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INFINITE-DIMENSIONAL GRADIENT-BASED DESCENT
FOR ALPHA-DIVERGENCE MINIMISATION

By KAMELIA DAUDEL*, RANDAL Douc! AND FRANCOIS PORTIER*.

Télécom Paris* and Télécom SudParist

This paper introduces the (o, I')-descent, an iterative algorithm
which operates on measures and performs a-divergence minimisation
in a Bayesian framework. This gradient-based procedure extends the
commonly-used variational approximation by adding a prior on the
variational parameters in the form of a measure. We prove that for a
rich family of functions I', this algorithm leads at each step to a sys-
tematic decrease in the a-divergence and derive convergence results.
Our framework recovers the Entropic Mirror Descent algorithm and
provides an alternative algorithm that we call the Power Descent.
Moreover, in its stochastic formulation, the (o, I')-descent allows to
optimise the mixture weights of any given mixture model without
any information on the underlying distribution of the variational pa-
rameters. This renders our method compatible with many choices
of parameters updates and applicable to a wide range of Machine
Learning tasks. We demonstrate empirically on both toy and real-
world examples the benefit of using the Power descent and going
beyond the Entropic Mirror Descent framework, which fails as the
dimension grows.

1. Introduction. Bayesian statistics for complex models often induce
intractable and hard-to-compute posterior densities which need to be ap-
proximated. Variational methods such as Variational Inference (VI) [1, 2]
and Expectation Propagation (EP) [3, 4] consider this objective purely as an
optimisation problem (which is often non-convex). These approaches seek to
approximate the posterior density by a simpler variational density kg, char-
acterized by a set of variational parameters § € T, where T is the parameter
space. In these methods € is optimised such that it minimizes a certain ob-
jective function, typically the Kullback-Leibler divergence [5] between the
posterior and the variational density.

Modern Variational methods improved in three major directions [6, 7]
(i) Black-Box inference techniques [8, 9] and Hierarchical Variational Infer-
ence methods [10, 11] have been deployed, expanding the variational family
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and rendering Variational methods applicable to a wide range of models
(ii) Algorithms based on alternative families of divergences such as the -
divergence [12, 13] and Renyi’s a-divergence [14, 15] have been introduced
[16, 17, 18, 19, 20, 21, 22] to bypass practical issues linked to the Kullback-
Leibler divergence [4, 6, 23] (iii) Scalable methods relying on stochastic opti-
misation techniques [24, 25] have been developed to enable large-scale learn-
ing and have been applied to complex probabilistic models [23, 26, 27, 28].

In the spirit of Hierarchical Variational Inference, we offer in this paper
to enlarge the variational family by adding a prior on the variational density
ko and considering

o) = /T (A0 ko y)

which is a more general form compared to the one found in [11] where p is
parametrised by another parametric model. As for the objective function,
we work within the a-divergence family, which admits the forward Kullback-
Leibler and the reverse Kullback-Leibler as limiting cases. These divergences
belong to the f-divergence family [29, 30] and as such, they have convexity
properties so that the minimisation of the a-divergence between the targeted
posterior density and the variational density ¢ with respect to p can be seen
as a convex optimisation problem.

The paper is then organised as follows:

e In Section 2, we briefly review basic concepts around the a-divergence
family before recalling the basics of Variational methods and formulating
formally the optimisation problem we consider.

e In Section 3, we describe the Exact («,I')-descent, an iterative algo-
rithm that performs a-divergence minimisation by updating the measure
1. We establish in Theorem 1 sufficient conditions on I' for this algorithm
to lead at each step to a systematic decrease in the a-divergence. We then
investigate the convergence of the algorithm in Theorem 2, 3 and 4. Strik-
ingly, the Infinite-dimensional Entropic Mirror Descent [31, Appendix A] is
included in our framework and we obtain an O(1/N) convergence rate under
minimal assumptions, which improves on existing results and illustrates the
generality of our approach. We also introduce a novel algorithm called the
Power Descent, for which we prove convergence to an optimum and obtain
an O(1/N) convergence rate when a > 1.

e In Section 4, we define the Stochastic version of the Exact («, I')-descent
and apply it to the important case of mixture models [32, 33]. The resulting
general-purpose algorithm is Black-Box and does not require any informa-
tion on the underlying distribution of the variational parameters. This algo-
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rithm notably enjoys an O(1/v/N) convergence rate in the particular case of
the Entropic Mirror Descent if we know the stopping time of the algorithm
(Theorem 5).

¢ Finally, Section 5 is devoted to numerical experiments. We demonstrate
the benefit of using the Power Descent and thus of going beyond the En-
tropic Mirror Descent framework. We also compare our method to a compu-
tationally equivalent Adaptive Importance Sampling algorithm for Bayesian
Logistic Regression on a large dataset.

2. Formulation of the optimisation problem.

2.1. The a-divergence. Let (Y,Y,v) be a measured space, where v is a
o-finite measure on (Y,)). Let Q and P be two probability measures on
(Y,)) that are absolutely continuous with respect to v i.e. Q < v, P < v.
Let us denote by ¢ = i;g and p = % the Radon-Nikodym derivatives of Q

and P with respect to v.

DEFINITION 1. Let a € R\ {0,1}. The a-divergence and the Kullback-
Leibler (KL) divergence between Q and P are respectively defined by :

pa(@P) = [ 5 [(22) - 1| swtan.

Dis(QIP) = [ 1o (%;) 4)(dy)

wherever they are well-defined (and otherwise we write +00).

