition is satisfied:

/Y [P () + k(6. )| log <W> v(dy) 20, n=>1,

which is implied by the definition of 8,41 in (7). [ |

We now make three comments regarding Corollary 1.
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e The r.h.s. of (7) can be simplified, yielding the equivalent iterative scheme

O = argmax [ [o)(y) + bk(0,9)] log KO y)(dy) . n>1,
0eT Y

provided that [, M?) (y) + bnk(Qn,y)} |log k(0r, y)|v(dy) < oo for all n > 1.

e While it suffices to find any 6,41 so that (5) holds to obtain a systematic decrease
in ¥,, defining 6,11 as in (7) enables us to solve this argmax problem for notable
choices of kernel density k. A remarkable aspect is indeed that (7) is written as a
maximisation problem involving the logarithm of the ratio k(0,y)/k(0,,y) whereas W,
is not directly expressed in terms of logarithm of this ratio for o ¢ {0,1}. As a result,
we can use the maximisation approach of Corollary 1 to derive simple update rules for
(0r)n>1. An example and a lemma are provided thereafter to illustrate this fact and
more general results regarding exponential families will follow later in Section 6.

e The sequence (by,),>1 appearing in (7) is arbitrary and can as a result be chosen by
the practitioner. It is responsible for introducing a regularisation term in the argmax
problem (7) so that the larger b, is, the closer 6,11 is to 6,,.

We next provide a motivating example where the maximisation approach is applicable.

Example 1 (Maximisation approach for a Gaussian density) We consider a d-dimen-
sional Gaussian density, in which case Y = R%, v is the d-dimensional Lebesque measure
and k(0,y) = N(y;m,X), where § = (m,X) € T denotes the mean and covariance matriz of
the Gaussian density. We let the parameter set T include all possible means m in R and
all possible positive-definite covariance matrices ¥. Finally, denoting by ||-|| the Euclidean
norm, we assume that the non-negative function p defined on Y satisfies

0< /Y (1+ Iyl 0=) p(y) dy < oo . (8)

Then (A1) holds. Furthermore, starting from any 61 = (my,%1) € T so that ¥, (k(01,-)) < 0o
and denoting 0, = (my,, Xy,) for all n > 1, it holds that: for alln > 1 and all 7, € (0,1],
there exists by, > 0 such that the argmaz problem (7) has a unique solution defined by

Mp+1 = Yn My, + (1 - ’Yn) mny ,
7 9)

)

En+1 = Tn i\]n + (1 - 'Yn) X+ ’Yn(l - 'Yn) (mn - mn) (mn — Mp

where, using the definition of gbﬁf“) in (6), we set

Here, the detailed derivation of (9) is deferred to Section 6.2 as we focus on interpreting
this result in light of Corollary 1 (in particular we will see in Corollary 6 that the case
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Yn = 1 corresponding to b, = 0 will require an additional non-degenerate condition on p).
By Corollary 1, the systematic decrease in (Vo (k(6p,-)))n>1 holds for any choice of sequence
(Yn)n>1 valued in (0,1] in the updates (9). In addition, v, permits us to build a tradeoff at
time n > 1 between selecting an update close to the current parameter (that is, taking v,
close to zero) and choosing the Gaussian density with exactly the same mean and covariance
matriz as gb%od (that is, setting v, = 1). This is a key idea that is linked to the regqularisation
term appearing in (7) and that we will revisit several times throughout the paper.

The maximisation approach of Corollary 1 is also applicable to the commonly-used mean-
field variational family, which approximates the true density by a density with independent
components parameterised separately. The following lemma indeed states that the global
argmax problem can be separated into component-wise argmax problems in that case.

Lemma 1 (Maximisation approach for the mean-field family) A generic member
of the mean-field variational family is given by k(6,y) = [Tk, kOO0, y®) with § =
OO, ... 08 e T andy = (yV,...,y)) € Y. Then, starting from 6; € T and denoting
0, = (07(11), .. ,97(1L)) for allm > 1, solving (7) yields the following update formulas:

jAQ) (g(ﬁ) , y(«@))

k(f)(eﬁ),y(@)> v(dy), ¢=1...L, n>1.

651, = argmax / |42 (9) + buk (0, y) | log <
60 Y

The maximisation approach is not the only way to satisfy (5). Indeed, this can also be
achieved by taking a gradient-based approach and relying on additional smoothness conditions
(see Appendix A.1 for the definition of S-smoothness), as written in Corollary 2.

Corollary 2 (Gradient-based approach) Assume (Al). Let T C R? be a conver set, let
a € [0,1) and let (yn)n>1 be valued in (0,1]. Starting from an initial 61 € T, let (6n)n>1 be
defined iteratively as follows

i

9n+1 = en - B v.gn(en) , nz=zl, (10)
where (gn)n>1 s the sequence of functions defined by: for alln > 1 and all § € T,
(cx)
en” (y) <k(9,y))
n(0) = 1 d 11
u(0) = | 2 g () viaw) (1)

and gy, is assumed to be By-smooth. Then (5) holds for alln > 1 and we can apply Theorem 1.

Proof Since v, € (0,1] and g, is a §,-smooth function by assumption, we can apply
Lemma 2 and we obtain that for all n > 1,

9n(0) — g (en - gjlwn(en)) > VoG

Thus, by definition of 6,1 in (10), we have 0 = ¢,,(0,) = gn(0n+1), which in turn implies
(5) and the proof is concluded. [ |
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Let us now reflect on the implications of Corollary 2. Under common differentiability
assumptions, we can write: forallm > 1and all ¢ € T

(a)
on (y) 0logk(8,y)
In 0’ = Vi)
Van(6') v a—1 00 (0.y)=(0",y) )
Then, (10) becomes
(@)
o ©n (y) 8log k(9,y) n
Opi1 =0, — — v(dy) , = 1. 12
+ Bnly a—1 00 (0,9)=(0n,y) ) "

Under this form, the iterative scheme (12) bears similarities with Gradient Descent iterations
for a-divergence and Rényi’s a-divergence minimisation. Indeed, given a learning rate policy
(rn)n>1 and setting p = p(-, Z), such Gradient Descent iterations are given respectively by

(a) 1
Gn—l—l = 9n - rn/ on (y) 0 ng(97y) V(dy) , Nz 1
v a-l 90 1(0.4)=(0n)
< (a) 1
0n+1 = Hn - rn/ on (y) 0 ng(97y) V(dy) , Nz 1
v a-1 9 1(0.4)=(0n)

(we refer to Appendix A.2 for details regarding how these updates are obtained). Building on
this comment, let us now give an example where the conditions on (g, ),>1 from Corollary 2
are satisfied and show how Gradient Descent steps (in that case for Rényi’s a-divergence
minimisation) can originate from our gradient-based approach.

Example 2 (Gradient-based approach for a Gaussian density) We consider the case
of a d-dimensional Gaussian density with k(0,y) = N (y;m,X), where this time 6 = m.
Further assume that T C R% is a convex subset and that ¥ = 0214, where 0% > 0 and I4
denotes the d-dimensional identity matriz. Finally, denoting by ||-|| the Euclidean norm, we
assume that the non-negative function p defined on Y satisfies

0< [ (110 plu)dy < oo (13)

Then, (A1) holds. Furthermore, denoting 0,, = my, and setting B, = 0 2(1 —a)~! [ w%a)du
for alln > 1, the conditions on (gn)n>1 from Corollary 2 are satisfied so that the mean of
the Gaussian density N'(y;m,X) can be optimised as follows: for alln > 1 and all v, € [0,1)

M1 = Yt + (1 =) My, (14)
where 1y, = [y y gb%a) (y) v(dy) (we refer to Corollary 8 for the detailed derivation). Setting
p = p(-,92), the update (14) can notably be seen as a Gradient Descent step for Rényi’s

a-divergence minimisation with a learning rate r, = 0>(1 — )y, where vy, € [0,1).

We now make two important comments.
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e Corollary 2 sheds light on the links between our approach and the more traditional
Gradient Descent methodology for optimising objective functions based on the a-
divergence in Variational Inference (Li and Turner, 2016; Dieng et al., 2017).

Unlike the usual Gradient Descent methodology, Corollary 2 requires a smoothness
condition on g,. Smoothness conditions are tools that are often used to obtain
stronger convergence guarantees for Variational Inference algorithms (see for example
Buchholz et al., 2018; Alquier and Ridgway, 2020). Yet, it can be difficult to satisfy
these smoothness assumptions in practice, even if some results have been derived for
specific variational families when using the exclusive Kullback-Leibler divergence as
the objective function (Domke, 2020).

To the best of our knowledge, no such results have been proven for a-divergence
minimisation. In our case, we obtain that a smoothness condition on g, translates
into a systematic decrease in ¥,. As we shall see in the forthcoming section, being
able to establish monotonicity results on (6,,),>1 will come in handy as we try to go
beyond the framework considered in Section 3.

e To put things into perspective with the maximisation approach from earlier, observe
that the updates on the means in Examples 1 and 2 coincide. The difference between
the two examples is due to the fact that the former provides an update for the
covariance matrix as well, without sacrificing the monotonicity of the overall algorithm.
It is in fact hard to derive a covariance matrix update in the Gaussian case using the
gradient-based approach (see Section 6.3 for details). In that sense, the maximisation
approach provides an interesting alternative that can bypass this difficult smoothness
assumption on g,. We will further delve into this aspect as we reach Section 6.

So far, the log function appearing in Theorem 1 considerably eased the derivation of
iterative update formulas for well-chosen kernel densities £ that can exploit this log structure
(Examples 1-2 and Lemma 1). Yet, these choices of kernel densities can be too restrictive
to fully capture complex and multimodal posterior densities. Since working with a larger
variational family might lead to more accurate approximations of the posterior density, an
idea is then to investigate whether the iterative update formulas from Section 3 can be
generalised to the mixture model variational family (for example whether we can extend the
updates for a Gaussian kernel from Example 1 to Gaussian Mixture Models).

As we shall see in the next section, further theoretical developments will be required
in order to derive valid iterative schemes that optimise both the mixture weights and the
mixture components parameters of a given mixture model.

4. Extension to Mixture Models

Let us first formally define the class of mixture models we are going to be working with.
Given J € N*, we introduce the simplex of R”:

J
Sy=4A=1,..., ) eR 1 Vje{l,...,J}, \;>0and > A\j=1p,
Jj=1

10



MONOTONIC ALPHA-DIVERGENCE MINIMISATION FOR VARIATIONAL INFERENCE

we define ST ={A €8y : Vj € {l,...,J}, \; >0} and we denote © = (b1,...,0;) € T/,
We consider the mixture model variational family given by

J
Q= {q y = pxek(y Z 0;,y) )\ESL@ETJ} (15)

that is, we are interested in solving the optimisation problem

inf U k),
AES;,O€T? alroh)

with J > 1. Let us next denote A, = (\j,)1<j<s and ©, = (0;,)1<j<s for all n > 1. For
convenience, we also introduce the shorthand notation pu,k = uy, e,k and

)(5) = kityp) (P0) (10
- ’ p(y)
(a)
Pl = _Pjin
7n f (p(a)dl/

foralla € [0,1),all j=1...J,alln>1andally €Y.

Our goal in this section is to derive iterative schemes for the mixture weights and the
mixture components parameters (A, O, ),>1 ensuring that the sequence (Vq(tnk))n>1 is
decreasing. As Theorem 1 holds for any choice of parametric family, a first idea is to apply
Theorem 1 to the variational family (15), which gives Corollary 3 below.

Corollary 3 Assume (Al). Let J € N*, let o € [0, 1) and starting from an initial parameter
set (A1,01) € S}' x T, let (An, On)n>1 be defined iteratively such that for alln > 1,

(knk(y)*p(y) (Mn+1k(y)>
log | ————= | v(dy) < 0. 17
frea = e () v )
Further assume that W, (u1k) < co. Then, Yo (pnt1k) < Vo (unk) for alln > 1.

Observe that we are in a less favourable situation in Corollary 3 with J > 1 compared to
the cases we previously studied in Section 3. Indeed, we now have a ratio of sums inside the
log function in (17), meaning that the approach from Theorem 1 to derive simple iterative
schemes does not directly transfer to the variational family (15) for choices of kernel densities
k identified in Examples 1-2 and Lemma 1. However, by carefully exploiting the condition
(17), we are able to overcome this difficulty in our second main theorem below.

Theorem 2 Assume (Al). Let J € N*, a € [0,1) and starting from an initial parameter
set (A1,01) € ST x T, let (An, On)nz1 be defined iteratively such that for alln > 1,

(@),
/§:AM (i_ ( ijj)mdy)go (18)

o) k(041,)
Ajn—2"—=1o 2 w(dy) < 0. 19
/Yg 2 g<k<ej,n,y> () (19)
Further assume that Yo (k) < co. Then, Yo (pnt1k) < Vo (unk) for alln > 1.

11
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Proof By Corollary 3, we can conclude if we show that (18) and (19) together imply (17).
To show this, first observe that since the function u — =5 log( ) is convex and «a € [0, 1),
Jensen’s inequality implies that: for all y € Y and all n >

J . .
1 log (Nn-i—lk(y)) _ 1 log Z JAJ,nk(ej,nv y) j n—i—lk jn+1,Y )
a—1 Mnk(y) a—1 j=1 ZZ:l )\Z,nk(ee,rn ) k 0] Y )

(6
(
< ! )‘j,nk(gjmvy) 1 log ( Jn-Hk( J”+17 )

that is:

J
log (Mn—l—lk(y)) < Z )\jn k(ej n:y) log <)\j,n+1k(0j,n+lay)> )

a1 8\ pak(y) o —1 puk(y) Nk (80, )

7=1

Multiplying by ( Mn k(y))*p(y)! = on both sides, integrating with respect to v(dy) and using
the definition of ¢; n) (y) in (16), this in turn implies that: for all n > 1,

(nk(y))*ply) = finy1k(y)
J 1°g<unk<y> ) viaw)

J (o)
) Ajn+1K(0n41, Y)
</ )\n J,n lo ], J,n ’ de .

szz:l I a—1 g( )\j’nk‘(ejm,y) ( )

As a consequence, the condition

J (@)
gpn(y) )\‘n+lk(9'n+l y)
iy —L lo S ST v(dy) <0 20
/YZ it g< g | viaw) (20)
implies (17). The condition (20) in itself is then straightforwardly implied by (18) and (19)
and the proof is concluded. |

Strikingly, (18) does not depend on ©,,41 nor does (19) depend on A,; in Theorem 2. This
means that we can treat these two conditions separately and thus that the weights and
components parameters of the mixture can be optimised simultaneously. This result was
far from immediate by looking at the initial condition (17) and, as we shall see laterly in
Section 8, will lead to reduced computational power in practice.

In addition, we have recovered in (19) the key property used in Section 3: compared to
the condition (17) which involved the log of weighted sums of kernel densities, (19) considers
a sum of logs of kernel densities. This suggests that we can extend the updates derived in
Section 3 for well-chosen kernel densities k to the more general case of mixture models.

Observe finally that the dependency in \j,41 appearing in (18) is simpler than the
dependency in 6}, appearing in (19) and that is expressed through the kernel density k.
As a result, we will first study (18), in the hope of deriving iterative update formulas for
the mixture weights that do not require a specific choice of kernel density k. Interestingly,
while the natural idea is to perform direct optimisation of the left-hand side of (18), we
will derive a more general expression for the mixture weights update, which shall induce
numerical advantages later illustrated in Section 8.

12
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4.1 Choice of (A,)n>1

In the following theorem, we identify an update formula which satisfies (18), regardless of
the choice of the kernel density k.

Theorem 3 Assume (Al). Let o € [0,1), let (nn)n>1 be valued in (0,1], let (kp)n>1 be such
that (a — 1)k, > 0 at all times n > 1 and let (©,,),>1 be any sequence valued in T7. Starting
from an initial A1 € Sj, let (An)n>1 be defined iteratively such that for all n > 1

i [y @55 @) (dy) + (0 — D] ™

— . j=1...J. (21)
Y1 Aen [y 65 @)v(dy) + (@ = Dy

Ajng1 =

Then (18) holds.

Proof We first check that the integrals appearing in (21) are finite:
[y <oo,  j=1. 0 n>1. (22)
v I

Using (16), that Aj, > 0, that A\j,k(0;,vy) < unk(y) and Jensen’s inequality applied to the
concave function u — u' =, we have, for any j =1,...,J and n > 1,

[ vt = [ k00 (AE) gy

ot () ot
< Ajln (/Yp(y)V(dy)>l_a '

The bound (22) follows by (Al). Now, to prove (18), we treat the cases n,, = 1 and n,, € (0,1)
separately.

(a) Case n, = 1. Since (o — 1)k, = 0 with « € (0,1), we have that

J
Fin Y Ajnlog(Aj/Ajn) =0
j=1

where we have used that Z}-Izl Ajnlog(Nj/Ajn) < 3]:1 Ajn(Aj/Ajn —1) = 0. In other
words, to obtain (18) in the particular case 7, = 1, it is enough to show

J (o) J
30 hn v (X5 3 et (A2 <
=1 i

]:1 5T

that is, since (22) holds,

——v(dy) + kn,

Aim
log (J“> <0. (23)
Aim

13
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Notice then that by definition of (/\j7n+1)1<j<(] when 7, = 1, we can write

s
1 I
* <>\J”>

[Indeed setting 8 = A\jn [fY cpgn)( yw(dy) + (a — 1)/%] and B; = B/ S/ B¢ for all j =
. J, we have that E -1 BJ log (BJ/)\ ) > 0 and that this quantity is minimal when X\; = Bj
for j =1...J.] This implies (23) and settles the case n, = 1.

Apt1 = argmin Z Ajin / % " )+ En
AeST j=1

(b) For the particular case n, € (0, 1), we will use that for all € > 0 and all u > 0,

log(u) = élog(ue) > ! (1 - 1> :

€ uc

(a)
Indeed, since [y £, "(ly)l/(dy) + Ky <O0forall j=1...J, we can then write that for all € > 0,

J (a) ,
J,n

e a—l
(a)
1 @i ()
<13 N /Lyd T
6]'21 7, [Y (y)

Ain )
l“(wﬂ' 24

Ajm )
[1<A>]

_1
when e satisfies 1, = r;. [Indeed setting f; = Ajn [y 05 (1)0(dy) + (@ = 1] ™ and
3; = Bj/Z‘Z:l By for all j = 1....J, we have by convexity of the function u — u!'*¢ that

7 (g0 J 3\lte : ity is mini 3.
i1 B/ A A= (X521 55) and that this quantity is minimal when \; = §; for
j=1...J.] We then deduce that taking e = n, ! — 1 (it is always possible since 1, € (0,1)

by assumption) yields
€
1— M <0
/\jm+1

1 J
=3 Aim
€3

which in turn yields (18) [since combined with (24) it implies (23) which itself implies (18)
as seen in the case 7, = 1]. This settles the case n, € (0,1).

a—1

Now notice that by definition of (X n+1)1<j<s We can write

An41 = argmin ~ Z)\], /%” v(dy) + kn
)\ESJr 6] 1

sagfl) (v)

o—1 (dy)—i‘Hn

Notice that as a byproduct of the proof of Theorem 3, the mixture weights update given by
(21) can be rewritten under the form: for all n > 1,

An+1 = argmin hy, ()
AeST

14



MONOTONIC ALPHA-DIVERGENCE MINIMISATION FOR VARIATIONAL INFERENCE

where, setting ¢ = ;! — 1, we have defined for all A € ST,

(a)
w2 (y) X .
Z}']=1 Ajn fY P V(dy) + kn | log (}\]7]”) ) itn, =1,

hn()‘) = (p(_a)(y) VR
LY A [fy L u(dy>+mn] 1= (32)], itme©).