As limy—0 Do (Q||P) = Dir(P||Q) and limy—1 Do (Q||P) = Dirn(Q||P)
(see for example [15]), the definition of the a-divergence can be extended to
0 and 1 by continuity and we will use the notation Do(Q||P) = D (P||Q)
and D1(Q||P) = Dk1,(Q||P) throughout the paper. Letting f, be the convex
function on (0, +00) defined by fo(u) = u—1—log(u), fi(u) = 1 —u+ulog(u)
and fo(u) = ﬁ [u* =1 —a(u—1)] for all @ € R\ {0,1}, we have that
for all a € R,

M) Da@P) = [ £ (q“’)) py)v(dy)

p(y)

Written under that form, the r.h.s of (1) corresponds to the general definition
of the a-divergence, that is ¢ and p do not need to be normalised in (1) in
order to define a divergence. We next remind the reader of a few more results
about the a-divergence and we refer to [15, 34, 35, 36] for more details on
the a-divergence family.
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PROPOSITION 2. The a-divergence is always non-negative and it is equal
to zero if and only if Q = P. Furthermore, it is jointly convexr in Q and P
and for all a € R, D, (Q||P) = D1_4(P||Q).

Special cases of the a-divergence family include the Hellinger distance
[37, 38] and the y2-divergence [20] which correspond respectively to order
a=0.5and a = 2.

2.2. Variational Inference within the a-divergence family. Assume that
we have access to some observed variables 2 generated from a probabilistic
model p(Z2|y) parameterised by a hidden random variable y € Y that is
drawn from a certain prior py(y). Bayesian inference involves being able to
compute or sample from the posterior density of the latent variable y given

the data Z:
_p®,2) _ poy)p(Zly)

7))  p2)

where p(2) = [, po(y)p(2|y)v(dy) is called the marginal likelihood or model
evidence. For many useful models the posterior density is intractable due to
the normalisation constant p(Z). One example of such a model is Bayesian
Logistic Regression for binary classification.

p(y|2)

ExAMPLE 1 (Bayesian Logistic Regression). We use the same setting as
in [39]. We observe the data 9 = {c,x} which is made of I binary class
labels, ¢; € {—1,1}, and of L covariates for each datapoint, x; € RL. The
hidden variables y = {w, B} consist of L regression coefficients w; € R, and
a precision parameter 3 € RT. We assume the following model

po(B) = Gamma(B;a,b) ,
po(wy|B) = N(w;0,871), 1<I<L,
1

plei = 1|@;, w) = PR

1<i<I,

where a and b are hyperparameters (shape and inverse scale, respectively)
that we assume to be fized. We thus have p(y, Z) = po(y) H{le(ci\:ci,y)
with po(y) = H{;lpo(wlm)po(ﬁ) and as the sigmoid does not admit a con-
jJugate exponential prior, p(2) is intractable in this model.

One way to bypass this problem is to introduce a variational density ¢ in
some tractable density family Q and to find ¢* such that

q* = arginfquDoz(@HP) 5
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where P and Q denote the probability measures on (Y,))) with correspond-
ing associated density p(-|Z) and ¢. This optimisation problem still involves
the (unknown) normalisation constant p(Z) however it can easily be trans-
formed into the following equivalent optimisation problem

q" = arginf cg /Y fa <p(q;}/)@)> p(y, Z)v(dy) ,
which does not involve the marginal likelihood p(2) anymore (see for exam-
ple [6] and [19, 20]). The core of Variational Inference methods then consists
in designing approximating families @ which allow efficient optimisation and
which are able to capture complicated structure inside the posterior density.
Typically, ¢ belongs to a parametric family ¢ = kg where 6 is in a certain
parametric space T, that is the minimisation occurs over the set of densities

{y|—>k9(y) : HET}.

In this paper, we offer to perform instead a minimization over

{yH/Tu(dH)k‘e(y) SIS M} :

where M is a convenient subset of M;(T), the set of probability measures on
T (and in this case, we equip T with a o-field denoted by 7). In doing so,
we extend the minimizing set to a larger space since a parameter 6 can be
identified with its associated Dirac measure dy. Similarly, a mixture model
composed of {f1,...,0;} € T/ will correspond to taking x as a weighted
sum of Dirac measures.

More formally, let us consider a measurable space (T,7). Let p be a
measurable positive function on (Y,Y) and 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.
Moreover, for all p € M (T), for ally € Y, we denote pk(y) = [ u(d0)k(6,y)
and we define

) Volp) = | fo (’“"“”) py)w(dy)

p(y)

Note that p, k and v appear as well in U, (u) i.e Yo () = Vo (u;p, q,v), but
we drop them for notational ease and when no ambiguity occurs. Notice also
that we replaced kg(y) by k(0,y) to comply with usual kernel notation. We
consider in what follows the general optimisation problem

(3) arginf,epWa (i) ,
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and in practice, we will choose p(y) = p(y, 2).

At this stage, a first remark is that the convexity of W, is straightforward
from the convexity of f,. Therefore, a simple yet powerful consequence of en-
larging the variational family is that the optimisation problem now involves
the conver mapping

i U (p) = /Yfa (%) p(y)v(dy)

whereas the initial optimisation problem was associated to the mapping

0 [ fa (’;9((5))) p(y)v(dy), which is not necessarily convex.

We now move on to Section 3, where we describe the («,I")-descent and
state our main theoretical results.

3. The (a,TI')-descent.

3.1. An iterative algorithm for optimising ¥,. Throughout the paper we
will assume the following conditions on k, p and v.

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

Under (Al), we immediately obtain a lower bound on ¥,,.