More specifically, h,(A) acts as an upper bound of the left-hand side of (18) and we recover
exactly the left-hand side of (18) in the particular case i, = 1 and k,, = 0.

Now that we have established the mixture weights updates (21) in Theorem 3, we are
interested in deriving update formulas for the sequence (©,,),>1 satisfying (19), which we
will then pair up with (21) in order to apply Theorem 2. From this point onwards, all the
proofs of the coming results will be deferred to the appendices to ease the reading.

4.2 Choice of (0,),>1

We investigate two different approaches for choosing (0,)n>1-

=

4.2.1 A MAXIMISATION APPROACH

As done in Corollary 1, an idea is to consider an update for (0,,),>1 of the form

@n-l-l = argimax gn(@) , nz=1,
0T/
where the function g, is constructed as a lower bound on © € TY of the function ©
Iy ijl /\j’napﬁz (y)log (k(8;,y)/k(0;n,y)) v(dy) that satisfies g,(O,) = 0. In doing so, the
function gy, : © — gn(0©)/(ar — 1) evaluated at ©,4 is an upper bound of the left-hand side
of (19) and §,,(0n+1) < 0 implies (19). This leads us to Corollary 4 below.

Corollary 4 (Generalised maximisation approach) Assume (Al). Let o € [0,1), let
(Mn)n>1 be valued in (0,1] and let (kp)n>1 be such that (a — 1)ky, = 0 at all times n > 1.
Furthermore, let (bjn)n>1 be a non-negative sequence for all j =1...J. Starting from an
initial parameter set (A1,01) € Sj x T7, let (An, On)n>1 be defined iteratively for all n > 1
in such a way that (21) holds and

k(0,y) .
0;nt1 = argm (@) bink(0;n 1 — d =1...J 25
Jin+1 ar%gTaX/Y {@jm (y) + 05, ( Js 7y)i| 0g <k(ej,n7y)> V( y) ] ) ( )
where we assume that this argmazx is uniquely defined at each step. Then, we can apply

Theorem 2.

The proof of this result is deferred to Appendix B.1. Under the assumptions of Corollary 4,
Algorithm 1 leads to a systematic decrease in ¥, at each step. This result effectively
generalises the monotonicity property from Corollary 1 to the case of mixture models and
we can deduce simple iterative schemes satisfying (25) for well-chosen kernel densities k. To
illustrate this, we provide below the extension of Example 1 to Gaussian Mixture Models
(and Lemma 1 can be extended in the same way, see Appendix B.2).

15
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Algorithm 1: Maximisation approach algorithm for mixture models
At iteration n,
Forall j=1...J, set

i [ fy ) )v(dy) + (@ = Dra] ™
St e [ el v (y) + (@ = 1ka] ™

) k(6,y)
7,n+1 ar%él:lrax v |:(pj7n (y) Js ( I y>] 08 k(gj,na y) l/( y)

Ajntl =

Example 3 (Maximisation approach for Gaussian Mixture Models) We consider
the case of d-dimensional Gaussian mizture densities, in which case Y = R%, v is the
d-dimensional Lebesgue measure and k(6;,y) = N(y;m;,%;), where 0; = (m;,%;) € T
denotes the mean and covariance matrix of the j-th Gaussian component density. We let the
parameter set T include all possible means in R% and all possible positive-definite covariance
matrices. Finally, we assume that the non-negative function p defined on'Y satisfies (8).

Then (A1) holds. Moreover, starting from any (A1,01) € ST x T7 so that U, (u1k) < oo
and denoting 0;, = (Mjn,Xjn) for all j = 1...J and all n > 1, it holds that: for all
j=1...J,alln > 1 and all vj, € (0,1], there exists bj,, > 0 such that the argmax problem
(25) has a unique solution defined by:

Mjn+1 = VinMjn + (L = Vin)Mjn

~ N ~ T
Yint1 = YjmZgn + (L= %) %50 +Yin(L = Yin) (Mgn — mjn) (Mjn —mjn)

)

where, using the definition of cﬁﬁb) in (16), we set

iy = /Y y 3 (y) v(dy) |
S0 = /Y yy” ¢\ () v(dy) — iy,

The detailed derivation of the mean and covariance updates above is deferred to Section 6.2.
The interpretation of these updates is akin to the one already made in Example 1: bj,, acts
as a regularisation parameter which, through v;j,, permits a tradeoff between an update close
to the current parameter 0;, and choosing the Gaussian density with exactly the same mean
and covariance matric as gbg?;) As per written in Corollary 4, these updates are compatible
with the mizture weights updates (21), resulting in a systematic decrease of (Vo (tnk))n>1-

We next present another possible update formula for (A, ©y)n>1.

4.2.2 A GRADIENT-BASED APPROACH

In the spirit of Corollary 2, we now resort to Gradient Descent steps to satisfy (18).

16
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Algorithm 2: Gradient-based approach algorithm for mixture models

At iteration n,
Forall j=1...J, set

i [ By 05 )v(dy) + (0= Dra] ™
St Aen [y 2l ) (dy) + (@ = D] ™

i,
Ojn+t1 = Ojn — B?"ng,n(%,n) :
J7n

Ajnt1 =

Corollary 5 (Generalised gradient-based approach) Assume (Al). Let T C R? be
a convex set, let a € [0,1), let (nn)n>1 be valued in (0,1] and let (Kn)n>1 be such that
(o — 1)kp, = 0 at all times n. Furthermore, for all j = 1...J, let (Vjn)n>1 be valued in
(0,1]. Starting from an initial parameter set (A1,01) € Sj x T, let (An, On)n>1 be defined
iteratively for all m > 1 in such a way that (21) holds and

gj,n—i-l = ej,n - %ng,n(gj,n) ) ] =1...J ) (26)
in

where for all j =1...J, (gjn)n>1 is defined by: for alln >1 and all € T,

(@)
_ Pjn (y) k(0,y)
in(6) _/Y log (k( )> V(dy) .

a—1 Ojn,y

and gjn is assumed to be B;,-smooth. Then, we can apply Theorem 2.

The proof of this result is deferred to Appendix B.3. Under the assumptions of Corollary 5,
Algorithm 2 ensures a systematic decrease in ¥, at each step and Corollary 5 thus extends
Corollary 2 to mixture models. Much like what we did for Corollary 2, we want to identify
how our updates relate to Gradient Descent-based techniques for optimising ©. Under
common differentiability assumptions, we have: for alln > 1,all j=1...Jand all ' € T,

P (y) dlog k(8,y)

ng 9, :/ v dy ’
s (0) vy a—1 90 (0,9)=(6" ) )
so that (26) becomes
(o)
Vim [ PinY) 0logk(6,y) ,
Ojnt1 = 0jn — =— v(dy), j=1...J. 27
J,n+ J B],n Y a— 1 89 (97y):(9j7n7y) ( ) ( )

The link with Gradient Descent-based Variational Inference shall become apparent by (i)
writing the update formulas that ensue from Gradient Descent iterations for a-divergence
and Rényi’s a-divergence minimisation and (ii) understanding how Example 2 generalises
to Gaussian Mixture Models. Given (A,,©,) € ST x T/, an index j in 1...J and letting
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p = p(-, 2), performing one Gradient Descent iteration w.r.t. 6;, for a-divergence and
Rényi’s a-divergence minimisation indeed respectively amounts to updating 0;,11 as follows

(@)
©in(y) 0logk(6,y)
0 int+1l — 0 in—T ',n)\ jn d: l/(dy) s
’ N a1 09 1(04)=(0;0)
(a)
i o (y) dlogk(6,y
Ojni1 = 0jn = Tjm—5 =) — 89( : v(dy)
=1 Iy Pin (y)v(dy) /Y @ (0:9)=(0j,n-y)

where 7j, > 0 is the learning rate (we refer to Appendix B.4 for details regarding these
updates). There is thus a similarity between (27) and the Gradient Descent updates above.
To fully comprehend the connection between our gradient-based approach and Gradient
Descent steps, we present below the generalisation of Example 2 to Gaussian Mixture Models.
The smoothness assumption on g;,, will be satisfied in that example and we will recover a
Gradient Descent scheme for Rényi’s a-divergence minimisation as a special case.

Example 4 (Gradient-based approach for Gaussian Mixture Models) We consider
the case of d-dimensional Gaussian mizture densities with k(6;,y) = N (y;m;,%;), where
this time 0; = m;. Further assume that T C R? is a convex subset and that X = O'JQ-Id,
where 0]2- > 0 and Ig denotes the d-dimensional identity matriz. Finally, we assume that the
non-negative function p defined on Y satisfies (13).

Then, (A1) holds. Setting B, = 052(1 —a)7 L[y (pg’o;l) (y)v(dy) and denoting 6}, = m;n,
the function g;, is Bjn-smooth for all j = 1...J and all n > 1 so that the means of the
Gaussian densities (N (y;mj,3;))1<j<s can be optimised as follows: for alln > 1,

Mjn+1 = VinMjn + (1= Yjn) Mjn, j=1...J,

where gbg- ) s defined in (16), vjn € [0,1) and mj, = [y y gbg-a)(y) v(dy) (we refer to

(e
T 1

Corollary 8 for details). In particular, letting (’y}’n)n% be valued in (0,1] for all j=1...J,

oy i Jy 2550 ()v(dy)
T ek (y)p(y) ov(dy)

(since [y unk(y)*p(y)—v(dy) = Zle Nin Jy gogi? (y)v(dy)). The resulting iterative algo-
rithm is given by the following update at time n > 1:

€(0,1, j=1...J, n>1,

o K el W) — mia(dy)
7,n—+1 7,n '7],71 fY Nnk(y)ap(y)l—ay(dy) ;

Interestingly, (28) can be seen as a Gradient Descent step w.r.t. 0}, for Rényi’s a-divergence
minimisation with a learning rate r;, = 0]2-(1 — a)’ygyn. Hence, if we were to solely rely on
the Gradient Descent literature, the convergence of the iterative sequence (0, )n>1 defined by
(28) would require the sequence (Ap)n>1 to be constant. This is in contrast with Corollary 5,
which allows for a simultaneous optimisation of X and © according to (21) and (28).

=1...J. (28)

We now add on the comments made in Section 3 for the gradient-based methodology (which
we built in Corollary 2 and have since extended to mixture models in Corollary 5):
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e A core insight from Corollary 5, which is exemplified in Example 4, is that under a
smoothness assumption on g;, our mixture weights iterative updates are compatible
with gradient-based updates, themselves linked to the Gradient Descent literature.
In other words, we have embedded Gradient Descent-based iterative updates, which
only act on ©, within a larger framework where simultaneous updates for the mixture
components parameters and the mixture weights are well-supported theoretically.

e Putting things into perspective with the maximisation approach once again, notice
that our previous conclusions from Section 3 still hold. Namely: (i) the updates on the
means from Examples 3 and 4 coincide, meaning that contrary to the gradient-based
approach, the maximisation approach enables covariance matrices updates on top of
means updates (ii) the maximisation approach permits us to bypass the smoothness
assumption made in Corollary 5. As a whole, these properties make the maximisation
approach a compelling alternative to the gradient-based approach.

We presented two approaches to construct iterative schemes (A, ©;,),>1 that ensure a
monotonic decrease in ¥, at each step and lead to simple updates formulas for Gaussian
Mixture Models. We now describe how our framework can be linked to the existing literature.

5. Related Work

In this section, we detail how our work relates to and improve on previous algorithms
proposed for a-/Rényi’s a-divergence minimisation.

5.1 Rényi Divergence Variational Inference (Li and Turner, 2016)

In Li and Turner (2016), they seek to maximise the Variational Rényi (VR) Bound via
(Stochastic) Gradient Ascent. This objective function is derived from Rényi’s a-divergence
and is given by: for all variational density ¢ € Q and all « € R\ {1},

Lo(q,2) = log (/YQ(y)“p(y, 9)1_“V(dy)) : (29)

l-«
Contrary to us, the work from Li and Turner (2016) does not consider the case where ¢
belongs to the mixture models variational family (15), that is ¢ = ux k.

Yet, a parallel can be drawn in the GMM case between Li and Turner (2016) and our
approach by observing that the gradient-based updates on the means in Example 4 each
coincide with a Gradient Ascent step on the objective function (29) for a well-chosen learning
rate (since the gradient of £, is proportional to the gradient of Rényi’s a-divergence with a
factor —a~!, this follows from the remarks made in Section 4.2.2 regarding Gradient Descent
steps for Rényi’s a-divergence minimisation in the GMM case).

Our work hence provides a theoretical framework which enables simultaneous optimisa-
tion of the mixture weights A and of the mixture components parameters ©. In addition,
beyond the gradient-based updates, we propose the novel maximisation updates and we allow
for covariance matrices optimisation. We also emphasise that our maximisation approach
will apply to well-chosen kernels k beyond the Gaussian case, as we will detail in Section 6.
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5.2 The Power Descent Algorithm (Daudel et al., 2021)

In order to identify the connection between our work and the Power Descent algorithm
introduced in Daudel et al. (2021), let us briefly present the latter.

The Power Descent is a gradient-based algorithm that operates on probability measures
and performs a-divergence minimisation for all a € R\ {1}. More precisely, equipping T
with a o-field 7 and denoting by M;(T) the space of probability measures on (T,7T), the
Power Descent optimises W, (k) with respect to g € My(T), where pk(y) = [¢ p(d6)k(6,y)
for all p € My(T) and all y € Y. Given an initial probability measure p; € My(T), it does so
by performing several one-step transitions of the Power Descent algorithm:

Hn+1 = Ioc(,“n) ) n z 1 y (30)

where, for all p € My(T) and all § € T,

pk(y)\ !

0) = | k(6.1) 1[( (>> ”]”dy)
1(d0) [(a — 1)(by, <> k) + 1]7a
p([( = 1) (bo + ) + 1]77)

Daudel et al. (2021) motivated the Power Descent algorithm by establishing a monotonicity
result for this algorithm obtained as a particular case of (Daudel et al., 2021, Theorem 1).
In their result, the monotonic decrease in ¥, of the scheme (30) holds for all © € M;(T), all
a € R\ {1}, all n € (0,1] and all x such that (o — 1)k > 0. We provide below a more general
version of their result, where the monotonic decrease in ¥, holds for well-chosen values of n
that are larger than 1 when oo < 0 (we refer to Appendix B.5 for the proof of this result).

T (1)(d0) =

Proposition 2 Assume that p and k are as in (Al). Let (a,n) belong to any of the following
cases.

(i) a <=1 andne (0,(a—1)/al;
(ii) a € (—1,0) and n € (0,1 — a;
(iii) o € [0,1) or > 1 and n € (0, 1].

Moreover, let ;1 € Mi(T) be such that Vo (uk) < oo and let k be such that (o — 1)k > 0.
Then, the two following assertions hold.

(i) We have Vo (Zo(pn)k) < ¥oluk).
(ii) We have Vo (Zo(pn)k) = Vo (uk) if and only if p = Zo(1).

Building on the monotonicity result provided by (Daudel et al., 2021, Theorem 1) for the
Power Descent algorithm - that we generalised in Proposition 2 - Daudel et al. (2021) then
applied this algorithm to mixture weights optimisation by letting the initial probability
measure 1 € Mi(T) be a weighted sum of Dirac measures of the form p; = Z;-Izl Ajndg,, with
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© € T and A\; € S;. For that choice of u1, py, in (30) can be written as u, = Z}-le Ajn0;
at time n and the Power Descent amounts to performing the update

Ajn 10 = 1) (B (6) + 1) + 175
_n_
i1 Arnl(@ = 1) (b a(00) + £) + 1] 75
Interestingly, the update (31) corresponds to the update on the mixture weights (21) we

have identified in Theorem 3 for ©,, = ©, n, = n/(1 — a) and &, = k. Steaming from this
link between our approach and Daudel et al. (2021), we now make two important comments.

Njnt1 = j=1...J (31)

e Benefits of our approach compared to Daudel et al. (2021). The monotonicity result
from Daudel et al. (2021) generalised in Proposition 2 requires the sequence (0,)n>1
to be constant when applied to mixture weights optimisation in (31). This restricts
the variational family to mixture models with fixed mixture components parameters.
To remedy this problem, Daudel et al. (2021) proposed a fully-adaptive algorithm that
alternates between an Exploitation step optimising the mixture weights according to
(31) and an Exploration step acting on the mixture components parameters. However,
they established no theoretical guarantees for their complete Exploitation-Exploration
algorithm, as the choice of the Exploration step remained mostly unexplored.

A strong improvement of our approach is then that we provide theoretically-sound
updates for (A, ©,)n>1, with the particularity that our mixture weights updates
relate to the framework of Daudel et al. (2021). In that sense, our approach supple-
ments the work done in Daudel et al. (2021) (albeit by an entirely different proof
technique). Furthermore, we do not need to alternate between mixture weights and
mixture components parameters updates in our algorithms, as both can be carried out
simultaneously (as done in Algorithms 1 and 2). In practice, this will permit us to
reduce the computational cost (as the samples will be shared throughout the mixture
weights and the mixture components parameters approximated updates, see Section 7).

e A gradient-based mizture weights update. Daudel et al. (2021) establishes that the
Power Descent belongs to a family of gradient-based algorithms which includes the
Entropic Mirror Descent algorithm, a typical optimisation algorithm for optimisation
under simplex constraints, as a special case. Viewed from this angle, the parameter
n in (31) can be understood as a learning rate with b,, . playing the role of the
gradient of ¥,. Connecting the Power Descent to our framework thus sheds light on
the gradient-based nature of the mixture weights update (21) from Theorem 3 and
provides a better understanding of the role of the parameter n, appearing in this
update. This aspect will be helpful to interpret our numerical experiments in Section 8.

5.3 The M-PMC Algorithm (Cappé et al., 2008)

For any measurable positive function p on (Y, )), the M-PMC algorithm (Cappé et al., 2008)
aims at solving the optimisation problem

J
sup /log Z/\jk(9j7y) p(y)v(dy) ,
(AeS;,0€T/) /Y j=1
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or equivalently, at minimising the inclusive Kullback-Leibler divergence Do (ux e K||P) w.r.t.
to (X, ©), where P(A) = [,p dv/ [y p dv for all A € Y. This is done in (Cappé et al., 2008,
Section 2) by introducing the following iterative updates: for all j =1...J and all n > 1,

Ajnk (050, y) p(y)
Y S Mk (Ben, y) Jy p(y)v(dy)

Njnk(05n,y) N )
Zg:l )‘E,nk(ag’n7y) Og( ( ]7y))p(y)y( y)

Cappé et al. (2008) motivated the two updates above by noticing that they can be seen as
integrated versions under the target distribution of the update formulas for the Expectation-
Maximisation (EM) algorithm applied to the mixture density parameter estimation problem

v(dy)

Ajnt1 =

j n+1 = argmax /
0;€T Y

M J
sup Z log (Z )\jk(ej,Ym)) ,
j=1

(AeS;,0€TY) =1

meaning that these updates ensure a systematic increase in the integrated likelihood at each
step. As these updates also correspond to the case « =0, 1, = 1, k, =0, a;, = 1 and
bjn =0 in Algorithm 1, the M-PMC algorithm is in fact included in our framework and we
can interpret our theoretical results in light of this algorithm.

More precisely, we have generalised an integrated EM algorithm by preserving its mono-
tonicity property for a wide range of hyperparameters. A particularly striking fact is that
the monotonicity property holds for o € [0,1), hence updates akin to an EM procedure
can be derived past the traditional case of likelihood optimisation. As we shall see, the
additional layers of flexibility obtained in Algorithm 1 will also have important practical
consequences due to the underlying gradient-based structure behind the mixture weights
(and the mixture components parameters updates in the GMMs case) we have uncovered.

Table 1 summarises the main improvements of our framework compared to the existing
literature and in the coming section, we revisit the maximisation and the gradient-based
approaches when the variational family is based on the exponential family.

6. Exponential Family Distributions: a Closer Look

In this section, we state generic results for the maximisation and the gradient-based ap-
proaches in the important case where the variational family is based on the exponential
family. Those results will in particular enable us to show how the update formulas in
Examples 3 and 4 are derived, before allowing us to incorporate novel variational families in
our framework such as multivariate Student’s ¢ densities. To do so, let us first review the
exponential family and some of its well-known properties.

6.1 Notation and Useful Definitions

We start with the definition of an exponential family distribution.
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Improvements of our framework

Rényi Gradient Descent Simultaneous optimisation w.r.t. (X, ©)

Li and Turner (2016) (prev. mixture weights A optimisation not considered)
For GMMs : maximisation approach encompasses Rényi
Gradient Descent and provides covariance matrices updates

Power Descent Simultaneous optimisation w.r.t. (X, )

Daudel et al. (2021) (prev. (©y)n>1 constant)

M-PMC algorithm Extension of an Integrated EM algorithm to:
Cappé et al. (2008) a€l0,1), n, € (0,1], (&« — 1)Ky = 0 and bj,, =0

(pI‘eV. o = 0, MNn = 17 Rn = 0 a’nd b],TL = 0)

Table 1: Key improvements of our framework for mixture models optimisation compared to
related works (prev. stands for previously in the literature).

Definition 1 (Exponential family) Let v be a o-finite measure on (Y,)), E be a Eu-
clidean space endowed with an inner product (-,-)p and its corresponding norm |-||z, h be a
non-negative function defined on'Y and S : Y — E be a measurable function. In its canonical
form, a member of the exponential family is defined by the parametric probability density

KO(Cy) = hy) exp (¢, SW))p — AK) , yeY, (€ Ey

where

Eo:= {g cE : /Yh(y) e&SWe 1 (dy) < oo}

and where the values taken by A on the subset Eg are obtained from the normalising constraint
[E©(C,) dv = 1. In this setting, v is called the dominating measure and S the natural
statistic. In what follows, IntEy denotes the interior of Ey.

Recall now that S defines an exhaustive statistic for this model, that Ej is a convex subset of
FE and that A is infinitely differentiable in Int Ey. Moreover, for all ( € IntEy, the expectation
and covariance operator of S under the density k(© (C,-) are the gradient VA and the Hessian
VVT A of A taken at ¢, respectively. For later reference, we also recall

VA(Q) = [ Sk (C.y) v(dy) (32)

and we introduce the following assumption.

(B1) The kernel density k(@ defined on Fy x Y is a member of the exponential family as in
Definition 1. Moreover, we assume that:

(a) The function h on Y is positive.
(b) There is no affine hyperplane of E to which S(y) belongs for v-almost all y € Y.

Notice that the assumption (B1)(a) can be circumvented by changing the dominating measure
v and therefore the assumptions (B1)(a) and (B1)(b) should be considered together. These
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assumptions notably imply that the covariance operator of S under the density k(o)(C ,+) is
positive definite and thus so is VVT A(() for all ¢ € IntEy. In addition, one often relies on a
non-canonical parameterisation (see for example Example 1), leading to the kernel density

k(0,y) =k (v(0),y) = h(y) exp ((v(0),S(y))p — Aov(d) , 0T, yeY  (33)

where v maps the parameter space T to a subset of IntEy. In that case, the assumption
(B1)(a) will ensure that the assumption made on k in (Al) holds.

6.2 The Maximisation Approach for the Exponential Family

Recall that the maximisation approach proposed in Corollary 1 aims at solving the optimi-
sation problem (7) given by

k(0,y)
E(On,y)

Furthermore, in the more general case of mixture models described in Corollary 4, the
maximisation approach leads to the argmax problem (25). This second argmax problem is
similar to (7) in the sense that it updates ©, = (0;,)1<j<s by solving J component-wise

0,41 = argmax / |24 (W) + buk(0n, y) | log ( ) v(dy), n>1.
Y

0eT

argmax problems of the same form as (7) (with 6,41, (pﬁla), b, and 6,, being replaced by
Bjns1s @5, bjn and 8, for j =1...J):

Ojn+1 = argmax/ {gogor?(y) + bj,nk(Gjm,y)} log <W> vidy), j=1...J,n>1.
oeT JY k(Ojn,y)

Our goal is now to solve the argmax problems above for a member of the exponential
family. To do so, we first state a theorem in which the kernel k is in its canonical form,
that is v is the identity mapping in (33) and k(6,-) = k(®(¢,-). Other parameterisations
will then be built using this theorem and as a result we will deduce corollaries that include
non-canonical parameterisations and that are applicable to the general case of mixture
models. All the proofs of the results stated in Section 6.2 are deferred to Appendix C.2.

Theorem 4 Let k(© satisfy (B1) and O be an open subset of Ey. Let ¢ be a probability
density function with respect to the measure v such that

J1815 ¢ dv < o0 (34)

Let o € O and b > 0. Then the argmaz problem

argé%ax/v [c,b(y) + bk (¢, y)} log (Im) v(dy) (35)
admits at least a solution if and only if
¢ = 1ib / S@dv+ &)VA@O) (36)
belongs to the image set VA(Q), in which case (35) has a unique solution (* defined by
VA(CH) =s* . (37)
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Theorem 4 shows the equivalence between the argmax problem (35) and the equation (37)
under the canonical parameterisation. From there, using the expression of VA given in
(32) and considering the non-canonical exponential family probability density (33), we can
interpret the equation (37) as an equality between two means of the statistic S computed
under two different distributions. Setting ¢* = v(6*) and (o = v(fy), we indeed obtain

| s@ke ety = [ swywdy) (38)
Y Y

where v is the mixture
1 b
()‘i‘ik(@@,), er.

V) =139 1+0

As exemplified in the following corollary, an adequate parameterisation ¢ = v(f) may then
lead to a simple solution of (38), which in turn provides a solution to the argmax problem

angma: | () + k(60 )] o (2% ) (). )

Corollary 6 (Gaussian density) Let d > 1 and Y = R?. Let M~o(d) denote the set
of symmetric positive definite d x d matrices. We consider the case of a d-dimensional
Gaussian density with k(0,y) = N(y;m, %), where § = (m, L) € T =R% x Myo(d). Let
be a probability density function on Y such that (34) holds, that is in the Gaussian case

[l e(0) dy < oo

Let 6y = (mo,Xp) € T and b > 0. If b = 0, assume moreover that ¢ is non-degenerate in
the sense that its covariance matriz is positive definite. Then (39) has a unique solution
0* = (m*,X*) € T defined by m* = E[Y] and £* = Cov(Y), where Y is a random variable
valued in R® with density

Y(y) =

1

1157 ()+7N(yam0)20) yevy.

1+

It now remains to choose ¢ adequately to relate (39) to (7), or rather to its generalisation
(25). That way, we will in particular get that the update formulas given in Examples 1 and 3
are straightforward consequences of Corollary 6. This is the purpose of Corollary 7 below,
in which we also rewrite the assumption (34) made on ¢ under a more convenient form.

Corollary 7 Let k©) satisfy (B1). Further assume that the kernel k is of the form (33)
with a one-to-one mapping v defined on T such that its image v(T) is an open subset of Ep.
Let a € [0,1) and let p: Y — Ry be such that

0< [ (1+ISIEY) pl) vidy) < o0 (40)

holds. Let J € N, n > 1 and (A,,0,) € S§ x T7. Then, for all j =1...J, (34) holds with
$ = <,0§-7n) as defined in (16) and setting v, = f¢§?;2dy/(f gog-?;)dl/ +bjn), we have that

argmax /Y (235 () + bj.nk (05,0, ) | log <I{W> v(dy) (41)

0cT (Ojm,y)
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admits at least a solution if and only if
S5 =i [ S $5 v+ (1= 550) VA0 0(8) (42)
belongs to the image set VAov(T), in which case (41) has a unique solution 07 defined by

VA o) ’U(e;() = S;

and we can set 041 =05 forall j=1...J in (25) of Corollary 4.

Since the argmax problem (41) is immune to change of variables thanks to its argmax form,
the maximisation approach can be solved using the canonical parameter ¢ in Theorem 4
and transported to the parameter 6 via the one-to-one mapping v as written in Corollary 7.

The updates from Examples 1 and 3 then follow from Corollary 7, paired up with
Corollary 6 and with the fact that (40) simplifies to (8) (since in the Gaussian case we have
set S(y) = (y, —yy’/2) for all y € Y). More generally, we can always solve the argmax
problem (41), that is the argmax problem of Corollary 4 with & belonging to the exponential
family, for b;,, > 0 large enough.!

We now move on to the study of the gradient-based approach for the exponential family.

6.3 The Gradient-based Approach for an Exponential Family Distribution

Remember that to construct the sequence (6,),>1 according to the gradient-based approach
from Corollary 2 we need to compute the gradient of the function g, defined in (11) by

()
(0= [ 2 (y)log( k(e’y))u(dy% beT,

Y &« — 1 k<9n7 y)
and verify that g, satisfies a §,-smoothness condition, which leads to updates of the form
9n+1 =0, — ﬁvgn(an) , n=1

Bn

with =, € (0, 1]. Furthermore, the extension to mixture models in Corollary 5 involves the
gradient of J functions g;, that resemble g, (gn, (p%a) and 0,, are replaced by g;n, cpgoil) and
8;. in the definition of g, above) and where each function g;,, is assumed to be 3;,-smooth.

Let us now solve the gradient-based approach for a member of the exponential family.
Like in the previous section, we start with a result handling the case where the kernel k is
in its canonical form (that is, v is the identity mapping in (33) and k(6,-) = k(©(¢,-)). All
the proofs of the results stated in Section 6.3 are deferred to Appendix C.3.

Proposition 3 Let k() satisfy (B1). Let ¢ be a probability density function with respect to
v satisfying (34). Let (o € IntEy and set

(0)
990 =~ [ #(0) tog (W) Ady), ¢ e k. (13)

1. Under the assumptions of Corollary 7, v(T) is an open subset of Ey and VA is a C*°-diffeomorphism on
IntEy. Hence, VAo v(T) is an open subset of E. Since s} in (42) tends to VAo v(6;,,) as bjn — 00,
s ends up belonging to VA o v(T) for b;, large enough. The desired result follows by using that the
regularisation parameter b;,, > 0 in Corollary 4 can be freely chosen at each step n > 1.
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Then, for any convex subset Cy C IntEy, the function ¢\© is By-smooth over Cy with

VVTA(C)

Vg(o)(C) =VA() — /Snﬁ dv and By > sup , (44)

¢eCo op

where ||-||,, denotes the operator norm.

Letting Cy be the line segment {(y — % (VA((y) — [S¢dv) : t€][0,1]} in Proposition 3,
we have that Cy stays in IntEy for 8y large enough. Since the Hessian of A is continuous on
Int Ey, the inequality in (44) can also be satisfied. Hence, the following gradient step

(=62 (Val) - [ 5 av) (45)
Bo Y

can always be performed for all v € (0,1] and we can always apply the gradient-based

approach when the kernel k is in its canonical form. When considering non-canonical expo-

nential family probability densities of the form (33) and under some reasonable assumptions

on the mapping v (for instance, if v is a C? diffeomorphism), one is left with choosing

between two alternative ways of exploiting Proposition 3:

(i) Apply a gradient step on the canonical parameter ¢ using the objective ¢(®) in (43)
and translate it into an update of the parameter 0 via a change of variable. In this case, we
set (o = v(fp), we apply the step (45) and we then perform the change of variable § = v=1(()
to get back to a parameter in T. Overall, this leads to an update of the form

f=uvt (U(Qg) — % (VAOU(HO) - /YSgb dz/)> .

(ii) Apply a gradient step directly on the parameter # using the objective

9(0) = —/&(y) log (:((99&72))) dy, 0eT.

In that case, since g = ¢{%) o v where ¢ is again as in (43) with ¢y = v(fp), this leads to
an update of the form

6= 6y — %vv(eo) - (VA o v(f) — /YS¢ dz/) .

In both approaches, v € (0, 1] and the smoothness indices 5y and /3 have to be taken large
enough in order to guarantee a decrease of the objective function. In practice, it is not clear

which parameterisation leads to the simpler or more efficient algorithm. We investigate a
particular setting in the following result.

Corollary 8 (Gaussian density with known covariance matrix) Letd > 1 and Y =
RY. We consider the exponential family of a d-dimensional Gaussian density with k(6,y) =
N(y;0,%), where 0 € T :=R? and ¥ is a (known) covariance matriz in Mxo(d). Let @ be
a probability density function w.r.t. v such that (34) holds, that is in the Gaussian case

[l e(o) dy < s

27



DaubpeL, Douc AND ROUEFF

Setv(0) = S0 and define the canonical kernel k©) with h(y) = (2m) =42 |$|~V/2 e=v"271v/2)
S(y) =y and A(¢) = ¢TS(/2. Then (33) holds and the methods (i) and (ii) lead to the the
following gradient-based updates, respectively,

0 =025 (00— [y 2w ay) (46)
0=00- 2= (60— [ s(0) ) (47)

where By is the largest eigenvalue of ¥ and B is the largest eigenvalue of X1, They correspond
to the smoothness indices of g\©) and g over RY, respectively.

Corollary 8 illustrates how, even in a simple framework, the gradient-based updates strongly
depend on the parameterisation chosen. They in fact coincide only if ¥ is scalar in the above
corollary, in which case ¥/8p and X =1/ above are both equal to the identity matrix.

Following the reasoning of Section 6.2, we can then apply Corollary 8 with ¢ = gbﬁ?) (and
more generally with ¢ = (,5570;3) As (34) is implied by (13) (using Lemma 8 in Appendix C.2
and that here S(y) = y), this enables us to deduce the updates in Examples 2 and 4. Note
that we did not introduce a convex subset Cj in Corollary 8 (this is due to the fact that
the smoothness index is constant over the whole parameter space for both gradient-based
updates in that case), which is why C( does not appear in Examples 2 and 4.

Let us next put into perspective Corollary 6, in which we considered a Gaussian density
with varying mean vector and covariance matrix, and Corollary 8, where the covariance
matrix is assumed to be known. While Corollary 8 kept the computations straightforward
and provided gradient-based updates that do not require to introduce a convex subset Cj,
this is no longer the case if we take the same exact setting as in Corollary 6. Indeed, when
0= (m,¥) € T=R%x Mso(d) and under the condition (34), the gradient of g is given by

Vy(0) = <2_1 <m — /ysb(y) dy> ,%E_l (/ yy' ¢ly) dy — ¥ +mmT> E_1> :

The smoothness index 8 is now no longer constant here, which makes it much more involved
to choose a convenient convex subset Cy and to bound the smoothness index over it.

At this stage, we can solve the maximisation and gradient-based approaches when the
kernel k belongs to the exponential family for variational families as large as (finite) mixture
models. The maximisation approach appears to be preferable to the gradient-based one as
it does not require a smoothness assumption and does not depend on the parameterisation.

In the next section, we investigate how our maximisation approach may further generalise
to include extensions of the exponential family distribution such as Student’s ¢ distributions,
hence further motivating the maximisation approach over the gradient-based approach.

6.4 Extension to Linear Mixture (LM) Models

The goal of this section is to examine what becomes of the maximisation approach for a
specific extension of the exponential family distribution, which we will refer to as exponential
linear mizture (ELM) family. The ELM family will in particular encompass the Student’s
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t distribution with mean m, covariance matrix > and a degrees of freedom which can be
defined as the continuous mixture

t(yim.Sa) = [ ¥ Nyim, 2 E) 7a(d2) |

where 7, denotes the x? distribution with a degrees of freedom. As a result, building
a maximisation approach within the ELM family will lead to new iterative schemes for
variational families that go beyond the cases considered thus far. To this end, let us first
provide a precise definition of the ELM family we want to study and introduce the main
assumptions of this section. All the proofs from Section 6.4 are deferred to Appendix C.4.

6.4.1 THE (E)LM FAMILY: DEFINITION AND NOTATION

Let F' be an Euclidean space endowed with the inner product (-, ) and norm ||-|| ;. We
denote by L(F, E) and L(F') the (finite-dimensional) linear spaces of linear operators from F
to E and from F to itself, respectively. We now provide the definition of the (E)LM family.

Definition 2 ((E)LM family) Let k() : E; XY — Ry be a kernel density w.r.l. the
dominating measure v, with Eg C E and let Y : T — F. Set Z = L(F, E) and denote by Z
its Borel o-field. Let M be a subset of probability measures on (Z,2) satisfying

(i) for all T,7" in M, the distributions T and 7' are equivalent;
(i) for all T € M and T-almost all £ € Z, the image set £ o Y(T) is included in Ej.

A member of the linear mixture (LM) family with canonical kernel k(°)~, mixing class M and
parameter mapping Y, is defined for a parameter @ = (9,7) € T =T x M by the density
w.r.t. v

KV (8, y) = /Zk(")(éo'r(ﬁ),y) rdf),  yev. (48)

If moreover k(©) satisfies (B1), we say that k1)(8,-) is a member of the exponential linear
mixture (ELM) family.