LEMMA 3. Suppose that (A1) holds. Then, for all p € M1(T), we have
w0 > fo ([ popvian) > -,

where fo, is defined on (0,00) by fo(u) = ufo(l/u).

PROOF. Since fu(u) = ufq(1/u), we have

van) = [ o (W) uk(y)(dy)

1k (y)
Recalling that fa and hence f;, is convex on R+, Jensen’s inequality applied
to fo yields Wq(p) = fo (fy p(y)v(dy)) > —oo. O

REMARK 4. Assumption (Al) can be extended by discarding the assump-
tion that p(y) is positive for ally € Y. As it complicates the expression of the
constant appearing in the bound without increasing dramatically the degree
of generality of the results, we chose to maintain this assumption for the
sake of simplicity.
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Thus, if there exists a sequence of probability measures {u, : n € N*}
on (T,7) such that W, (u1) < oo and ¥, (pu,) is non-increasing with n,
Lemma 3 guarantees that this sequence converges to a limit in R. We now
focus on constructing such a sequence {p, : n € N*}.

For this purpose, let € M;(T). We introduce the one-step transition
of the (a, T')-descent which can be described as an expectation step and an
iteration step:

Algorithm 1: FEzact (o, T')-descent one-step transition

1. Expectation step : b,,q(0) = /Yk(G,y)fé (%) v(dy)

(#(d0) - (b0 (0) + %)
(L (byu,a + K))

2. Tteration step : Zo(p)(d0) =

Given a certain k € R, a certain function I' which takes its values in Rsq
and an initial measure 1 € My(T) such that W, (u1) < oo, the iterative
sequence of probability measures (i, )nen+ is then defined by setting

(4) pn+1 = Za(pin) n € N*.

A first remark is that under (Al) and for all @ € R\ {1}, b, is well-
defined. As for the case o = 1, we will assume in the rest of the paper that
by,1(0) is finite for all 4 € My(T) and 6 € T. The iteration p — Zo(p) is
thus well-defined if moreover we have

(5) p(I(bpa + K)) <00

A second remark is that we recover the Infinite-Dimensional Entropic Mir-
ror Descent algorithm applied to the Kullback-Leibler (and more generally
to the a-divergence) objective function by choosing I' of the form

Lv)=¢e"".

We refer to [31, Appendix A] for some theoretical background on the Infinite-
Dimensional Entropic Mirror Descent. In this light, b, o can be understood
as the gradient of W,. Algorithm 1 then consists in applying a transform
function I" to the gradient b, , and projecting back onto the space of prob-
ability measures.

In the rest of the section, we investigate some core properties of the afore-
mentioned sequence of probability measures (fin)nens. We start by estab-
lishing conditions on (I, k) such that the (a,I")-descent diminishes W, (p,)
at each iteration for all p; € M;(T) satisfying ¥, (1) < oo.
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3.2. Monotonicity. To establish that the (o, I')-descent diminishes W, (1)
at each iteration, we first derive a general lower-bound for the difference
U, (1) — Vo (C). Here, (¢, ) is a couple of probability measures where ( is
dominated by g which we denote by ¢ < u. This first result involves the
following useful quantity

_ [, 0 (9O uk(y)\
© A [ vtay) [ w@oro.)s (p(y) )[1 4(0)] .

where g is the density of ¢ w.r.t p, i.e. ((d0) = p(d€)g(0).

LEMMA 5. Assume (Al). Then, for all pu,{ € Mi(T) such that ¢ < p
and ¥, (u) < oo, we have

(7) Ao < Vo () = Va(C) -
Moreover, equality holds in (7) if and only if ¢ = p.

Proor. To prove (7), we introduce the intermediate function

[, p(dO)k(0,y) . (9(0)uk(y)
ha(Gon) = [ oty [ HEDRE  (HORER)

Then, the convexity of f, combined with Jensen’s inequality implies that

J7 u(do)k(o, y)g(9)>
p(y)

®  halcn = [

Y

v(dy)p(y) fo < = V,(C) .

Next, set ug,, = g(egé‘yk;(y) and v, = “p k(éy)) Since the function f, is convex, we

have that for all € T, for ally € Y, fo(vy) = faluay) + fli(ugy)(vy —ug,y),
that is

© fo (0] > g (DR o g (LAY R g,

p(y) p(y) p(y) p(y)

Now integrating over T with respect to %@(?’y) and then integrating over

Y with respect to p(y)v(dy) in (9) yields

(10) ‘I’a(ﬂ) 2 hOé(C7 M) + Aa

Combining this result with (8) gives (7). The case of equality is obtained
using the strict convexity of f, in (8) and (9) which shows that g is constant
p-a.e. so that ¢ = p. O
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We now plan on setting ( = Z,(¢) in Lemma 5 and obtain that one
iteration of the (a,T')-descent yields ¥, o Z,(u) < U,(u). Based on the
lower-bound obtained in Lemma 5, a sufficient condition is to prove that
taking g o« I'(byo + k) in (6) implies A, > 0. For this purpose, let us
denote by Dom,, an interval of R such that for all 8 € T, for all u € M;(T),
bua(0)+k and p(byqo)+~ € Dom, and let us make an assumption on (I, k).

(A2) The function I' : Dom, — R+ is decreasing, continuously differentiable
and satisfies the inequality

[(a=1)(v—k)+1] (logT)(v) +1 >0, v € Dom,, .
We now state our first main theorem.

THEOREM 1. Assume (Al) and (A2). Let p € Mi(T) be such that (5)
holds and ¥, () < co. Then, the two following assertions hold.

(i) We have Wy, 0Ly (1) < VUol(p).
(ii) We have W, 0 Lo (1) = Vo u) if and only if i = Zo(p).

Proor. To prove (i), we set g o I'(by,o + ) in (6) and we will show that
A, = 0. Then, the proof is concluded by setting { = Z, () in Lemma 5 as

(11) U, OIOc(:U’) < \Ija(ﬂ) —An < ‘ljoz(u) .

We study the cases & =1 and o € R\ {1} separately.

(a) Case a = 1. In this case fi(u) = logu and we have

_ [, o g(0)pk(y)
A= [ vtay [ u(de>k<e,y>1g<( )[1 )

=/YV(dy)/Tu(d9)k(9,y) [logg )+ fi (S)} —9(9)]
= [ w0 [lso0) + [ k0.0051 (D) an] 1 - 0

_ /T 1(d0) [log g(8) + b1 (8) + K] [1 — g(0)] -

where we used that p[s(1 — ¢)] = 0 in the last equality. Setting I'(v) =
T'(v)/u(T(by1 + &) for all v € Domy, we have g = o (b, 1 + k). Let us thus
consider the probability space (T,7,u) and let V' be the random variable
V(0) = b,1(0) + k. Then, E[1 — T(V)] = 0 and we can write

Ay =E[(logT(V) + V)(1 =T(V))] = Cov(logT'(V) + V,1 — T(V)) .
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Under (A2) with a = 1, v + logT'(v) + v and v + 1 — ['(v) are increasing
on Dom; which implies A; > 0.
(b) Case a € R\ {1}. In this case f/(u) = —2<[u®"! — 1] and we have
1

_ 9(O)uk(y) "™
Ao = [ vt [utanmion 2 |( ) —1] 1 g(6)
1

= [ vt [ wanme.n <W) g0 1 g(0)

a—1

._
jary
|

@

—
>

N—

= [ uta) o)+ | 01
T a—1
Again, setting T'(v) = '(v) /(D (b + &) for all v € Dom,, we have g =
T o (bya + ). Let us consider the probability space (T, 7T, x) and let V be
the random variable V () = b, o(#) + k. Then, we have E[1 —T'(V)] = 0 and
setting &’ = k — —15 we can write

Ay =E[(V — kDL (V)1 = T(V))] = Cov((V — kT HV), 1 = T(V)) .

Under (A2) with a € R\ {1}, v = (v — &/)[*"1(v) and v — 1 — I'(v) are
increasing on Dom,, which implies A, > 0.

Let us now show (ii). The if part is obvious. As for the only if part,
U, 0Zy(p) = Wy(n) combined with (11) yields

Vo oZo(p) = Va(u) — Aa
which is the case of equality in Lemma 5. Therefore, Z, (1) = p. O

Possible choices for (I', k). At this stage, we have established conditions
on (I', k) such that ¥, o0 Z,(u) < ¥u(u) and identified the case of equality.
Notice in particular that the inequality in (A2) is free from the parameter x
when « = 1, which implies that the function I'(v) = e~ satisfies (A2) for
all n € (0,1]. As a consequence, the case of the Entropic Mirror Descent with
the forward Kullback-Leibler divergence as objective function is included in
this framework.

One can also readily check that I'(v) = [(a — 1) v+ 1]/ (1= satisfies (A2)
for all @ € R\ {1}, for all s such that (o« — 1)x > 0 and for all n € (0, 1].
We will refer to this particular choice of I' as the Power Descent thereafter.
These two examples are summarized in Table 1 below.
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TABLE 1
Ezamples of allowed (I', k) in the (a,I")-descent according to Theorem 1.

Divergence considered Possible choices for (T, k)

Forward KL (o = 1) I'(v)=e"",n¢€(0,1] any K
n

a-diwvergence with « € R\ {1} | T'(v) =[(a —1)v+1]T==,n € (0,1] | (a—1)x =0

Improving upon Lemma 5. In the following Lemma, we derive an
explicit lower-bound for W, (1) — Wq 0Zy(p) in terms of the variance of b, 4.
Let us thus consider the probability space (T, 7, i) and denote by Var, the
associated variance operator.

LEMMA 6. Assume (Al) and (A2). Let p € M1(T) be such that (5) holds
and ¥, () < oo. Then,

La
(12) St Vary (bua) < Wa() = Yoo Ta(k) |

where

Lo := inf —1D(v— 1] (log ")’ 1 inf —I"(v).
= dnt {lla=1)@=m)+1(0gT)(0) +1} x _inf —I'(0)

The proof of Lemma 6 builds on the proof of Theorem 1 and can be found
in Appendix A.1.

Lemma 6 can be interpreted in the following way: provided that L, 1 > 0,
(12) states that the case of equality is reached if and only if the variance of
the gradient b, , equals zero. Such a result, which holds for any transform
function T satisfying (A2), quantifies the improvement after one step of the
(cr, T')-descent.

Interestingly, monotonicity properties akin to Lemma 6 have previously
been derived under stronger smoothness assumptions in the context of Pro-
jected Gradient Descent steps. For example, in the particular case where the
objective function f is assumed to be S-smooth on R, for all u € R it holds
(see for example [40, Equation 3.5]) that

1
B

This result is then used to obtain improved convergence rates for the Pro-
jected Gradient Descent algorithm. Consequently, we are next interested
in proving a rate of convergence for the Exact (a,I')-descent by leveraging
Lemma 6.