Here, Assumption (i) implies that we only need to check Assumption (ii) for one 7 in
M. As for Assumption (ii), it ensures that for all ¥ € T and all 7 € M, the function
(y,£) — k(£ o T(¥9),y) appearing in (48) is a probability density function w.r.t. v ® 7, so
that for all § € T, the function y — k(l)(é?, y) is a probability density function w.r.t. v.

Furthermore, the mapping T in Definition 2 allows us to introduce various parameterisa-
tions. It is also important to note that for § = (¢, 7) € T, the probability density function
kM (8,-) only depends on & = Y(9) € T(T) and 7 € M. As we shall see later, Student’s t
distributions in particular will fit this general setting. Before that, let us state conditions
leading to a systematic decrease in W, when the kernel k(") is as in Definition 2 and from
there, let us see how a maximisation approach for the ELM family can be derived.

29



DaubpeL, Douc AND ROUEFF

6.4.2 MONOTONIC DECREASE CONDITIONS FOR THE (E)LM FAMILY

In the case of an ELM family, we are not able to directly solve the argmax problem (25) as
we did for the exponential family in Section 6.2. Instead, given an (E)LM family &) as in
Definition 2, we come back to a monotonic decrease condition of the form

W0, y)
/¢ og( e )>u<dy>>0- (49)

As detailed in the remark below, for selected choices of ¢ and of (6, 6p), (49) can indeed be
linked to the conditions (5) and (19) appearing in Theorem 1 and Theorem 2 respectively.

Remark 1 Let a € [0,1). Taking ¢ = (@ defined by (6) and (0,6p) = (0p+1,6n), (49)

v (a)

becomes the condition (5) of Theorem 1. Applying (49) for j = 1,....J with p = ;]
defined by (16) and (0,60) = (8jn+1,0n) yields the condition (19) of Theorem 2.

Let Dy, = ‘é—i denote the Radon-Nikodym derivative of 7/ w.r.t. 7. We then have the
following proposition (we defer the proofs of the results from Section 6.4.2 to Appendix C.4.1).

Proposition 4 (Conditions for a monotonic decrease within the (E)LM family)
Let kY be an LM family as in Definition 2. Let ¢ : Y — Ry be a probability density function
with respect to v. Let 99,9 € T and 19,7 € M such that

[ ([ ott.) 105 (D) m@0) ) vidy) > 0. (50)
E© (oY (9),y)
/Y (/Z 90(67 y) IOg (k:(o)(g o T(190)a y)> To(d£)> V<dy) 2 0 (51)
where we set
© (/o
w%w=¢@ﬁjw Tldo).9) (52)

k(l) ((907 y)

Then (49) holds with 6 = (9,7) and 6y = (g, 0) -

One possible way to obtain (50) is to observe that since the left-hand side of (50) is zero for
T = 710, (50) is fulfilled by setting

T = argmax/Y </Z ©(£,y) log (D - (€)) 70(d£)> v(dy), (53)

T'eM

assuming that this argmax is well-defined. This will notably be done later in order to get
the update formula (70) of Example 5 (see the proof of Corollary 10 in Appendix C.4).

As for the updating of 9, we can again adopt a maximisation approach to derive a
convenient ). This is the purpose of the following result, where we directly update £ = T (¢)
since T is a known mapping in Definition 2.
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Corollary 9 Consider an LM family as in Definition 2 and 6y = (99, 79) € T x M. Set
& ="TW), let o: Y = R be a probability density function with respect to v and define
p:ZxY =Ry by (52). Let 9 € T be such that Y(9) is a solution of the argmazx problem

(0)
argmax /Y ( /Z [«p(& y) + bo(£) k) (B(&o),y)] log ( :(O) ). v)

cer(T) (If(fo)y)> TO(df)) v(dy), (54)

where by is any non-negative function defined on Z such that [ by drg < co. Then (51) holds.

As we will see, (53) and (54) can be achieved for continuous mixtures such as the one used
to define Student’s ¢ distributions but they require a thorough analysis. To this end, we next
formulate and solve a maximisation approach for a kernel k(1) belonging to the ELM family.

6.4.3 THE MAXIMISATION APPROACH FOR THE ELM FAMILY

Let us show that we can solve an argmax of the form (54) for an adequate choice of by
by fully exploiting the fact that k(°)(C,y) is a canonical kernel of the exponential family
distribution which satisfies (B1) and by relying on additional assumptions to be introduced
alongside some helpful notation. Our first assumption is the following.

(C1) The image set T(T) is an open subset of F' and for all 7 € M, 7-a.e. £ is full rank.

(C1) guarantees that, for all ¥ € T, 7 € M and 7-almost all £ in Z, £ o Y () belongs to IntEj,
the interior set of Ey (see Lemma 9 in Appendix C.4 for details). This will come in handy
in the upcoming derivations and we now introduce some helpful notation, before presenting
our next two assumptions. We let [|-[|, denote operator norms, for instance, for any ¢ € Z,

1llop = sup {[£(2)l|p : z€ B, [lz]lp <1} .

We further denote the adjoint of the linear operator £ by ¢, for instance, in the case £ € Z,
(T ¢ L(E, F) is defined by

(), y)p = <$,€T(y)>F for all (z,y) € F x E (55)
and, for convenience, we also denote
0V .=0ToVAol. (56)

Here, A is the function appearing in the definition of an exponential family (Definition 1).
Recall that A is infinitely differentiable on IntEy so that by (C1), £V is well-defined on Y(T)
for 7-a.e. £ with 7 € M. Furthermore, we use Py ; and Ey , to denote the probability and its
corresponding expectation under which the pair (Y, L) has density (y,£) — k() (£ o Y(29),)
with respect to v ® 7. Namely, for any non-negative measurable g on Y x Z,

Eo.rlo(Y, L)) = [ 900, 0 KO (0 T(9).9) v(dy)r(de) (57)

We now introduce, for any (99, 79) € T x M, two auxiliary functions My, -, and Sy,-,, both
defined from Y to R, such that the two following conditions hold.
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(C2) For all 9 € T and 75 € M, we have

Eo,ro |1 Zllop

Y] < thgyr (V) Poyry — acs.

(C3) For all 99 € T and 79 € M, we have

V¢ € T('T'), de,C' > 0, Ey, |:66HLV(£)”F ’ Y] < CefomY) Py — a.s.

(C2) and (C3) are made to ensure that the integrals used to solve the argmax problem from
Corollary 9 will be well-defined. We finally present our last assumption, which corresponds
to some sort of identifiability assumption (see Lemma 10 in Appendix C.4 for details). It is
used to obtain the uniqueness for the argmax problem we will solve.

(C4) Forall £ £ ¢ € T(T) and 79 € M, we have 70 ({£ € Z : £(€) # ¢(€)}) > 0.
We can now state the following result, whose proof can be found in Appendix C.4.2.

Theorem 5 Consider an ELM family as in Definition 2 and let 8y = (99, 79) € T x M.
Assume (C1)—(C4) hold. Let ¢ be a probability density function w.r.t. v such that

1 8@ (IS@l5 o m@) + o) v(dy) < oo, (58)
define ¢ : ZxY — Ry by (52) and set for all (£,y,€) € ZxYxY(T) such that £oY (1) € IntFy

aozﬂwmwwwu (59)
wY (€) = /Z (6) €7 (€) ro(dl) (60)

Then ¢ < oo To-a.s., and wy, is well-defined from Y(T) to F and one-to-one on Y(T), hence
bijective from Y(T) to its image WTV0 o Y(T), and satisfies, for all 9 € T,

wy 0 T(9) = By q [LT 0 S(Y) B(L)] - (61)

70

Moreover, setting o = Y (Yo), for any b € Ry, the argmaz problem

k), y)

MO)(“@)Q)) To(df)> v(dy), (62)

argmaX/Y (/Z [t ) + bp(0) K (U(&0). )| 10g<

£ET(T)

has at least a solution if and only if

W= e ) 7 o St) a0 + o v 6) (63)

belongs to WTV0 o Y(T), in which case (62) has a unique solution & defined by

wY (£F) = w* . (64)

70
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By setting £* = T (9*) and {, = Y (V) as well as using (61), (64) can be interpreted as
Eg- r [LT 0 S(V) @(L)] = Egy 7 [LT 0 S(V)] (65)

where 7y denotes the probability having density @ with respect to 7o and Y denotes a random
variable valued in Y such that, under Py, 7, the pair (Y, L) is distributed according to the
mixture density

(1:0) = (5 0) = g 9() + 1oy KO (0 T00), 1) $(0)

with respect to v ® 7. Interestingly, the second marginals of these two mixands are 7y. The
distribution of (Y, L) under Py, 7, can thus equivalently be defined by saying that L ~ 7

and the conditional distribution of Y given L = £ is the mixture with density

@@w) b

(0) T
146 2(f) i e T(Wo)y)

y—=Ylyl =

Using the definition of 7) on the left-hand side of (65) as well, the latter reads
Eg- [L7 0 S(Y)] = Eopz, [LT 0 S(T)] - (66)

Hence, Theorem 5 along with (66) can be used to solve the argmax problem (54) in the case
where (B1) and (C1)—(C4) hold and for by(¢) = b$(¢) with b being a non-negative constant.
From there, it only remains to find ways to check that the condition (58) on ¢ holds. This
can notably be done when ¢ takes one of the two forms listed in Remark 1 (see Lemma 8 in
Appendix C.2 for details) and we now provide an example of particular interest.

Example 5 (Finite mixture of Student’s ¢ distributions) Let v be the Lebesgue mea-
sure on Y =R, with d > 1. Let a € [0,1) and p: R? — R such that

0< [ (T4l ply) dy < oo (67)

Let J > 1 and consider a J-mizture family Q as in (15), with k(6,-) being the density of the
Student’s t distribution with parameter 6 = (m,%,a) € T = R% x Mso(d) x (0,00), given by

I'((a+d)/2)
(a/2) (am)d/2 2|/

) —(a+d)/2

k6.9) = - (14 2w-mTe - m)

Define a sequence (pnk)n>1 valued in Q where p, = px, e, with A, € Sj and ©, =
(Myjmy, Xjns Qjn)j=1...7 € T/ such that, for alln > 1,

(i) given (nn)n>1 valued in (0,1], (kn)n>1 valued in (—o0,0] and A € ST, (An)n>2 is
defined by the iterative formula (21);
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(i1) given (Yjn)j=1,.,Jn>1 valued in (0,1] and ©1 € T, (©,)n>2 is defined by

-1
M1 = ( Lo 2ty dy%aj,n(dz>> Lo wztin(ay) dyfa,, (d2),  (63)
RdXR+ RdXR+

Sinit = [ = M) = i) 2 5(29) dy Ty, (42) (69)
RdXR+
Ajnt+l1 = 2 H_l (/RdXRJr (Z - II’I(Z)) @j’n(z, y) dy %aj,n (dZ)) ) (70)

where, defining gbgog as in (16) and denoting k~! : R — (0,00) the inverse mapping of

k(z) = log(z) + T (z)/T(z), we set
e%z(y*mj,n)TE;i(y*mj,n)

(2m/2)Y2 |50 ? kB0, )

(9) (o9) 4 (1= ) o ol ) dy) s (72)
Vin(2,¥) = YVin@in(2,y) + (1 —vjn (/wm 2,9 dy) , (72
(27 /2) 42 |D;,]

in(z,y) = 955-,63 (y)

; (71)

2)a/2
Ta(dz) = 1g, (2) %;2)2“/2162“ dz for anya >0, (73)
Here, 7, in (73) is the x? distribution with a degrees of freedom and k=1 in (70) is well-defined
(this follows from Lemma 13 in Appendiz C.4.3).

We then have the following result, whose proof is postponed to Appendix C.4.3.

Corollary 10 In the setting of Example 5, if Wy (u1k) < 0o, then, at any time n > 1, we
have o (pns+1k) < Yo lpnk).

We have stated results that solve our maximisation and gradient-based approaches when the
variational family is based on the exponential family. However, all the update formulas we
have obtained so far involve intractable integrals. In the next section, we focus on the case
of Gaussian Mixture Models optimisation seen in Examples 3 and 4 and we investigate how
our framework can be used to derive tractable algorithms in that case.

7. Gaussian Mixture Models (GMMs) Optimisation

We consider d-dimensional Gaussian mixture densities with k(6;,y) = N (y; m;, X;), where
6; = (mj,X;) € T denotes the mean and covariance matrix of the j-th Gaussian component
density. By Theorem 2, a valid update formula at time n > 1 for (A,),>1 i8

N [y @55 ()v(dy) + (@ = D
Yi—1 M [fy o (y)v(dy) + (o - 1)%} "

Furthermore, as underlined in Example 3, a valid update at time n > 1 for the means
(mjn+1)1<j<s and the covariances matrices (3 ,41)1<j<J is given by

Mn

Ajmi1 = j=1...J. (74)

Vj =1... J, Mjnt+l = (1 — ’ij)mjm —+ Vj,nmjm (75)
QS ~ ~ T
Yint1 = (1 = %n)Zjn + VinZjn + Vin(l = Vin) (Myjn — mjn) (Mjn — mjn)
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where M, = fyy¢§-,°i3(y) v(dy), Sjn = fyyy" sbﬁi?(y) v(dy) — My m],, with w( o =
gogog /[ gpg-ffl)y(dy) and 7, € (0,1]. In addition, another possible update for the means is

Jy Aj,n@-?;) W) (y —mjn)r(dy)

N ki (y)op(y)t—ov(dy)
By virtue of Example 4, this update can be used in lieu of the means update written in
(75) with v;,, still in (0, 1]. Since the update (76) is linked to Gradient Descent steps for
Rényi’s a-divergence minimisation (see Example 4), we will refer to this update as the Rényi
Gradient Descent (RGD) update in the following. One the other hand, the update on the
means written in (75) will be referred to as the Mazimisation Gradient (MG) update.

Notice that the updates (74), (75) and (76) all involve intractable integrals. However,

we can resort to approximate update rules and take advantage of the fact that the integrals
appearing in these update formulas are of the form

/Y wﬁfﬁf (v)9(y)v(dy) , (77)

M1 = Mjn + Vim j=1...J. (76)

where g is a well-chosen function defined on Y and where gogn) is defined in (16) by Lp( @) (y) =
(0, y) (unk(y)/p(y))* " for all y € Y. Many choices are indeed possible to approximate
(77) and for simplicity we restrict ourselves to typical Importance Sampling estimation.

(@)

Looking at the definition of ¢, a first idea would be to sample M i.i.d. random variables

(YTSZL)K%M according to k(6;,,-) for j =1...J and to use the unbiased estimator of (77)
-1

Ly (“k(m> o).

M\ p(Yidln) |
As this sampler depends on j, this option becomes very computationally heavy as J and M
increase due to the sampling cost (J x M) and to the evaluation cost (unk and p need to be
evaluated M x J times each, where u,k is a sum over J). To reduce this computational
bottleneck, it is then preferable to consider sequences of samplers (g, )n>n that do not depend
on j at time n. More specifically, we discuss two possibilities.

(i) Best sampler at time n (IS-n). Approximated update rules can be obtained by
sampling M ii.d. random variables (Y, »)i1<m<m according to the best approximation of p
we have a time n, that is ¢, = pnk. Then, the samples are shared throughout the J mixture
weights and mixture components parameters updates. This eases the computational burden,
with both a sampling and an evaluation costs of M, as an unbiased estimator of (77) is

M a—1
A(a ere ~(a) k(9 K3 ?J) Iu’nk;(y)
Z:: PinXmn)g(¥mn) where &5 (y) = qZ(y) ( p(y) ) vey. (@

(ii) Uniform sampler (IS-unif). Approximated update rules can be obtained by
sampling according to the uniform sampler ¢, = J~ Z _1 k(0jy,-) and using the unbiased
estimator (78). That way, the sampling and evaluation costs are also M each. Contrary to
IS-n, this sampler ensures a fair sampling among all components, as it entails sampling an
index vector [i1,12,...,iy] uniformly from {1,...,J} whereas IS-n samples an index vector
[i1,142,...,ip] according to the mixture weights A,,.
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Algorithm 3: GMMs optimisation with the IS-n/IS-unif sampler
At iteration n,

1. Draw independently M samples (Y, n)1<m<ar from the proposal g,.

2. Forall j=1...J,

M N M N
St S V) Ym0 & 1 8550 ) Yo Vil
Jn

Yy 950 (Yim,n) >t Py (Yom.n)
(b) Choose one between the (MG) and (RGD) approaches

ST
— My

(a) Set mj, = in-

(MG) Mjn+1 = (1 - 'Yn) Mjn + VHmj7n
N S G (V) - (Yo — M)
Z 12771 1)‘Jn‘10§n)(y n)

(RGD) mjnt1 =mjn+ "

and set
N} Tin
Aj [2%21 35 Vi) + (0 = V)i
Sy Aen [ m=1 @é,?(ymn) + (o — 1)/‘%}

Sintt = (1= 70)Zm + WZjm + (L — ) (Mg — Mjn) (Mg — Mjn

/\J}n—i—l T

)T

Remark 2 Approximated update rules for GMMs can be obtained by sampling according
to ¢ = N(+;04,1,), where 04 is the null vector of dimension d. These can be deduced
by applying the reparameterisation trick: for allm =1... M, Yn(% ~ k(Ojn,-) if Ymn =

Mjn + Z / Emm WIth €y ~ qn and by observing that an unbiased estimator of (77) is

-1 () DV gy ) ‘s choi - -
Zm:l (unk(Ym,n)/p(Ym,n)) 9(Ymin). This choice of q, relies on the existence of a
repammeterisation and while it incurs a gain in terms of sampling cost as we only need M
samples, the evaluation cost remains M x J.

We thus have access to tractable algorithms that iteratively update both the weights and
components parameters of a GMM by optimising the a-divergence between the mixture
distribution and the targeted distribution. Our framework also allows the use of learning
rates 7;, that are dependent on j. This means that the learning rates can differ for
each component parameters update and it paves the way for adaptive learning rates per
components. This aspect is left for future work as we will focus on the case v;, = 7,
according to Algorithm 3 and move on to presenting our numerical experiments.

Remark 3 Computing the estimator (78) can be expensive for two reasons: (i) unk involves
a sum over J so that evaluating this function requires heavier computations as the number of
components J grows and (ii) bayesian applications with p = p(-, P) often consider large-scale
data sets 9. To alleviate this computational burden, one can (i) approxzimate the summation
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appearing in upk using subsampling and (ii) use a mini-batch approach to approximate
p=0p(-,9), as detailed in (Li and Turner, 2016, Section 4.3).

8. Numerical Experiments

In our numerical experiments, we are interested in understanding the behaviour of Algorithm 3
in practice. We first investigate the challenging case of multimodal targets, as our framework
is designed to handle multimodality thanks to the hyperparameter a € [0,1) and to the use
of mixture models as a variational family.