1
LIVI@I < ) - £ (u - Vf<u>) |
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3.3. Convergence. Let pu; € My(T). We want to study the limiting be-
havior of the Exact («,I")-descent for the iterative sequence of probability
measure (f,)nen+ defined by (4). To do so, we first introduce the two fol-
lowing useful quantities

-1 . 1 .
Lyo= vebnofma(—log '(v) and Lys= veg})f;na ['(v) .

We define My, (T) as the set of probability measures dominated by f.
Next, we strengthen the assumptions on I' as follows.

(A3) The function I' : Dom, — Rs¢ is L-smooth and the function —logI" is
concave increasing.

We are now able to derive our second main result.

THEOREM 2. Assume (Al), (A2) and (A3). Further assume that Lq 1,
Lo > 0 and that 0 < inf,epom, ['(v) < sup,epom, I'(v) < 0o. Moreover, let
w1 € My (T) be such that ¥, (1) < oo. Then, the following assertions hold.

(i) The sequence (tn)nen+ defined by (4) is well-defined and the sequence
(Vo (tn))nen+ is non-increasing.
(ii) For all N € N*, we have

Loz,2

(13) \Ila(,U/N) - \Ila(lu’*) < N

La
KL(M*HM)—FL—L ’3A1] :

where p* 1s such that Wo (p*) = infeen, , (1) YalC) and where we have
defined Ay = Wq (1) — Wo(p*) and KL(p*||p) = [+1og (%) dp*.

The proof of Theorem 2, which as hinted previously brings into play
Lemma 6, is deferred to Appendix A.2. We now wish to comment on the
constants appearing in (13) and in particular the two constants K L(p*||p1)
and A; (since the remaining constants Ly 1, La 2, La,3 and L all involve the
function I', which has not been chosen yet in Theorem 2).

To do so, we consider in Example 2 the finite-dimensional case where p; is
a weighted sum of dirac measures. As we shall explain in more details later
on in Section 4, this case is of particular relevance to us as our procedure can
then be used to optimise the mixture weights of any given mixture model.

EXAMPLE 2 (Simplex Framework). Let J € N*, let (6y,...,0;) € T’

and let us consider p = J~! Z}'le d9;- Then, y* is of the form Z}'le A% o,

where (A}, ..., \}) belongs to the simplex of dimension J. Moreover, the two
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quantities K L(p*||p1) and Ay can easily be bounded in terms of J. Indeed,
using that logu < u—1 for all uw > 0 and that Z}]:l )\;2 < 1, we obtain that

J
KL(i*||pn) =Y Nilog Af + log J
j=1

<logJ .
As for A1, we have by convexity that

Ar < [Ml - M*] (bm,a)

and, using Pinsker’s inequality as well as the bound on K L(u*||u1) we have
established just above, we can deduce

A1 < ['ul - M*](b/u,a - E#l [bm,a])
< \/i\/ KL(:U*H/“) 1 max ‘bltl,a(gj) - buhawj’)’

<59'<J

< V2logJ max by, a(0;) = buya(f5)] -
1<7,5'<d

In the next Theorem, we state several practical examples of couples (I, k)
which satisfy the assumptions from Theorem 2.

THEOREM 3. Assume (Al). Define [blooa = SuPger yem, (1) [0p.a(0)]
and assume that [bloc o < 00. Let (I', k) belong to any of the following cases.

(i) Forward Kullback-Leibler divergence (o = 1): I'(v) = e, n € (0,1)

and K is any real number (Entropic Mirror Descent);
(7i) Reverse Kullback-Leibler (a = 0) and a-Divergence with o € R\{0, 1}:

(a) I'(v) =€, ne (0, m) and K is any real number (En-
tropic Mirror Descent);

(b)) T(v) = [(a—1)v + 1]%, n e (0,1, « > 1 and k > 0 (Power
Descent);

Let p1 € My(T) be such that W (p1) < co. Then, the sequence (pin)nen+ de-
fined by (4) is well-defined and the sequence (Vo (n))nen+ is non-increasing
with a convergence rate characterized by (13).

The proof of Theorem 3 can be found in Appendix A.3. In terms of as-
sumptions, we only require the gradients of the function ¥, to be bounded
in ls-norm, which is a standard assumption, and the objective function to
be finite at the starting measure p1, i.e Uy (p1) < oo, which again is a mild
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assumption that can even be discarded for all a # 0 (see Remark 17 of
Appendix D).

Let us now illustrate the benefits of our approach with an example where
the different constants appearing in (13) are bounded explicitly and where
we compare the convergence rate we obtain with typical Mirror Descent
convergence results from the optimisation literature.

EXAMPLE 3 (Simplex framework and forward Kullback-Leibler). Let
J € N*, let (0y,...,05) € T and let us consider p1 = J ! Z}I:l dg;- In ad-
dition, let « =1 and I'(v) = e™"" with v € Domy = [—|b|so,1 + K, |b]oc,1 + K]
and r € R. Then, we have L1 = (1 —n)neMleca=nr [y = n=1 [ 3=
eMbloc.atni gn g [, = p2enlbloc.a—ns

In the particular case of the Entropic Mirror Descent, the constant k does
not appear in the update formula (4) due to the normalisation, so we can
choose it however we want without impacting the convergence of the algo-
rithm. Notice then that by choosing k = —3|b|co,a and based on Ezxample 2,
we obtain the following convergence rate for all n € (0,1)

log J n V21og J|b|oc,a
nN (1I=mN

Wo(pn) — Wa(u*) <

Thus, in the particular case of Example 3, the dominant term in (13) with
respect to the dimension J of the simplex is in log J so that we achieve an
overall O(IOJ%,J) convergence rate. Furthermore, the range of possible values
for n is stated explicitly, since the result holds for all n € (0,1).

This is an improvement compared to standard Mirror Descent results,
which under similar assumptions only provide an O(1/v/N) convergence
rate and assume an O(1/v/N) learning rate (see [41] or [40, Theorem 4.2.]).
Indeed, Projected Gradient Descent and Entropic Mirror Descent typically
achieve an O(y/J/N) and O(y/log(J)/N) convergence rate respectively in
the Simplex framework. This means that Theorem 3 improves with respect to
both NV and J compared to Projected Gradient Descent and that it improves
with respect to NV for the Entropic Mirror Descent with a small cost in terms
of the dimension J of the simplex.

Moreover, while accelerated versions of the Mirror Descent (e.g Mirror
Prox, see [42] or [40, Theorem 4.4.]) also yield an O(1/N) convergence rate,
they require the objective function to be sufficiently smooth, an additional
assumption that we have bypassed when deriving our results.
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The case of the Power Descent for a < 1 is not included in Theorem 3.
This case is trickier and must be handled separately in order to obtain
the convergence of the algorithm. For this purpose, we first introduce the
following additive set of assumptions

(A4) (i) T is a compact metric space and T is the associated Borel o-field;

(ii) forally €Y, 6 — k(0,y) is continuous;

, a—1
(iii) we have ||, supget k(0,y) X supget (kz()g(yi/)) v(dy) < oo.

If v = 0, assume in addition that [{, supger ‘log <k]§?y§)) ‘p(y)u(dy) < 0.

Here, condition (A4)-(iii) implies that b, (#) and W, (p) are uniformly
bounded with respect to p and 6, which is rather weak condition under
(A4)-(i) since we consider a supremum taken over a compact set (and T will
always be chosen as such in practice). We then have the following theorem,
which states that the possible weak limits of (p,)nen+ correspond to the
global infimum of ¥,,.

THEOREM 4. Assume (Al) and (A4). Let « < 1, k < 0 and set T'(v) =
[(a—1)v+ 170~ for all v € Domg. Then, for all ¢ € My(T), any 1 >0
satisfies (5) and ¥4 (() < 0.

Let n € (0,1]. Further assume that there exists pi, p* € Mi(T) such that
the (well-defined) sequence (pn)nen+ defined by (4) weakly converges to u*
as n — 0o. Then the following assertions hold

(i) (¥o(tin))nens is non-increasing,
(ii) p* is a fized point of Ly,
(i) Wa(*) = infecr, , (1) Pa(C).

The proof of Theorem 4 is deferred to Appendix A.4. Intuitively, we ex-
pect p* to be a fixed point of Z,, based on Theorem 1. The core difficulty of
the proof is then to prove Assertion (iii) and to do so, we proceed by con-
tradiction: we assume there exists i € My, (T) such that ¥, (u*) > Vo (f)
and we contradict the fact that (uy),en+ converges to a fixed point.

The impact of Theorem 3 and Theorem 4 is twofold: not only our results
improve on the O(1/ V/'N) convergence rates previously established for Mirror
Descent algorithms but they also allow us to go beyond the typical Entropic
Mirror Descent framework by introducing the Power Descent.

Another interesting aspect is that the range of allowed values for the
learning rate 7 is given explicitly in some cases (namely, the Power Descent
and the Entropic Mirror Descent with the forward Kullback-Leibler). This is
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in contrast with usual Mirror Descent convergence results where the optimal
learning rate depends on |b|«,q, the Lipschitz constant of ¥, which might
be unknown in practice.

The results we obtained thus far are summarized in Table 2 below.

TABLE 2
Ezamples of allowed (', k) in the (a,T')-descent according to Theorem 3 and Theorem 4.

Divergence considered Possible choice of (T, k)
Forward KL (o = 1) IF'v)=e"",7€(0,1) any K
a-divergence with o € R\ {1} I(v) =e™ ", ne (0, m) any K

a>1, F(U):[(a—l)v—ﬁ-l}ﬁ,ne(o,l] k>0
a<l, F(v):[(a—l)v—&—l]ﬁ,ne(o,l] k<0

As Algorithm 1 typically involves an intractable integral in the Expecta-
tion step, we now turn to a Stochastic version of this algorithm.

4. Stochastic (a,TI')-descent. We start by introducing the notation
for the Stochastic version of Algorithm 1. Let M € N* and let p € My (T).
The Stochastic (a,I')-descent algorithm one-step transition is defined as
follows.

Algorithm 2: Stochastic (,T')-descent one-step transition

1. Sampling step : Draw independently Yi,..., Yy ~ uk

A M
2. Expectation step : by,a,m(0) = L k9, Ym)f(; (’L;lzg";))

M m=1 Mk(y’m)
3. Tteration step : Lo ar(p)(d0) = #(df) .I‘A(b”’a’M(a) +r)
(L (bys,ar + )

Let us now denote by (€2, F,P) the underlying probability space and by
E the associated expectation operator. Given ji; € M;(T), the Stochastic
version of the Exact iterative scheme defined by (4) is then given by

(14) /ln—i-l = Ia,M(/jL’n) ) n € N* )

where we have defined for all 6 € T and for all n > 1,

k(‘gaymm-i-l) / <ﬂnk(ym,n+1)>
ﬂnk(Ym,nJrl) “ p(Ym,n+1)

. 1 X
(15) bt () = 57 >

m=1
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with Yi i1, Yarntt iAd fink conditionally on F, and where F; = ()
and F, = c(Yi2,...,Ym2,..., Yim,...,Yun) for B > 2. Notice that we
use fink as a sampler instead of k(6,-) in (15). As our algorithm optimises
over u, sampling with respect to [i,k is not only cheaper computationally,
but it also gives preference to the interesting regions of the parameter space.