8.1 Toy multimodal targets

Let ugq be the d-dimensional vector whose coordinates are all equal to 1, Iy be the identity
matrix and ¢ be a positive constant (we set ¢ = 2). We consider three multimodal examples:

(i) Equally-weighted Gaussian Mizture Model. The target p is a mixture density of two
equally-weighted d-dimensional Gaussian distributions multiplied by ¢ such that

p(y) = ¢ x [0.5N (y; —2ug, Ig) + 0.5N (y; 2uqg, Iq)] -

(ii) Imbalanced Gaussian Mizture Model. The target p is a mixture density of three
d-dimensional Gaussian distributions with unequal weights and multiplied by ¢ such that

p(y) = ¢ x [0.35N (y; —2uq, Iq) + 0.25N (y; 2ug, Ia) + 0.4N (y; uq, Iq)]

(iii) Equally-weighted Student’s t Mizture Model. The target p is a mixture density of
two equally-weighted d-dimensional Student’s ¢ distributions with two degree of freedom (i.e.
a = 2) multiplied by ¢ such that

p(y) = ¢ x [0.5 t(y; —2uq, Ia, a) + 0.5 t(y; 2uq, Ig, a)] .

8.1.1 COMPARING THE RGD AND THE MG APPROACHES WITH 7, = 0

Setting 1, = 0 at all times n > 1 keeps the mixture weights fixed in Algorithm 3. In that
case, our RGD approach relates to Gradient Ascent steps on the VR Bound (Li and Turner,
2016) w.r.t. the means of our Gaussian components (see Section 5.1). We then want to
compare the performances of the RGD approach (that can be derived from Li and Turner,
2016) to the novel MG approach we have introduced in our work.

Implementation details. The covariance matrices of the mixture components are fixed
and equal to 02I4 with 02 =1, a = 0.2, J € {10,50}, d = 16, M = 200, the total number of
iterations IV is equal to 100, ©1 is generated by sampling from a centered normal distribution
with covariance matrix 10I4, Ay = [1/J,...,1/J] and for all time n = 1... N, K, = 0,
Nn = 0. and 7y, = v with v € {0.1,0.5,1.}. The experiments are replicated independently 30
times and the convergence of the RGD and of the MG approaches is monitored for the three
multimodal examples (i), (ii) and (iii) by computing a Monte Carlo estimator of the VR
Bound (since we have sampled M samples from ¢, at time n, these samples can readily be
used to obtain an estimate the VR Bound with no additional computational cost).
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Figure 1: Monte Carlo estimate of the VR Bound for the RGD and the MG approaches
(fixed mixture weights) when considering each of the target distributions (i), (ii) and (iii).

Our results are plotted on Figure 1, where RGD-IS-n(v) and MG-IS-n(v) denote the
algorithms originating from the RGD and MG approaches (the IS-n and IS-unif samplers are
equivalent here), and error bounds plots can be found in Figures 5 and 6 of Appendix D. As
minimising ¥, is equivalent to maximising the VR Bound when « € (0,1), our theoretical
results predict a systematic increase in the VR Bound for the algorithms considered. This is
what we observe in Figure 1 and we also see that the choice of v plays the role of a learning
rate our algorithms: while increasing v mostly improves the speed of convergence, it may
deteriorate the performances if chosen too large, such as when J = 50 with the target (iii).

Furthermore, MG-IS-n(7y) leads to better performances in all but one case compared to
RDG-IS-n(v). This renders the MG-IS-n(~) algorithm more suitable overall for capturing
the multimodality of the various multimodal targets p we considered, a fact that is further
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J =10 J =250
vy=01 =05 =10 =01 =05 =10
(i) RGD-IS-n(y) -0.081 -0.076 -0.218 -1.640 -1.673  -1.560
MG-IS-n(vy) -3.702 -1.875 -2.711 -2.760 -2.771 -2.788

(i) RGD-IS-n(y) -0.211  -0.072 -0.015 -1.401 -1.437 -1.515
MG-IS-n(y) -2.581 -2.101 -1.742 -2.611 -2.328 -1.933

(iii) RGD-IS-n(y) -0.108  -0.008 -0.111  -1.652 -1.654 -1.634
MG-IS-n(y) -0.913 -1.489 -1.846 -2.036 -2.530 -0.717

Table 2: LogMSE averaged for the RGD and the MG approaches (fixed mixture weights)
when considering each of the target distributions (i), (ii) and (iii).

supported in Table 2, in which we compare the log of the Mean-Squared Error (logMSE)
returned by each algorithm. (The MSE is computed as the average of ||mapprox — Mirue||? over
30 independent runs of each algorithm, where |.|| stands for the Euclidean norm, mye =
Ep[Y] with P(A) = [, p(y)v(dy)/ [y p(y)v(dy) for all A € Y and where mapprox is the mean
of the optimised variational distribution, that is in our setting mapprox = Z}]:1 Aj,NTN )

Let us next pair up the means optimisation with mixture weights optimisation and
investigate the impact of the sequence (1,,),>1 on our algorithms.

8.1.2 CoMPARING THE RGD AND THE MG APPROACHES WITH 7, > 0.

So far, we have demonstrated the viability of our novel MG approach compared to the more
usual Rényi’s a-divergence-based RGD approach. Yet, we have not taken advantage of the
fact that we can perform mixture weights optimisation on top of means optimisation, which
is another novelty of our framework compared to traditional Variational Inference methods.

Implementation details. We work with the same implementation details as those described
in Section 8.1.1, except for the fact that we will now let n,, = n at time n and we will vary the
value of . In addition to the RGD-IS-n(y) and the MG-IS-n(+y) algorithms, we also include
the RGD-IS-unif(+y) and the MG-IS-unif(+) algorithms in our results (that is, the algorithms
resulting from pairing up the RGD and MG approaches with the IS-unif sampler).

The plots for the averaged Monte Carlo estimate of the VR Bound with n = 0.1 and
v = 0.5 are then available in Figure 2 (and similar plots for n € {0.05,0.5} are provided
in Figures 7 and 8 of Appendix D respectively). According to Figure 2, MG-IS-unif(0.5)
outperforms most of the time the other methods (this trend for MG-IS-unif(~y) is further
confirmed by looking at the logMSE in Table 3 of Appendix D, which includes the cases
~v € {0.1,1.} for completeness).

We also plot in Figure 3 the final mixture weights Ay obtained after one typical run
of MG-IS-unif(0.5) for n € {0.05,0.1,0.5} and J € {10,50} (and additional LogMSE re-
sults can be found in Table 4 of Appendix D). This is done in order to delve into how 7
impacts the variational density returned at the end of Algorithm 3 (MG-IS-unif(0.5) was cho-
sen among all four options since it enjoys good empirical performances according to Figure 2).
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Figure 2: Monte Carlo estimate of the VR Bound for the RGD and the MG approaches
(n = 0.1) when considering each of the target distributions (i), (ii) and (iii).

A key insight from Figure 3 is that optimising the mixture weights permits us to select
the components appearing in our mixture model according to their overall contribution in
constructing a good approximation of the targeted density.

On the one hand, we enable more flexibility in our variational approximation as we
optimise over a set of component parameters © with J > 1 instead of just one component
parameter 6 (J = 1). On the other hand, we avoid complexifying unecessarily the variational
distribution returned at the end of the optimisation procedure since we perform mixture
weights optimisation alongside components parameters optimisation. That way, we can
bypass the limitation of the case n = 0, which may use more components than needed
when approximating the targeted density (this is the case here since the targeted densities
considered have three modes at best while J = {10,50}).

However, there is a tradeoff to find between the simplicity of the variational density
that is returned and its accuracy at describing the targeted density, which is expressed via
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Figure 3: Final mixture weights Ay for one run of the MG-IS-unif(0.5) algorithm (varying
mixture weights) when considering each of the target distributions (i), (ii) and (iii).

the choice of the learning rate 7. Indeed, choosing 1 too large might lead to missing some
of the modes while having n too small may not discriminate quickly enough between the
components. Observe in particular that the number of components J too plays a role in
how fast the components selection process occurs, as for the same value of 7, this selection
process is slower as J increases.

8.2 Bayesian Logistic Regression

We consider the Bayesian Logistic Regression setting from Gershman et al. (2012). Namely,
the data 2 = {¢,x} is made of I binary class labels, ¢; € {—1,1}, and of L covariates for
each datapoint, «; € RL. The latent variable y = {w, B} consists of L regression coefficients
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Figure 4: Monte Carlo estimate of the VR Bound for the RGD and the MG approaches
when considering the Bayesian Logistic Regression on the Covertype data set.

w; € R, and a precision parameter 3 € R*. Furthermore, the following model is assumed

)

po(8) = Gamma(B;a,b), po(w|B) = N(w;0,8 1), plc; = 1|z, w) = !

1 + e—wlz;

where a = 1 and b = 0.01, so that p(y, 2) = po(8)po(w|B) [T, p(ci|xi, y). We now want
to demonstrate the practicability of our framework in a real data scenario. To this end,
we select the Covertype data set (581,012 data points and 54 features, available at https:
//www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/binary.html) and we compare
the RGD and the MG approaches for this choice of target density.

Implementation details. The covariance matrices of the mixture components are fixed
and equal to 0214 with 02 = 1, a = 0.2, J € {50,100}, d = 56, M = 200, the total number of
iterations IV is equal to 200, ©1 is generated by sampling from a centered normal distribution
with covariance matrix 514, Ay = [1/J,...,1/J] and for all timen =1...N, k, =0, n, =7,
Yn =7 where n € {0.1,0.5} and v € {0.05,0.1,0.2,0.3}. Computing p(y, Z) constitutes the
major computation bottleneck here since I = 581,012. To address this problem, p(y, 2)
is approximated according to Remark 3 with subsampled mini-batches of size 100. The
experiments are replicated independently 30 times and the convergence of the RGD and of
the MG approaches is monitored by computing a Monte Carlo estimator of the VR Bound.

Our results are plotted in Figure 4, in which we focus on RGD-IS-n(v) and MG-IS-unif(~)
(those two versions of Algorithm 3 are the most interesting to compare in this particular
setting since MG-IS-n(7) enjoys similar performances to RGD-IS-n() and RGD-IS-unif(~)
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underperforms, see Figure 9 of Appendix D for details). We observe that both algorithms
are able to learn in a real data scenario for a proper tuning of (7,7) and that selecting either
7 or 7 too small/large can deteriorate the performance (as per the learning rate behaviour
associated to those parameters). Furthermore, MG-IS-unif(y) can be tuned to outperform
RGD-IS-n(7), which confirms our previous empirical findings regarding the relevance of the
novel MG approach compared to the more traditional RGD one.

9. Conclusion

We introduced a novel methodology to build algorithms ensuring a monotonic decrease in
the a-divergence at each step. Our methodology enabled simultaneous updates for both
the weights and components parameters of a given mixture model, making it suitable for
capturing complex multimodal target densities. Our work also connected and improved on
different approaches: Gradient Descent for a-divergence minimisation, Power Descent and
an Integrated EM algorithm. By investigating variational families based on the exponential
family, we applied our framework to important classes of models such as Gaussian Mixture
Models and Student’s ¢t Mixture Models. Finally, we provided empirical evidence that our
methodology can be used to enhance the aformentioned existing algorithms.

To conclude, we state several directions to extend our work. Now that we have established
a systematic decrease for our iterative schemes, the next step could be to derive convergence
results and to compare them with those obtained using typical Gradient Descent schemes.
Based on Proposition 2, another direction is to generalise the monotonicity property from
Theorem 3 beyond the case « € [0,1). Lastly, much like it is already the case in traditional
Black-Box Variational Inference, we expect that fine-tuning our hyperparameters and
resorting to more advanced Monte Carlo methods in the estimation of the intractable
integrals appearing in our ideal algorithms will lead to further improved numerical results.
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Appendix A. Deferred Proofs and Results for Section 3

A.1 Quantifying the Improvement in one Step of Gradient Descent

Let T C R? be a convex set. Here, (-,-) is the standard inner product on R? and ||.|| is the
Euclidean norm.

Definition 3 A continuously differentiable function g defined on T is said to be 5-smooth
if for all 0,6’ € T,
IVg(0) — V(@) < Bllo 0] -
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Lemma 2 Let v € (0,1], let g be a B-smooth function defined on T. Then, for all 6 € T it
holds that

a(0) — g (9 - gw(e)) > ZIVaO)I

Proof By assumption on g, we have that for all §,6’ € T
p
(') — 9(0) = (Vg(0),6" = 0) < S 110 - 0.

In particular, setting 0’ = 6 — %Vg(&) yields

2
9(0) — g (e - ”ww)) > 2IV9(6)1* = 35V o)

5
> 2 (1-3) Ivao)l*.

Since 7 € (0, 1], we can deduce the desired result. [ |

A.2 Gradient Descent for a- / Rényi’s a-divergence Minimisation in Section 3

Let us first write the definition of the a-divergence (resp. of Rényi’s a-divergence) between
the two absolutely continuous probability measures K (6, -) and P

DuK(0.17) = [t [(B02) ] sl owian

DK (6| |P) = tog (| K(6.9)5(012)" "v(ay) )

b
ala—1)

Here, the Rényi divergence is defined following the convention from Cichocki and Amari
(2010), alternative definitions may use a different scaling factor.

A.2.1 GRADIENT DESCENT FOR a-DIVERGENCE MINIMISATION

As underlined in the introduction, minimising the a-divergence D, (Q||P) w.r.t ¢ is equivalent
to minimising W, (q; p) with p = p(-, Z) w.r.t ¢, where we have gotten rid of p(Z) in the opti-
misation problem as written in (2). Letting Q be of the form Q = {q:y — k(0,y) : 6 € T},
the traditional Variational Inference way to optimise W, (k(6,-);p) with p = p(-, Z) w.r.t
0 corresponds to performing Gradient Descent steps on 6 to construct a sequence (6,)n>1
that converges towards a local optimum of the function § — W, (k(0,-); p). This procedure
involves a well-chosen learning rate policy (ry,),>1 and sets:

en—i—l =0, — Tnv‘lloa(k('gn’ ');p) , n=1. (79)
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Under common differentiability assumptions,

(k0 i) = 9 ([ 1 "’(‘)(y’)y)) oy

/ae(fa< y))»
L Ct) Za

p(y)v(dy)
( )= )

v(dy)
=(6n,y)

:/ (O > <>1 « slogiing )
Y a-1 99 L0.4)=(ny)
so that (79) becomes
(@)
9n+1 — en o Tn/ ¥n (y) 610gk(07y) I/(dy) , n > 1.
vy a—l 99 105)=(0ny)

A.2.2 GRADIENT DESCENT FOR RENYI’S a-DIVERGENCE MINIMISATION
Considering yet again Q@ = {q:y — k(6,y) : 6 € T}, minimising Rényi’s a-divergence

1_1) log (/Y k(0, y)ap(y!@)l_%(dy))

DLW (K (6,)IP) = o

w.r.t § can be done by performing Gradient Descent steps on 6 to construct a sequence
(0r)n>1 that converges towards a local optimum of the function 6 D(AR)( K(0,-)||P). This
procedure involves a well-chosen learning rate policy (ry,),>1 and sets:

Ons1 = O0p —ry, VDAR(K(0,,)|[P), n>1. (80)

Under common differentiability assumptions and setting p = p(+, 2),

VDK (0, )12) = ¥ (g ot ( 0w 901 2)! vlan)) )

1 (fm u)"p(y. 2)' " w(dy))
a(a=1) [ k(6n,y)p(y, 2)' “v(dy)

3\ (y) dlog k(8
_ / gk(0,y) o(dy)
v - 1 90 10m)=0nw)
so that (80) becomes
v(a) 1
Oni1 =0y Tn/ ) Olog k(9. y) v(dy), n=>1.
v oa-— 1 9 1(0m)=0nw)

Appendix B. Deferred Proofs and Results for Section 4
B.1 Proof of Corollary 4

Proof of Corollary 4 Following the proof of Corollary 1, we obtain that (19) holds by using
the definition of ©,,1; combined with the fact that a € [0,1), D1 (K (8}, )| K(0jn+t1,-)) =0
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and \j, > 0forall j =1...J. (18) holds by Theorem 3 and we can thus apply Theorem 2. B

B.2 Extension of Lemma 1 to Mixture Models

Lemma 3 (Generalised maximisation approach for the mean-field family) Let
each component of the mizture be a member of the same mean-field variational family so that

k(0;,y) =TI, k(z)(9§€)7y(z)) with 0; = (9(1) H(L)) € T. Then, starting from ©1 € T

Jj e
and denoting ©, = (01,n,...0;,) with 0, = (0(1) .. G(L)) foralln>1andallj=1...J,

]7”’ ’ J?n

solving (25) yields the following update formulas: for alln >1 and all j=1...J,

KO (0O, y0)

o _ (@) ,
0} n1 = argmax /Y [«pj,n (y) + b],nk(Gn,y)] log (k ( Z)(eﬂ 40)

)V(dy), ¢=1...L.

B.3 Proof of Corollary 5

Proof of Corollary 5 Following the proof of Corollary 2, we will use that v;, € (0,1] and
that g, is a 8 ,-smooth function. Indeed, we can thus apply Lemma 2 and we obtain by defi-
nition of 6,41 in (26) that 0 = g;n(0jn) = gjn(0jns1) foralln > landall j = 1...J, which
in turn implies (19). In addition, (18) holds by Theorem 3, hence we can apply Theorem 2. B

B.4 Gradient Descent for a- / Rényi’s a-divergence Minimisation in Section 4

We obtain the desired results by adapting the reasoning from Appendix A.2 to the case

J
Q= {q:yHuA,@k(y)ZZ)\jk(ﬂj,y) : @GT‘]} ,
j=1

with A € Sy, meaning that we consider the a-divergence (resp. Rényi’s a-divergence)
between the two absolutely continuous probability measures 1y o K and P:

DalinaklP) = [~ (22880 1] i)

o5 ([ (nx0k()*p(s12)' v ).

1
D) (uy o K||P) = ala—1)

(we use the convention from Cichocki and Amari (2010) for Rényi’s a-divergence).

B.5 Monotonicity Property for the Power Descent
B.5.1 PRELIMINARY REMARKS
For convenience, we redefine in this section the function b, o for all € My(T) by

a—1
bual®) = [ 1O (M) via, oeT.
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Then, for all n > 0, the iteration u — Z, () is well-defined if we have
0 < pil|bpe + K| T7) < 00 (81)

Furthermore, Daudel et al. (2021) already established that one transition of the Power
Descent algorithm ensures a monotonic decrease in the a-divergence at each step for all
n € (0,1] and all k such that (o — 1)k > 0 under the assumption of Proposition 2, which
settles the case (iii). Finally, while we establish our results for (i) and (ii) in the general case
where p € M;(T), the particular case of mixture models follows immediately by choosing
as a weighted sum of dirac measures.