A first idea to study this algorithm is to adapt Theorem 2 to the Stochas-
tic case. This can be done for the Entropic Mirror Descent and a bound on
B[ (fin) — Wo(p*)] of the form O(1/N) + O(1/v/M) can be derived for a
wide range of constant learning rates 1 (see Appendix B.1 for the formal
statement of the result and its proof). Maintaining an O(1/N) bound how-
ever requires M > N2, which yields an overall computational cost of order
N3. Another option consists in adapting [43] to our framework. This op-
tion involves a learning rate policy (7,)nen and notably yields an O(1/v/N)
bound for a constant policy 7, = 1o/ V/N, as written in Theorem 5 below.

THEOREM 5. Assume (Al). Let M € N* and let f1u € My(T). Given

a sequence of positive learning rates (M )nen, we let (fin)nen+ be defined by
diint1 b In
dfin >N o

, n > 1. Further assume that
1/2
BO,9) | (k@) \ [
16 B, = sup / sup fo |l —/= v(dy <00,
(16) (,LLEMl(T) voet k(0 y) p(y) (dy)

and define W, (u*) = infCEMl,ﬂl(T) U, (C). Then, for any N € N*,
BAYiimn/2 | KL(w*||f)

N
Y, wnﬂn) - \I’a(,u*) N N

In particular, the decreasing policy 1, = no/v/n yields an O(log(N)/V/N)
bound in (17). Furthermore, the constant policy 1, = no/VN yields an
O(1/V/'N) bound in (17), which is minimal for ng = By '\/2K L(u*||f11).

x e Mbin.a.M gnd we set w, =

17) E <

I

The proof of Theorem 5 can be found in Appendix B.2 and we give below
an example satisfying condition (16).

EXAMPLE 4. Consider the case Y = R% and o« = 1. Let v > 0 and
let T = B(0,7) C R%. Furthermore, let Kj, be a Gaussian transition kernel
with bandwidth h and denote by ky, its associated kernel density. Finally, let
p be a mizture of two d-dimensional Gaussian densities such that p(y) =

o—lu=051%/2 o—llu—0511%/2 1 ok e
0.5W +0'5W for ally € Y with 07,05 € T. Then, (16) holds

and we can apply Theorem 5 (see Appendix B.3 for details).
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Notice that the O(1/v/N) convergence rate from Theorem 5 holds under
minimal assumptions on ¥,. However, bridging the gap with the O(1/N)
convergence rate in Theorem 3 typically requires much stronger smooth-
ness and strong-convexity assumptions on ¥, which can be hard to satisfy
in practice (see [40, Theorem 6.2] for the statement of this result and [44]
for an example in Online Variational Inference). Bypassing any of these as-
sumptions like we did in the ideal case in Theorem 3 in order to improve on
Theorem 5 constitutes an interesting area of research which is beyond the
scope of this paper.

As for the Stochastic version of Power Descent, we establish the total
variation convergence of Ty, pr (1) towards Z,(u) as M goes to infinity for all
p € Mi(T). To do so, consider i.i.d random variables Y7, Ya, ... with common
density pk w.r.t v, defined on the same probability space (2, F,P) and
denote by E the associated expectation operator. We then have Proposition 7
below.

PROPOSITION 7. Assume (Al). Let o« € R\ {1}, n > 0, k be such that
(a —1)r = 0 and set T(v) = [(a@ —1)v + 170~ for all v € Dom,. Let
€ My(T) be such that Uy (p) < 0o, (5) holds and

KO Y1) [ k()" i
(18) /T,u(dQ)E { E(Y)) ( (V) ) + (a — 1)/1} <00

Then,

lim
M—o0

=0, P-as.
TV

Tt (1) = Za()

The proof is deferred to Appendix C.4. The crux of the proof consists
in applying a Dominated Convergence Theorem to non-negative real-valued
(T ® F,B(Rx0))-measurable functions, which requires to consider a Gener-
alized version of the Dominated Convergence Theorem (Lemma 15) and an
Integrated Law of Large Numbers (Lemma 16).

Mixture Models. We now address the case where fi; corresponds to a
weighted sum of Dirac measures. This case is of particular interest to us since
as we shall see, for any kernel K of our choice, the (o, I')-descent procedure
simplifies and provides an update formula for the mixture weights of the
corresponding mixture model i1 K.

Let J € N* and let 61,...,0; € T be fixed. We start by introducing the
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simplex of R
J

Sy=qA=(\1,... ., ) eR) : Vie{l,....J}, \;>0and Y X =1, ,
j=1

and for all A € S;, we define puyx € My(T) by ux = ijl Ajdg,;. Then,

uxk(y) = E}le A\jk(0;,y) corresponds to a mixture model and if we let
(fin)nen+ be defined by i1 = px and

lan-i-l = ia,M(/ln) ; n € N ’
an immediate induction yields that for every n € N*, ji,, can be expressed
as fi, = Z}-le Ajno; Where A, = (A, -y Asn) € Sy satisfies the initiali-
sation A; = A and the update formula: for all n € N* and all j € {1,...,J},

~

AjinL (0 0,0 (05) + K)
S NinT (o (6:) + 1)
with Y7 n41,. .., Yant1 drawn independently from fi,k conditionally on F;,

and by, o,m(0;) is given by (15) for all j = 1....J. This leads to Algorithm
3 below.