B.5.2 EXTENDING THE MONOTONICITY

Let (¢, 1) be a couple of probability measures where ¢ is dominated by p, which we denote
by ¢ < u. A first lower-bound for the difference ¥, (uk) — ¥4 (k) was derived in Daudel
et al. (2021) and was used to establish that the Power Descent algorithm diminishes W
for all n € (0,1]. We now prove a novel lower-bound for the difference ¥, (uk) — ¥, (Ck)
which will allow us to extend the monotonicity results from Daudel et al. (2021) beyond the
case 1 € (0,1] when o < 0. This result relies on the existence of an exponent o satisfying
condition (A2) below, which will later on be used to specify a range of values for 7 ensuring
that U, is decreasing after having applied one transition p — Z, (1)

(A2) We have o € R\ [0,1] and the function fu, : u > fa(u'/) is non-decreasing and concave
on Ryg.

Proposition 5 Assume (Al). Let o € R\ {1}, assume that ¢ satisfies (A2) and let K be
such that (o — 1)k > 0. Then, for all i, € My(T) such that p(|bya|) < 0o and ¢ =< p,

ol ™ {u[ba + I) = 1 (|bua + %99} < Waluk) — Va(Ck) (82)

where g is the density of ¢ wrt p, i.e. {(d0) = p(d@)g(0). Moreover, equality holds in (82) if
and only if ( = .

Proof First note that for all & € R\ {1}, we have by (A2) that f}, ,(u) = 0 for all
u > 0, and thus that sg(0) = sg(a — 1) where sg(v) =1 if v > 0 and —1 otherwise. Since
sg(fl(u)) = sgla — 1) = sg(x) for all u > 0, this implies that o' f’ (u) = |o| 7| f.(u)],
0~ 'x = |7 k| and finally that 071 (b,(0) + k) = |07 !|bua(0) + k| for all § € T, which will
be used later in the proof.

Write by definition of f, , in (A2) and ¢,

Wa(Ch) = /°ﬁx(C<;) po)v(dy)

LS5 o
Ll ) (S0
< 4

< [ fus f@””“”))mww@> (83)

p(y)
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where the last inequality follows from Jensen’s inequality applied to the convex function
u— u? (since o € R\ [0, 1]) and the fact that f, , is non-decreasing. Now set

_ k(0,y) (9(0)uk(y)\*
e [FM(dG) 1k(y) ( p(y) >
_ (@)N*
v < p(y) >
and note that
pk(y)\° kO, y) o000
ty = vy = < b ) (Lmao i te-1). (8
Since fa,o is concave, fo,o(uy) < fa,o(vy) + fo o(vy)(uy —vy). Combining with (83), we get
Val6h) < | ool p®)() (55)

< [ Saw)p)vidy) + | Flg(w) (= v)p(0)v(d)

Note that the first term of the rhs can be written as

_ PR
| faaw)p@(dy) = [ fo ( i )p<y> (dy) = Vo (uk) . (86)

Using now f;, ,(v,) = gflv;/g_lfu’y(v;/g) and (84), the second term of the rhs of (85) may
be expressed as

/Y £ o (0) (y — vy)p(y)v(dy)

) R ()
(M>g (/T u(dG)i(]f(’j))g%) - 1) p(y)v(dy)

= Q_I/TH(de) (/Y k(0,9) fn (lf((y?) V(dy)) 94(9)

- @‘I/Yuk(y) o (/;k(;‘l;)) v(dy)

= Q_l {M (bu,a -g°) — M(bu,a)}
= lol ™ {1 (|bpa + 519%) = p(bpa + 61D} + 07 KI(1 = u(g?))

where we have used that 071 (bua(6) + K) = |07 Y|bua() + k| for all # € T and that

o'k = |0 'k|. In addition, Jensen’s inequality applied to the convex function u ~ u?

implies that (g?) > 1 and thus

/Yfé,g(vy)(uy = vy)p(y)v(dy) < [o ™ {1 (1bua + Klg®) — mlbua + 51} - (87)
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Combining this inequality with (85) and (86) finishes the proof of the inequality. Further-
more, if the equality holds in (82), then the equality in Jensen’s inequality (87) shows that
g is constant p-a.e. so that ( = u, and the proof is completed. |

Remark 4 The proof of Proposition 5 relies on fl being of constant sign. Notice however
that the definition of the a-divergence in (1) is invariant with respect to the transformation
fa(w) = folu) + k(u—1) for any arbitrary constant k, that is fo can be equivalently replaced
by fo in (1). This aspect is in fact expressed through the constant k appearing in the update
formula, that we however need to assume to satisfy (o — 1)k = 0 in our proofs.

We now plan on setting ¢ = Z,(¢) in Proposition 5 and obtain that one iteration of
the Power Descent yields ¥, (Z,(1)k) < W, (uk). For this purpose and based on the upper
bound obtained in Proposition 5, we strengthen the condition (81) as follows to take into
account the exponent o

_n
0 < p(lbya + #|7=) < oo and p([bua + Kl9°) < pullbua + k)

_n
with g = —bmetrilZn ()
(Jbua+] T=5)

This leads to the following result.

Proposition 6 Assume (Al). Let o € R\ {1}, assume that ¢ satisfies (A2) and let k be
such that (a« —1)k > 0. Let p € Mq(T) be such that j1(|by.a|) < 0o and assume that 1 satisfies
(88). Then, the two following assertions hold.

(i) We have Vo (Zo(pn)k) < ¥oluk).
(ii) We have Vo (Zo(p)k) = Vo (uk) if and only if u = Zo ().

Proof We treat the case k = 0 in the proof below (the case k # 0 unfolds simi-
larly). We apply Proposition 5 with { = Z,(u) so that {(df) = u(df)g(f) with g =
Busa =) /1([byua| 7). Then,

Vo (Za(n)k) < Waluk) + o7 {1 (Ibualg®) = nllbual)} < Waluk), (89)

where the last inequality follows from condition (88). Let us now show (ii). The if part is
obvious. As for the only if part, Uy (Zo(pt)k) = Vo (pk) combined with (89) yields

Vo (Za(p)k) = Yo (uk) + ol {1 (1bu,alg®) — w(lbual)}

which is the case of equality in Proposition 5. Therefore, Z, (1) = p. [ ]

While Proposition 6 resembles (Daudel et al., 2021, Theorem 1) in its formulation and
in the properties on the iteration pu +— Z,(u) it establishes, it is important to note that the
proof techniques used, and thus the conditions on 7 obtained, are different. This brings us
to the proof of Proposition 2. The proof of this theorem requires intermediate results, which
are derived in Appendix B.5.3 alongside the proof of Proposition 2.
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B.5.3 PROOF OF PROPOSITION 2

For the sake of readability, we only treat the case x = 0 in the proofs below (the case x # 0
unfolds similarly). In Proposition 5, the difference ¥, ((k) — ¥, (k) is split into two terms

Vo (Ck) — aluk) = A, Q) + Lol ™ e (balg®) — p[bual)}

where g = d¢/du. Moreover, Proposition 5 states that A(u, () is always non-positive. It
turns out that the second term is minimal over all positive probability densities g when it is
proportional to |b, /(179 as we show in Lemma 4 below.

Lemma 4 Let o € R\ [0,1]. Then, for any positive probability density g w.r.t p, we have

9 > [ (el V9)] 77

with equality if and only if g \bﬂ,a|1/(1_9),

# ([by,0

Proof The function x — 272 is strictly convex for o € R\ [0,1]. Thus Jensen’s inequality
yields, for any positive probability density g w.r.t. u,

[bu.a(0)[ 079

1-p
plbualg®) = [ (o) ( ) 9(0) = [ (1buel V)]0 (00)

9(0)
which finishes the proof of the inequality. The next statement follows from the case of
equality in Jensen’s inequality: g must be proportional to |bu7a|1/ (1-e), |

The next lemma shows that this choice leads to a non-positive second term, thus implying
that Wo(Ck) < Wa(pk).

Lemma 5 Assume (Al). Let « € R\ {1} and assume that o satisfies (A2). Then n =
(1 —a)/(1 — o) satisfies (88) for any p € Mi(T) such that u(|bua|) < co.

Proof We apply (90) with g = 1 and get that

o

Then (88) can be readily checked with n = (1 —«a)/(1 — p). Set ¢ =n/(1 — «). Using that
1(|by,al) < oo when ¢ < 0 and (A1) for ¢ > 0, we obtain u(|by|?) > 0, which concludes
the proof. |

_ 1-o
VA=) |0 < p(Jbpal) < 00 (91)

While Lemma 5 seems to advocate for ¢ = d{/du to be proportional to |bu7a|1/(1_9),
notice that this choice of g might not be optimal to minimize ¥, (Ck) — ¥, (uk), as A(u, ()
also depends on g through (. In the next lemma, we thus propose another choice of the
tuning parameter 1, which also satisfies (88) for any pu € M;(T) such that p(|bya|) < oo.

Lemma 6 Assume (Al). Let o € R\ {1} and assume that o satisfies (A2). Let p € M;(T)
be such that pu(|by.q|) < co. Further assume that |p| > 1, then n = (o — 1) /0 satisfies (88).
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Proof Setting g o |b,.o|~!/2, we get

pllb,alg®) = nllbual =) u(lbual =47 = [u(lbpa

where the last inequality follows from Jensen’s inequality applied to the convex function
u+— u~? (since |p| > 1). Since p(|bya|) < 0o, the parameter n = (a — 1)/p satisfies (88).
Set ¢ = n/(1 — «). Using that p(|by«|) < oo when ¢ < 0 and (A1) for ¢ > 0, we obtain
1(|by.a?) > 0, which concludes the proof. [ |

72 < pllbpa

Lemma 5 and Lemma 6 allow us to define a range of values for n that decreases U, after
one transition of the Power Descent, under the assumption that p satisfies (A2). Now, in
order to prove Proposition 2 and given aw € R\ {1}, we need to check which values of p
satisfy the conditions expressed in (A2).

Proof of Proposition 2 The proof consists in verifying that we can apply Proposition 6,
that is, given @ € R\ {1}, we must find a range of constants ¢ which satisfy (A2). We then
use Lemma 5 or Lemma 6 to deduce that, for the provided constants 7, (88) holds.

(i) Assumption (A2) holds for all o < 0, with fq ,(u) = —log(u)/o. Moreover, by
definition of b, o, we get for all n > 1,

lbal) = [ k) 2 i) = [ ptpwtan) <o

Combining with Lemma 5 and Lemma 6, (88) holds for all € M;(T) and for any n € (0, 1].

(ii) Observing that for o ¢ {0, 1},

Faro(u) = 1) (ua/@ _ 1) :

ala—1

we get that (A2) holds for ¢ < « if @ < 0 Lemmas 5 and 6 provide the corresponding ranges
for n in Cases (i) and (ii). To finish the proof, we now show that for all ;1 € Mi(T), p(|bu.al)
is finite, so that Lemmas 5 and 6 can indeed be applied.

Since ufl(u) = afa(u) +1/(a — 1), we have, for all n > 1,

MWWD=L<ﬁ$Uﬁ<ﬁ%UP@W®) (92)
<Ioz/Y !

1k (y)
Ja ( )‘p y)v(dy) +
o) )P e
Using that W, (uk) > —oo (which is a consequence of (Al) and of Jensen’s inequality applied

to the convex function u — wuf,(1/u)), the r.h.s is finite if and only if ¥, (uk) is finite, which
is what we have assumed and thus the proof is finished.
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Appendix C. Deferred Proofs and Results of Section 6

We start with a useful lemma.

C.1 A Useful Lemma

The following lemma will be used for the proofs of Theorems 4 and 5 and Proposition 3.

Lemma 7 Let k) satisfy (B1). We have, for all ¢, ¢’ € IntEj,

kO (¢
log (M) > (S(y) = VA((), ' =), with equality if and only if (' = ¢, (93)
k(O) (</7 y) o ! !
0> /Y log (w K¢, y) v(dy) = (VA(Q) = VAC), (' = Q) - (94)
Proof Let (,(’ € IntEy. We have, since IntFE is convx,
k(o)(C/, y) / /
log (kw = (S(y), (" = )+ A(Q) — A(()

= <S(y)7 C/ - <>E + <VA(C/)1 < - </>E
1
+ -0 ([ =0 [vVawc+ -] at) (- ).

The inequality and the equality case of (93) then follow from the fact that the hessian
VVT A is positive definite in IntEy. Using (93) and (32), we further obtain the lower bound
displayed in (94) on the negated exclusive Kullback-Leibler divergence between the two
(absolutely continuous w.r.t. v) probability distributions with probability density functions
E©)(¢, ) and k() (¢', ) respectively. [ |

C.2 Proofs of Section 6.2

The following lemma will be useful.

Lemma 8 Let let p and g be functions measurable from (Y,Y) to the Borel sets of Ry such
that

0< /Y p(y) (1 + g(y))/ =) v(dy) < oo . (95)

Let a« € [0,1) and k: T x Y — Ry be a positive kernel density with respect to v. Let 0y € T
and | be a probability on T such that

inf k(907y)
veY pk(y)

>0. (96)

Then, setting

e(y) = k0o, y)* (f)l_a ,
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we have [ @ dv > 0 and the probability density function ¢ = ¢/ ([ ¢ dv) satisfies

/ ¢(y) g(y) v(dy) < oo (97)

Proof We have pk > 0 by assumption on k and p. Thus ¢ is well defined and [ ¢ dv > 0
as a consequence of p > 0 with the left-hand side of (95). We now check (97) in which ¢ can
equivalently be replaced by ¢. We have

| e
/@(y)g(y) v(dy) Z/k(%,y) <£€(Zj)> 9(y) v(dy)

< (f 10) 2 g /0= i)

by Jensen’s inequality and concavity of x +— 7% for a € [0,1). Hence we obtain (97) as a
consequence of (95) and (96). [ |

Proof of Theorem 4 Let (5 € O and b > 0. In the following, we denote by Co(¢) the
value of the integral in the argmax in (35). Using that ¢ is a probability density function
paired up with (32) and (34), we have
| o) + 2K o] vidy) = 1+b > 0.
[ [6) + 55 Go.0)] Swian) = [ @8 dv+bVAG) € B

By (93) in Lemma 7, for all (' # ¢ in O and all y € Y, we have

log <W> > (S(y) — VA((), ' = () -

k(¢ y)
Hence, combining with the three previous identities, we get that, for all ¢’ # ¢ in O,
ko) (¢
€)= al6) = [ [6t)-+ 0K o] o e ) wian
> </ 35 dv +bVAG) — (1+b) VAL, ¢ g>
Y E
= (1+b)(s" = VA, = Op , (98)

where we used the definition of s* in (36). Now, since VA is a C*°-diffeomorphism on IntE,
if s* belongs to VA(O) then there exists a unique ¢* € O such that VA((*) = s*. As a
result, plugging this into (98) and setting ¢’ = ¢*, we have that Cy(¢*) > Co(¢) for all ¢ # ¢*.
This shows that ¢* is the (unique) solution to the argmax problem (35).

We conclude this proof with the proof of the reciprocal implication. Suppose that the
argmax problem (35) has a solution ¢ € O so that, for all ¢ € O, Cp(¢’) — Co(¢) < 0. Using
(98), this would imply (s* — VA(¢"), ¢’ — ¢) <0 for all ¢ € O\ {¢}. Since O is an open set,
we can take (' = ( + € (s* — VA(()) with € > 0 small enough, which gives

(s* = VA((),s" —VA() <0.
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Now letting € | 0 and since VA is continuous, we get that s* — VA({) = 0 and thus that s*
belongs to VA(O). [ |

Proof of Corollary 6 First note that letting v be the d-dimensional Lebesgue measure
and setting S(y) = (y, —yy” /2), the condition (34) written in Theorem 4 takes the form

[ I ¢ly) dy < oo (%9)

Furthermore, setting v(0) = (X~ 'm, 271 with § = (m,X), we obtain that v(T) = R? x
Mo(d), which is the whole interior set IntEp, seen as an open set of £ = R? x RIx4,
Hence Theorem 4 applies and we can use the interpretation (38) of the equation (37) with

k(0*,y) = N(y; m*, £*) and k(0o,y) = N (y; mo, Xo), that is
[ 5w Nim Su(dy) = | S@rlvidy) (100)

where 9 is the mixture

1

5 b ,
Y(y) = m@(y) + mN(yvmo,Zo) , YEY.

Using now that S(y) = (v, —yy?’ /2), (100) is equivalent to saying that the distributions on
both sides of this equation have the same mean and covariance matrix. Since the left-hand
side distribution is a Gaussian distribution, we directly obtain that the solution of (100)
is given by 6* = (m*,¥*) with m* and ¥* being the mean and covariance matrix of the
random variable Y with density .

Observe that these mean and covariance matrix are well-defined due to the condition (99).
This means that we only have to check that the covariance matrix is positive definite in
order to have a solution in T = R? x M~q(d). If b > 0, then 1/(1 +b) < 1 and the fact
that 6 € T guaranties that the covariance matrix of Y is positive definite. If b = 0, then Y
has density ¢ and the non-degenerate condition on ¢ guaranties that the covariance is also
positive definite in this case. This concludes the proof. |

Proof of Corollary 7 Recall from (16) that (,DEC:L) (y) = k(0 n,y)(p(y)/pnk(y)) ~* with
k(6jn,y) > 0. Then Lemma 8 gives that

0< [ A+ 1Swle) ¢ w) vidy) < oo (101)

We can thus apply Theorem 4 with (o = v(0;,), O = v(T), b = bjn/ |y gogo;) dv and
» = tpﬁo;z/ fgogoil) dv, which satisfies (34). -

C.3 Proofs of Section 6.3

Proof of Proposition 3 Following the proof of Theorem 4 but with b = 0, we have using
(98) that: for all (', ¢ € IntFy,

(VAQ) - [[$pan¢ =¢) <g9(¢) =g < (VAC) - [ Spanc ~¢)
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Since VA is continuous in IntFy, we get that ¢(® is C' over IntEy and, for all ¢ € IntEj,
VgO) =VAQ - [ Spav.
Y

The Sp-smoothness condition follows from the mean value theorem applied to Vg(o) whose
Jacobian is VV7T A. [ ]

Proof of Corollary 8 The context is similar to the proof of Corollary 6 except that the
covariance matrix is known and thus the sufficient statistic reduces to S(y) = y and the
canonical parameter to v(f) = £710. The given expressions of h and A follow. Then we
have, for all ¢ € RY, VA(¢) = X¢. Applying Proposition 3, we get that

Vg©(¢) = 3¢ — /Y yE(y) dy .

This gives that ¢(© is Sy-smooth over R? with By equal to the maximal eigenvalue of ¥ and
leads to the gradient step

CZCO—;O<EC0—/Y?J¢(?J) dy) :

Multiplying on both sides by ¥ leads to the gradient-based update (46).
We now derive (47). Using that g = ¢{®) o v, we get that Vg(8) = £~ V¢ (2~10) and
thus

voo) == (6= [y o) -

We obtain that ¢ is B-smooth over R% with 3 equal to the maximal eigenvalue of ¥ =1, which
leads to the gradient update (47). [ |

C.4 Proofs of Section 6.4
C.4.1 PROOFS OF PRELIMINARY RESULTS

It will be convenient to use the shorthand notation: for all (¢,y,£{) € ZxY x F,

ke(0,y) =k (0(€),y)

A k (&y
feo(t) = S50

where k¢ denotes the mapping y — [ ke(€,y) 7(dl).
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Proof of Proposition 4 We have, for all 79,7 € M, £),£ € F and y € Y, using the
definitions above and that of D, ,,,

log ]{?ﬁ(y) _ 10g/z ( kﬁ(& y) > Eﬁoﬂ'o (E, y) T(dg)

Toke, (Y) keo (4, )

_ ]{25(6, y) b
= 10g/z (kfo 4, y) Dr.r (@) keo,ro (4, y) o(dl)

> [ T () log ( helly) fy <£>> mo(df)

kfo (& y)

where we used the concavity of the log function and the fact that 15507T0(~, y) is a probability
density function with respect to 9. Let & = T (¢) and & = Y (Yy) and set § = (¢, 7) and
0o = (Y0, 70), so that, by Definition 2, we have Tke(y) = k(1) (60,y) and mokg, (y) = k1 (6o, y).
Applying the previous bound and integrating w.r.t. ¢(y)v(dy) thus yields

(0, y)
/<P 0g< 0y, )>V(dy)

> /Y ( /Z o(t,y)log ( :i(é,?;)) Dm(ﬁ)) To(d£)> v(dy), (102)

where we used that @(y)lz:go,m (4,y) = ¢(¢,y) as a consequence of (52). We conclude by
noting that (50), (51) and (102) imply (49). [ |

Proof of Corollary 9 Suppose that Y(J) belongs to the argmax (54), and let us show
that (51) holds. Note that the objective function in the argmax is zero for £ = &y and thus
must be non-negative for £ = Y(1J) in the argmax. Note also that the left-hand side of (51)
is the sum of this objective function at £ = Y(¢J) with the term

_/Y (/z bo(£) ke, (€, y) log (W) To(d€)> v(dy), (103)

and it only remains to show that this term is also non-negative. To conclude, we observe
that, for 7p-a.e. £ € Z, Condition (ii) of Definition 1 implies that ke, (¢, -) and kv g)(¢, -) are
probability densities, so that

kv ) (4,y)
_/kao(gv y) log (W) v(dy) 20

and thus, by being non-negative,

l
- ( | ol ke .9)10g (W) u(dy)) ro(df) >0

Using that log, (z) < « for all = > 0, the positive part inside this double integral is at most
bo(€) ky(v)(£,y), whose integral w.r.t. v(dy)7o(df) is [ by d7o < oo by assumption. Therefore,
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the same inequality holds when reversing the order of integration in the previous display.
We get that the expression in (103) is non-negative, which concludes the proof. |

The following lemma is used to illustrate (C1).

Lemma 9 Consider an ELM family satisfying (C1). Then, for all ¥ € T, 7€M and 7-a.e.
0, Lo (T) is an open subset included in IntEy.

Proof In (C1), the linear operator ¢ € Z being full rank implies that the image of an open
set is an open subset of E. Indeed, take F/ C F a linear supplementary space of the kernel
of £. Then £ is a bijective linear mapping from F’ to E and thus, for any open set O
included in F, £(O) = L((ONF') = £;p/(ONF') is an open subset of E since ON F" is an open
subset of F' and /|p is bicontinuous. Hence (C1) implies that £ o T(T) is an open subset of
E for all 7 € M and 7-almost all ¢ € Z, which, by Assumption (ii) from Definition 2, must
be included in IntEj. [ ]

We conclude with the following lemma, which relates Assumption (C4) to a kind of identifia-
bility property.

Lemma 10 Consider an ELM family and let Py . denote the probability of (Y, L) defined
on'Y x Z as above. Then (C4) is equivalent to have that for all (9,7), (¥, 7") € T x M,
Py =Py if and only if Y(¥) = Y(V') and 7 = 7.

Proof Let (9,7),(¥,7') € T x M. Note that Y() = T(¢') and 7 = 7’ is always sufficient
to have Py » = Py . Also, since 7 is the marginal over Z of Py . and E© (oY (9),-) is
the conditional density of Y given L = ¢ with respect to v, it is clear that Py ; = Py -/ is
equivalent to have 7 = 7/ and

kO (oY (9),y) = kLo Y(9),y) for v-ae. yand r-ae. £. (104)

By (B1), which is assumed for an ELM family in Definition 2, for all {,¢’ € Ey, we have
k(¢ y) = k(¢ y) for v-a.e. y if and only if ¢ = ¢’. By (ii) in Definition 2, we have
(oY (9) € Eyforall 9 € T, 7 € M and 7-a.e. £. Thus, for all (9,9,7) € T2 x M, Eq. (104)
is equivalent to have

(o) =LoX(W¥) forT-ae. (. (105)

Hence, to prove the result, we only need to show that (C4) is equivalent to have that, for all
(0,9, 7) € T2 x M, Eq. (105) implies Y(9) = Y(¢'). In fact (C4) exactly says that for all
9,9 € T, T(9) # T(¢) implies the opposite of (105). [ |

C.4.2 PROOF OF THEOREM 5

The proof of Theorem 5 relies on a general proposition (Proposition 7) and two technical
lemmas (Lemmas 11 and 12). The following definition will be useful to state the proposition.

Definition 4 (Directional continuity) Let g be defined on an open subset O of the Eu-
clidean space F' and valued in a topological space. Let &€ € O and x € F such that ||z|/, = 1.
We say that g is continuous at £ in direction x if ltijg g€ +tx) =g(§).
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Proposition 7 Consider an ELM family as in Definition 2 and Y satisfying (C1). Let ¢
be a probability density function w.r.t. v. Let g € M and ¢ : Z XY — Ry be measurable
function such that

e Wl 15l vidy)r(ad) < oo (106)
/ZW) HW(g)HF To(df) < oo forall € € Y(T), (107)

where we set (€, y) and $(£) as in (52) and (59). Define wy, : Y(T) = F as in (60). Let
be R, and & in Y(T) and set w* as in (63). Then the reciprocal set

= ={eer(® : wi(©) =w"}

is included in the set of solutions of the argmax problem

(0)
gz / ( [ [ete + e KO (U60). )] 1og (W) To<cw>> v(dy) . (108)

Moreover the two following assertions hold.

(i) If WTVO is continuous on Y(T) in every direction, the opposite inclusion is true, namely,
the solution set of the argmax problem (108) is included in =*.

(ii) If we have, for all € # & € Y(T),

/ B(0) 70(d0) > 0, (109)
{¢eZ : 1(e—€)#0}

V(€&) is one-to-one on Y(T) and thus =* is either a singleton or empty.

70

then & — w

Proof In this proof, we take b > 0 and & € Y(T), and we denote the integral defining the
objective function in the argmax problem (108) by C(&).

A first remark is that, by (106), [ ¢(¢,y) €T o S(y) v(dy)ro(dl) is well-defined in F and
wy (€) in (60) is well-defined in F for all £ € T(T) as a consequence of (107). In particular
we get that w* in (63) is well-defined in F' (but does not necessarily belong to wy, o T(T)).

Next we show that the objective function C(€) is well defined and finite for all & € Y(T)
and that Fubini’s theorem applies (so that the double integral in (108) can be computed in
the opposite order or as a single integral over Y x Z w.r.t. the product measure v ® 7p). To
this end, we show successively that

(o)
et |iog (’““‘f)y)) v(dy)ro(dt) < oo | (110)

k) (¢(€0), y)

e KO(U(E) )
/YXZSO(K) K (0(&0), ) log,. <k:(")(l%€o),y)> v(dy)7o(df) < oo, (111)
(0)
o< [0 ( [ K@) ) tog (W) v(dy)) @) <0, (112

/Y _ORO(E&).) p(dy)ro(de) < oo . (113)

7a2Y
~
<
~
N—————

k) (¢(
log (k(o) ((60), )
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Let us now show that (110) holds. Let ¢ € Z such that £ o Y(T) C IntEp, which by
Condition (ii) and (C1), is true for mp-a.e. ¢ € Z. Applying (93) in Lemma 7 with
(¢, ) = (£(&),£(8)) as well as (¢, ') = (£(€),£(&)) and using the definition of ¢7 in (55)
and that of £V in (56), we get that

k(). y)

(€70 S(y) —£7(€),§ — &), <log <k<o><fz(§o) V)

) < <4T 0 S(y) — €Y (&), & — €0>F :
It follows that, for all &,& € Y(T),
KO(0(6), )
‘log (k(o) ((%0), )
Using HzT o S(y)HF < HeTHOp 1SW) g = €010, 1S @)l 5, (106) and (107), we obtain (110).

To show (111), we use the bound log, () < x for all z > 0 so that the left-hand side
of (111) is upper-bounded by [, $(£) k(O (£(€),y) v(dy)mo(dl) = [, §(£) To(dl) = 1.

Next, to show (112), we observe that, as a consequence of (94), (55) and (56), we have
k(0E), y)
k(©) (6(‘50)7 y)

< (7o 5]+ max(e” @]

¥ @ )) e =Golle - (114)

0> /Y KO (L(€), y) log ( ) v(dy) = (£¥ (&) — €7 (). €~ ),

> — [V (60) = ¥ @), IE — €oll -

Hence, using (107), we get (112).
Finally, Tonelli’s theorem gives us that the same positive part as in (111) has a finite
integral when integrating in the same order as in (112), so that (111) and (112) imply (113).
We now prove the inclusion of Z* in the set of argmax solutions. Since Fubini’s theorem
applies in the definition of the objective function, we can write, for all £,& € Y(T),

EO(UE), )
k©(£(8), y)

Using (93) in Lemma 7 this time with ¢ = ¢(¢) and ¢’ = ¢(¢’), we obtain that

CE)-C©) > [ [p(ly) +bHORI€Uc0), )] (70 S(w) = 7€), € ), w(dy)mo(dD).

YXxZ

c€)—c) = [ [elt.y)+ba(0) K (U&0).v)] 10g< ) v(dy)ro(de) .

Using (106), (107) to integrate in any convenient order, we have
[ et (T a8@) = 7€), € ~¢), vidy)m(dd)
YXZ
([ e(t) o S(y) vidy)m(@e) - w(E). € ~€)
YXZ E

where we have used the definition of wy in (60), and

| o0k E&).p) (TS~ F(€).€ ~ &) v(dy)m(d)
YXZ
= (WY (&) — wh(€),6 — €)

P
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where we have used once again the definition of WTVO in (60) as well as the expression of VA
given in (32). Plugging these two equalities in the previous inequality, we finally get that,
for all £,&" € T(T),

CEh—-c) = </ o(C,y) 17 0 S(y) v(dy)To(dl) — (1+b) wy (&) + bwy (%), & — £>
YxZ E
= (1+1b) <w* —wY (), ¢ — §>E , (115)

Hence any &' € Z* must be a a solution of the argmax (108).

Let us now prove Assertion (i). We use again (115) this time with ¢ in the set of the
argmax solutions and ¢ in the neighborhood of ¢ (remember that Y (T) is assumed to be

open) such that & — ¢ =€ (w* —wy (§)) with € > 0 small enough. We obtain that

(W = wR (), w" =W (), <0

E

The assumption that WTZ is continuous at £ in direction (W* — WTVO ({)) gives us that w* =

WTV0 (£), that is, £ € E* and the opposite inclusion is shown.
We conclude with the proof of Assertion (ii). By (60), for all £,& € T(T), we can write

WO = wh(E) = [ 20 (7€) - 7)) nldo)

Since V A has a positive definite Jacobian on the convex set IntFEjy, we have, for all { # (' €

IntEo, (VA(C) = VA((),¢ = (g
Letting £ #¢ € Y(T) and ¢ € Z be such that ¢(£),4(¢') € IntEy and £(§ — &) # 0, we
can apply the previous inequality with ¢ = £(§) and ¢’ = £(£’) leading to
v _ pNV (¢t =
(V©) = V(€) 6 =¢) >0
Combining this result with the condition (109) gives us that for all £ # ¢’ € T(T)
(wh(&) —wh(€), &) >0

V' is one-to-one and the proof is concluded. |

In particular, wp

Let dr denote the dimension of F' and let us now introduce and prove two key lemmas.

Lemma 11 Let ¢ € Y(T) and let x € F be such that ||z||p, = 1. Let us denote, for any
e >0,

Br(&e)={eF : [|E-¢llp<e}
Dy(&e)={¢+tex : 0<t <1} .

Let £ € Z be such that £ o Y(T) C IntEy. Then the two following assertions hold.
(i) For any 0 < e < € < € such that D,(€,€") C Y(T), we have

sup  |Aol(&) — Ao l(§)] < e max (HBV )HF (f—i—e':n)“F) : (116)

§'€Dx(85e)
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(ii) For any e > 0 such that Br (£,2 (1 + v/dr)€) C Y(T), we have, for all ¢y € (0, ¢,

/eeOHZToS(?J)HF sup k‘(o)(f(fl),y) v(dy) < 2dp max (esﬁHZV(E’)HF) ., (117)
Y £'€Dx(&,60) §EAL(6)

where € = (1 +2v/dp) € and Ay ((€) is a set of 2(dp + 1) points in By(&,2 (1 + /dF) €)
only depending on &, x and €.

Proof We prove Assertions (i) and (ii) successively.
Proof of Assertion (i) Let 0 < € < € < ¢’ be such that D, (&, €”) C Y(T). First note that
t— Ao l(§ + tx) has its first and second derivative on ¢ € [0, €] given respectively by

hiits (VAo l(E+ta) b))y = (T (€+ta)a)
ho st ([VVT Ao l(g + 1) U(a), €(x)>E
Since VVT A is positive definite on IntEy, hy is non-negative, thus h; is monotonous
on [0,€] and its maximal absolute value is obtained at ¢ = 0 or ¢ = €, meaning that
|h1(t)| < max(|h1(0)[, |h1(€")]) for all ¢ € [0, €']. Therefore, the bound in (116) follows from
the mean value theorem combined with the fact that: for all ¢ € [0,¢'] and £ € D, (,¢),
@] < [V €+ )| lele = [V + ),

1€ =&l < ellzllp <e
since ||z||p = 1 by assumption.
Proof of Assertion (ii) Take 0 < ¢y < € such that B;(£,2 (14 /dr)e€) C T(T), let €, be

as stated and set € = (1+ 2v/dp)e. Let z1,...,24, be an orthonormal basis of F' so that,
for any w € E, we have

dp ) 1/2
ol = (Sl a, ) (e (7.0,
= max <w,€(s \/@mk»E , (118)

\S

where, here and in the following, maxy, s is the maximum over s € {£1} and k =1...dp.
By definition of k(°) in Definition 1, we also have: for all & € D, (€, €),

el 7SWe g (p(7), ) = h(y) el SWr+SWLEN 5 A0UE)

) eollE7SW| o HSWLE ~€) 5+ (5w () 5= Aot(E)

Now using that

(S). A€ =)l = ({70 5,6 —&) | < e oS,
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(since ||z]| =1 and & € D,(&, €y)) paired up with (118), we can deduce that

eSOl kO (0(¢1), ) < ly) ol SWI SO Ao
< n%ax h(y) exp (<S(y), UE+2s/drep xk)>E —Ao E(f’))
< max b (6(¢l) y) el A€ =4t (119)
)8 ’

where 5;’7,6 = ¢+ 2s+/dp € x. Note that we took € small enough so that for all s, k,

Dy(&,€ +€)UDsy, (€, +€) C Bp (5,2(14—\/%) 6) CY(T

& and f;’?k are in Dy (&, €0) and Dy, (£,2v/drep), respectively. Using (116) of Assertion (i)
twice with € < € < €’ successively replaced by 2v/dpey < € <2 (14 V/dp)e and ¢ < € <
2 (1++/dp) e, we get that

’AOE( g,k) Aol(¢

<[Aoe(ely) - Aoue)|+A0e(e) - Aou(e)
<2\ﬁeomaX(H€V H
+eomax ([ .|
<660§7x(€),

where the last line follows by setting

(E+ € smy, H )
€+¢a),)

Ce(0) _max{HW (€+€a) .

c 2’ €{0, 2, sap}, withs € {£1}, k= 1...dp} .
Combining this inequality with (119) then yields : for all &’ € D, (&, €),
eol|¢To 0 €
7Sl kO (0(€'), ) < 0 o) max k0 ><e<s;'k> y)
< 666 C{ x Z kj O)
Observe that the right-hand side of the previous display does not depend on & and that the

summands in the sum (which has 2dp terms) all have integrals equal w.r.t. v equal to 1.
The bound (117) follows and Assertion (ii) is proved. [ |

Lemma 12 Consider an ELM family as in Definition 2. Assume (C1) and (C3). Let 9y € T,
70 € M and ¢ : Y — Ry be a density function such that

/ B(y) 900 p(dy) < oo . (120)
Y

Define o(L,y), (€) and wy, as in (52), (59) and (60). Then for all § € Y(T) and z € F
such that |||z = 1, there exists eg > 0 such that

L leesw)], s (K90e).) 60 vayman <so.  (121)
x F ¢reDa(g.co)
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Moreowver, WTV(J 18 continuous on T(T) in every direction, and, for all 9 € T, it holds that

wy, 0 T(0) = By [LT 0 S(Y) B(L)] - (122)

70

Proof Let ¢ € Z is such that £ o Y (T) C IntEp, ¢ € Y(T) and x € F such that ||z = 1.
Then for € > 0 small enough, we have B, (£,2 (1 + v/dr) €) C T(T), and for all ¢ € (0, €],

/ee()HZToS(y)HF sup (k_(o)(g(gl)’y)> V(dy) < 2dF Z ee{)HZV(f’)Hp ,
Y

§'€Dgz(,€0) geA

where we used Assertion (ii) of Lemma 11 with ¢ = (1 + 2v/dr) €, ¢y = (1 + 2V/dF) €y and
A is a set of 2(dp + 1) points in B;(&,2 (1 +v/dp) €) only depending on £, z and e. Since

HKT ° S(Z/)HF < %eEOHETOS(y)HF’ we get that:

Geal®)= [ |7 o 5w, s (HOe(€)) vidy

<290 5~ Tl
€0
e

In particular by (C1), with Lemma 9, this bounds hold for mo-almost all £ € Z. By (C3), since
A is a finite set only depending on &, z and € and satisfying A C B,(£,2 (1 4+ v/dp) €) C T(T),
there exist ex, Ca > 0 only depending on &, x and € such that, for all £ € A,

Eﬂoﬂ'o [GEA”LV@/)HF ‘ Y} < CA egﬁo’TO(Y) Pﬂo,m — a.s.

Since A has cardinal 2(dr + 1), taking €y € (0, €] small enough to have €, < e, this gives us
that

4CAdp(dp + 1)6%0770(}/)

9¢,e0 (Y) = Eyo,m [G§1EO (L) | Y] < .

Pyy.r — a.s.

Now observing that the ratio in (52) is the conditional density of L applied to ¢ given Y =y
under Py, -, and that the marginal distribution of Py, -, on Y is equivalent to v, we obtain
that

| Geaw® e () = [ Geal0) p(t:0) 0l

= / e eo v(dy)

g 4CA dF(dF+1) / egﬂo’TO(y)
€0 Y

$(y) v(dy) ,

Hence, using condition (120), we deduce that

/ Ge oo 0) To(dl) < oo,
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which is exactly the claimed bound (121). This bound gives in particular that

& | oSy KU, y) 4(0) v(dy)mo(dl)
is well-defined in F for ¢’ € D, (&, €y), and continuous at £ in direction z. Moreover, the Fubini
theorem applies so that (i) integrating first with respect to y and (ii) using the expression of
VA given in (32), we obtain that this mapping is in fact & — wy (¢’). This being true for all
¢ € Y(T) and = € F such that ||z|| = 1, we get the last claim by observing that, by (57), the
expectation in (122) is another way to express the same integral in the case where £ = YT (). B

We can now prove Theorem 5.

Proof of Theorem 5 We use Proposition 7 with ¢(¢,y) given by (52). We first prove
that Conditions (106) and (107) hold in this setting, under the assumptions of Theorem 5.

We use again that the ratio in (52) is the conditional density of L applied to ¢ given
Y = y under Py, -,, and that the marginal Py, -, on Y is equivalent to the dominating
measure v. Hence we can write the integral in (106) as

| #@) 1515 9w) vidy) with 9(¥) = g, (Ll | Y] -

By (C2) and (58), we obtain Condition (106). Similarly the integral in (107) reads, for all

£ (T),
/Y Bgly) v(dy) with g(Y) =Eg, [ |27, | Y] -

Clearly, for this g, (C3) gives that, for some ¢,C > 0 g(y) < Ce™ ! 00 for v-a.e. vy,
and (58) implies (107).

We can thus apply Proposition 7 and to conclude, we only need to check that the
conditions of Assertions (i) and (ii) of Proposition 7 also applies, that is, we need to show
that w) is continuous on T(T) in every direction and that (109) holds for all £ # & € Y(T).
The continuity of wy, follows from Lemma 12 since (120) holds by (58) (and we obtain in
passing (61), which is exactly (122)). Finally, Condition (109) follows from (C4), since in
the setting of Theorem 5, ¢(¢) > 0 for all £ € Z. [ |

C.4.3 ProorF orF COROLLARY 10

The proof of Corollary 10 relies on some preliminary results. We first show in Proposition 8
below that Theorem 5 applies to a general mixture of Gaussian distributions (which notably
includes the Student’s ¢ distribution family considered in Example 5).

Proposition 8 Let M be a class of probability distributions on (0,00) and suppose that for
all 79 € M, there exists ¢y > 0 such that

/ 6% 7o(dz) < 0o . (123)
0
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Let d > 1 and define for any 9 = (m, %) € T = R? x Ms(d)

v

k(9,y) = /OOON (y; m, 2_12) To(dz) , (124)

seen as a kernel density with respect to v being the Lebesque measure on R%. Then the
following assertions hold.

(i) Let kY be ELM family given by Definition 2 with F = E = R x R4 Ey =T =
Rd X M>0(d); T(ma E) = (Eilmv 271);

O & y) =N (y;m, D) for all € = YT(9) with ¥ = (m, %) , (125)

and M the class of all push-forward probabilities 7y of 79 € M through the mapping
z + zId defined from (0,00) to L(E), where Id is the identity operator on E. Then, M
is a class of distributions on positive scalar operators on E and, for all 9 = (m,X) € T,
we have k(9,y) = kO ((9,70),y).

(ii) Setting, for all y € RY and 99 = (mg, Xo) € T,

1 -
400 (y) = 5 (¥ —m0) 35 (y = mo) , (126)
g# (u,v) = / z%e "% fy(dz) for allu > —1 and v > —¢p (127)
0

this ELM family satisfies (C1)—(C4) with

) g;.o(d/2+ 1,(]190(
1m T =
1907 0 (y) g7v_0 (d/27 q'[90 (y)

N —og ((97(/2:90(y) — €0)
sﬁo,m@)_lg( S ) (129)

(iii) Theorem 5 applies for any 6y = (99, 70) € T x M and any probability density function
¢ : R4 — R satisfying

L) (19l + 1912) 590 0) + 500) () < o0, (130)

1)/» : (128)

in which case the argmax problem (62) has a unique solution & = Y (9*) with ¥* =
(m*,X*) given by

. Eam [Z 17}

m* = ————=, 131
Ego,7 [Z} ( )
S =Ry, [Z ??T} _ Footo [Z ﬂ Booiy [Z ?]T (132)
o IE190,7:0 [Z] ’
where, under Py, z,, Z has density with respect to 79 given by
(6 = [ e (133)
ple)= [ ply Y
Y 9% (d/27 4y, (y))
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and the conditional distribution of Y given Z = z has density

Yyl 2]

1 2%2e729900) 3(y) b
— AT N (y;mo, 27 13) . 134
b g @ an) o 1o e ) 15y

Proof We prove the claimed assertions successively.

Proof of Assertion (i) The spaces F = E = R? x R¥? are endowed with the usual inner
product

((z,M),(z/, M), =a"a' +Tr (MTM’) :

We have IntEy = Eg = T = R x Ms(d), and set, for all y € R%, S(y) = (y, —ny/Q)
and, for all (z,M) € IntEy, A(z, M) = 1 (xTM_lsc —log|M|>. In this setting, (7 = ¢,
¢ =||¢|l,, Id for To-almost all £ € Z, and ||L||,, has distribution % for L ~ 7. Then, for all
¥ = (m,¥) € T and 7g-almost all £ € Z, we have £o Y (m,¥) = Y(m, ¥/ 14][op)- Consequently,
for all 9 € T, y € R% and 7p-almost all £ € Z, we have
1 1/2 (|1~ 1) ~1
(0) (= —1 —(y=m)" ([lellop 2)~H (y—m)/2
Ko 1)) = (5 [l s]) e :
=N (yim. 1o, %) - (135)

Thus the obtained ELM family k(M) of Definition 2 satisfies k(9 y) = kM ((9, ), y) for all
¥v=(m,X)eT.

Proof of Assertion (ii) Assumption (Cl) is obvious in the above setting. We then check
(C4), (C2) and (C3), successively. For all £ # ¢ € T(T) and 19 € M, we easily see that

({tez : Us-¢)=0}) =7({0}) =0,

and (C4) follows. To check (C2), we compute, for all 99 = (mg, Xo) and 79 € M,

© N (Y;mg,z71%0) .
Boor [1Llhy | ] = [ 2 S0 5

_ 2P ez 00 y(de)
[ 24/2e7%990(Y) 3 (dz)

where we successively used (57) with (135) and (126). Hence (C2) follows from (127) and (128).
Let us now check (C3). Straightforward computations yield, for all £ = (z, M) € T(T) and
To-almost all £ € Z,
VAo l(€) = (M~ a, (M ea™ M~ + |65y M7)/2)
Vi) — -1 1. Tpr—1 -1
¢ (5) - (ngop M €T, _(ngop M~ xa™ M + M )/2)
HW(@HF <+ [Cllop) [[(M e, M~ 22 M 4 M*l)HF .
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It follows, that, for all 9y = (mg, o) € T, 790 € M, € = (x, M) € T(T) and € > 0,
1 [ee ”LV(f)HF ‘ Y} <Oy P |:ec2€||L||op Y} Py, 7, — a.s.

7 (d/2, g9, (y) — Cae)
-0 1 (90( 0 ) Py . —as.
L8\ T g /2,40, ) Poro T 85

where C1,Cy > 0 only depend on £. Hence, since we assumed (123), the definition of gz,
in (127) holds for all v > —ep, and (C3) holds with 8y, -, as in (129) by taking € < €/Cs.

Proof of Assertion (iii) From the previous assertion, we can apply Theorem 5 and use
(66) to solve the argmax problem (62) for a density ¢ with respect to the Lebesgue measure

on R? satisfying (58), which, since S(y) = (y, —ny/2) and

1 1/2
ISl = (P + Te™s™) =0 (loll + 1wl .

is equivalent to (130). Let us compute both sides of the equation (66) which characterizes
the solution £* = Y (9*). The left-hand side of (66) reads

Eg+ 2, {LT o S(Y)] =Ky 7 [ZS(Y)] ,

where Z = ||L||,, has density with respect to 7 given by (133). The right-hand side of (66)
reads

Eg 7 |[LT 0 S(V)| = By 5, [2S(V)]

where Z is the same as above and the conditional distribution of Y given Z = z has density
given by (134). Finally, the solution £* = Y (¥*) is given by the equation

By 7, [Z S(Y)] = Egy 7, |2 S(V)] (136)
and this equation leads to the solutions (131) and (132). Indeed, note that
Eg+ 5 [Y|Z] =m* and Eg 7 [YYT|Z] = m*(m*)" = $*/Z (137)

Applying the first identity in (137), then the tower property and the identity (136) applied
to the first component of S(Y) = (Y, -YY7T/2),

_ Eg*ﬁ—o [Zm*] _ E,ﬁ*’f—o [ZY} _ IE1907‘7'0 {ZY/} _ IEﬂoﬁo [ZY/]
E'ﬂ*fo [Z] ]Eﬂ*ﬁ'o [Z] ]Eﬂ*ﬁ'o [Z] ]Eﬂo,?o [Z]

*

where the last equality follows from the fact that under Py« 7, or Py, 7,, Z has the density ¢
with respect to 7y. Similarly, using the second equality in (137), then the tower property
and the identity (136) applied to the second component of S(Y) = (Y, -YY7/2)

5" = By [Z(57/2)] = Eoe 1 [2Y Y] = Ege 5, [Z]m* (m*)"
= Eoon |2V V7| = Bge 5 [2]m" (m)"

This proves (131) and (132).
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Remark 5 The probability density function (124) is called an elliptical distribution. In
particular if 7o is the x? distribution with ag degrees of freedom, then it is the density of the
Student’s t distribution with parameter (m, %, ag). In this case we have

(a0/2)a0/21“(a0/2 + u)
ag/2 + v)®/2+uT(ag/2) ’

97 (uv U) - (

and My, -, and Sy, -, in (128) and (129) read, for any €y € (0,ap/2],

a0/2+d/2
ao/2 + qv, (y)

S000(4) = (a0/2 + d/2) o

=0(),

00/2"’_%90(3/) _
ao/2 — €0 + Qﬁo(y)> =0,

so that Condition (130) boils down to [, ¢(y)|ly|* v(dy) < oco.

ﬁlﬁo,m (y) =

The following lemma is used in Example 5.

Lemma 13 Define, for all x € (0, 00),
w(z) = log(x) + T'(2)/T(x) -
Then k is increasing and bijective from (0,00) to R.

Proof This result follows from the fact that the digamma function x — I'(x)/T'(x) is
increasing from (0, c0) to R. |

Proof of Corollary 10 We apply Theorem 2 in the setting of Example 5. Condition (18)
holds by Theorem 3 and the update (i) in Example 5.

The remainder of the proof consists in proving Condition (19) for given n > 1 and j =
1,...,J. We apply Proposition 8, whose Assertion (i) with Remark 5 provides an ELM family
k™ such that, for any ¥ = (m, %) € R% x Msq(d) and a > 0, k(9,y) in (124) with F = 7,
given by (73) is kKW ((9,70),y) but also k(#,y) in Example 5 for # = (m, X, a). We will use
Proposition 4 to this ELM family with ¢ = gbﬁl), 0 = (9, 7) defined with ¥ = (m; 41, Xjnt1)
and 7 the measure on obtained by pushing forward 7,,,,, through the mapping z —
zId and 0y = (Yo, 79) defined similarly but using the parameters (m;y,¥;n,aj,). Then
conclusion (49) of Proposition 4 is exactly Condition (19) with & as in Example 5. Hence, to
conclude the proof we only need to show that Proposition 4 applies in this setting. Namely,
we need to prove (50) and (51), which respectively read

0 d7,,
. A5 n+1 v >
/ ( | fratzn) 1og (d <z>) Taj,n<dz>> dy >0, (138)

k(€0 T (), y)
/ ( [ @in(l6l 1) log ( e ﬁo)’y)> Taj,n@w)) dy>0,  (139)
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where ; ,, is defined by (71) and k(°) is the Gaussian canonical kernel defined by (125). We
thus conclude with the proof of these two conditions in the opposite order.
Proof of (139) Assertion (ii) of Proposition 8 with Remark 5 gives that the ELM family

k(M) satisfies (C1)-(C4) with tig, ,, and 8y, such that Condition (130) boils down to

[ &) |lyl|* dv < oo. This latter condition is satisfied with ¢ = go( n) as a consequence

of (67) by using Lemma 8. Therefore Condition (130) holds and Assertlon (iii) of Propo-
sition 8 provides the solution of the argmax problem (62). A careful comparison of (131)
and (132) with (68) and (69) tells us that 9 = (m;n+1, 2 n+1) is the unique argmax of (62).
Applying Corollary 9 in this setting finally gives us (139).

Proof of (138) Since the left-hand side of (138) is zero for a = a; 5, it suffices to show that
ajn+1 in (70) satisfies

Ajnt1 = argmax/ (/ vin(z,y) log <d(%7v— (z)> %am(dz)> dy . (140)

a€(0,00) Tajn

By (73), we have, for all z > 0,

dr, a Ajn
log<d7v_am(z)> 2log(2>+logf<2>+<2— g)(logz—z)+0j7n,

where Cj, is a positive constant not depending on a. The derivative of z — xlog (z)+log T (x)
is k as defined in Step (ii) of Example 5 and in Lemma 13. Is is easy to check that
J0ijn(z,9)7a;.,,(dz)dy = [ ¢(y)dy = 1. Thus (140) follows from (70) with Lemma 13 if we
can show that

L ([T o) Qrogl +2) ., (d2) ) dy < .
In fact, we will show that there exists € > 0 such that for all ¢t € (—e, 1],
o)
L[ e =, 02)) dy < oc. (141)
Yy \Jo ‘

which indeed implies the previous display. By definition of ¢;, in (71), we find that (141) is
implied by

“© ) (ajn+d) /2
I(t) := /Y /0 B ()22 @70 W) (1—'—0%}71(?/)) Fayn(d2) | dy < 00,

]7”

where we set q;,,(y) = 5(y — mj)T S0 (y — mj,). Since, as in Remark 5, for all t > —d/2,

/OO A2 =0 () 5, (dz) = (ajn/2)%"*T (ajn/2 +t + d/2)
0 o (ajn/2 + @jn(y) 9/ 2HH2 D (aj,/2)

we get that for all ¢ > —d/2, there exists C} () > 0 such that

]7”

1) = Chalt) [ #50w) (1 + ?qj,n@)) dy .
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Since g;n(y) is a quadratic form and we already checked that [ ; V(a) (y) (1 + [ly]|?) dv < oo
in the proof of (139), we finally find that I(t) < oo if t > —d/2 and t > —2, which concludes
the proof of (141).

Appendix D. Additional Numerical Experiments

In this section we provide further plots based on the numerical experiments from Section 8.

(i)

(iii)

VR bound

VR bound

VR bound

Figure 5:

and (iii).
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J =10 J =50
y=01 v=05 =10 v=01 =05 ~v=1.0

(i) RGD-IS-n(v) 0372 0510 0384  -0.616 -0.713  -0.778
MG-IS-n(~) 1.104  1.074 0387  1.135  -0.077  -0.060
RGD-IS-unif(y)  0.359 0469  0.458  -0.688 -0.670  -0.583
MG-IS-unif(y) ~ -0.200 -0.229 -0.515 -1.500 -1.462 -1.246

(i) RGD-ISm(y)  -0.025 -0.056 -0.087 -1.027  -0.997  -0.969
MG-IS-n(7) 0270 -0.126 0235  -0.269  -0.417  -0.487
RGD-IS-unif(y) -0.121  -0.111  0.052  -1.097 -0.966  -0.883
MG-IS-unif(y)  -1.120 -0.938 -0.957 -1.764 -1.889 -1.192

(ili) RGD-IS-n(v) 0329 -0.197 -0.238 -1.691 -1.612 -1.637
MG-IS-n(7) 1.101  0.758  0.524  0.181  -0.181  0.893
RGD-IS-unif(y) -0.370  -0.224  -0.212  -1.708  -1.627 -1.649
MG-IS-unif(y) ~ -1.211 -1.313 -1.083 -2.013 -1.882 -0.491

Table 3: LogMSE for the RGD and the MG approaches (n = 0.1) when considering each of
the target distributions (i), (ii) and (iii).

J =10 J =350
n=005 n=01 n=05 n=005 n=01 =05
(i) RGD-IS-n(v) 0.045 0.510 1.299 -1.355 -0.713  0.924
MG-IS-n(vy) 0.087 1.074 1.343 -1.205 -0.077 1.329

RGD-IS-unif(y)  -0.018 0.469 1.328 -1.385 -0.670 0.928
MG-IS-unif(y) -1.244 -0.229 1.100 -2.524 -1.462 0.309

(i) RGD-IS-n(v) 0.096 -0.056 0.522  -1.509  -0.997  0.542
MG-IS-n(7) 0.629 -0.126  0.100  -1.430  -0.417  0.348
RGD-IS-unif(y)  -0.195  -0.111 0489  -1.542  -0.966  0.529
MG-IS-unif(y)  -1.814 -0.938 -0.149 -1.711 -1.889 -0.282

(ili) RGD-IS-n(v) 0.091  -0.197 0.339  -1.596  -1.612  -0.282
MG-IS-n(7) 0772 0.758 1358  -0.878  -0.181  0.927
RGD-IS-unif(y)  -0.113  -0.224  0.322  -1.611  -1.627  -0.300
MG-IS-unif(y) ~ -1.608 -1.313 -0.253 -1.879 -1.882 -0.716

Table 4: LogMSE for the RGD and the MG approaches (7 = 0.5) when considering each of
the target distributions (i), (ii) and (iii).
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Figure 7: Monte Carlo estimate of the VR Bound for the RGD and the MG approaches
(n = 0.05) when considering each of the target distributions (i), (ii) and (iii).
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Figure 8: Monte Carlo estimate of the VR Bound for the RGD and the MG approaches
(n = 0.5) when considering each of the target distributions (i), (ii) and (iii).
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Figure 9: Monte Carlo estimate of the VR Bound for the RGD and the MG approaches
when considering the Bayesian Logistic Regression on the Covertype data set.
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