Algorithm 3: Mixture Stochastic («,T')-descent
Input: p: measurable positive function, K: Markov transition kernel,
M: number of samples, © ; = {61,...,0;} C T: parameter set.
Output: Optimised weights .
Set A = [)\171, cey )\J’l].

while not converged do
Sampling step : Draw independently M samples Y1, ..., Yy from

pxk.
Expectation step : Compute By = (bj)1<j<s Where

(19) )\j,n+1 —

M

1L k0, Ym) L (AR (Yi)
(20) b] M Z ,U«Ak(ym) fa( p(Ym) )

m=1

and deduce Wy = (\;T'(bj + K))1<j<s and wy = ijl NT(bj + k).
Iteration step : Set

1
A — W,
wx

end
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In this particular framework, most of the computing effort at each step
lies within the computation of the vector (Bﬂn,a7M(0j))1gj<J. Interestingly,
these computations can also be used to obtain an estimate of the Evidence
Lower Bound (resp. the Renyi-Bound [19]) when p(y) = p(y, Z). These two
quantities, which are written explicitly in Remark 18 from Appendix D, al-
low us to assess the convergence of the algorithm and provide a bound on
the log-likelihood (see [19, Theorem 1]). Note also that if there is a need for
very large J, one can approximate the summation appearing in ji,k using
subsampling.

An important point is that Algorithm 3 does not require any information
on how the {#,...,0;} have been obtained in order to infer the optimal
weights as it draws information from samples that are generated from uyk.
Since the algorithm leaves {61, ...,0;} unchanged throughout the optimi-
sation of the mixture weights (we call it an Ezploitation Step), a natural
idea is to combine Algorithm 3 with an Ezploration step that modifies the
parameter set, which gives Algorithm 4 below.

Algorithm 4: Complete Exploitation-Exploration Algorithm

Input: p: measurable positive function, a: a-divergence parameter,
(T', k): chosen as per Table 1, qo: initial sampler, K: Markov
transition kernel, (M;);: number of samples, (J;);: dimension of
parameter set.

Output: Optimised weights A and parameter set ©.

Draw 601, ...,07,0 from go. Set t = 0.

while not converged do

Exploitation step : Set © = {61 4,...,0,,:}. Perform Mixture
Stochastic (a, I')-descent and obtain A.

Exploration step : Perform any exploration step of our choice and
obtain (91,t+1, ce ,9Jt+17t+1. Sett=1t+1.

end

Note that this algorithm is very general, as any Exploration Step can be
envisioned. We also have several other levels of generality in our algorithm
since we are free to choose the kernel K, the a-divergence being optimised
and we have stated different possible choices for the couple (I, k).

As a side remark, notice also that we recover the mixture weights up-
date rules from the Population Monte Carlo algorithm applied to reverse
Kullback-Leibler minimisation [45] by considering the Power Descent with
o = 0 and n = 1. We have thus embedded this special case into a more
general framework.
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We now move on to numerical experiments in the next section.

5. Numerical experiments. In this part, we want to assess how Al-
gorithm 4 performs on both toy and real-world examples. To do so, we first
need to specify the kernel K and an algorithm for the Exploration Step.

Kernel. Let Kj be a Gaussian transition kernel with bandwidth A and
denote by kj, its associated kernel density. Given J € N* and 64,...,0; € T,
we then work within the approximating family

J
Y= pakn(y) =Y Akn(y—0;) : A€ Sy
j=1

Ezxploration Step. At time t = 1...T, we resample among {61¢,...,07,:}
according to the optimised mixture weights A. The obtained sample {6; /1,
.«-»07, 1 41} is then perturbed stochastically using the Gaussian transition
kernel Kj},,, which gives us our new parameter set. The hyperparameter h; is
adjusted according to the number of particles so that h; J;l/ (4+d), where
d is the dimension of the latent space (the optimal rate in nonparametric
estimation when the function is at least 2-times continuously differentiable
and the kernel has order 2 [46]).

Next, we are interested in the choice of a. The hyperparameter o allows
us to choose between mass-covering divergences which tend to cover all the
modes (o < 0) and mode-seeking divergences that are attracted to the mode
with the largest probability mass (a > 1), the case a € (0, 1) corresponding
to a mix of the two worlds (see for example [16]).

Depending on the learning task, the optimal o may differ and understand-
ing how to select the value of « is still an area of ongoing research. However,
the case o < 1 presents the advantage that lA)WL M is always finite. Indeed,
for all & € R\ {1}, we have

L [k (py,2)\ " 1
bua®) = g [ S (PRI k) - 1

and as the dimension grows, the conditions of support are often not met
in practice, meaning that there exists A € ) such that p(4,2) = 0 and
pk(A) > 0. This implies that whenever & > 1 we might have that I;u7a7M(0) =
oo and that the a-divergence (or equivalently the Renyi-bound as written
in Remark 18 from Appendix D) is infinite, which is the sort of behavior
we would like to avoid. Thus, we restrict ourselves to the case a < 1 in the
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following numerical experiments. Note that the limiting case a = 1, corre-
sponding to the commonly-used forward Kullback-Leibler objective function,
also suffers from this poor behavior, but is still considered in the experiments
as a reference.

We now move on to our first example where we investigate the impact of
different choices of I'. The code for all the subsequent numerical experiments
is available at https://github.com/kdaudel/AlphaGammaDescent.

5.1. Toy FExample. Following Example 4, the target p is a mixture of two
d-dimensional Gaussian densities multiplied by a positive constant Z such
that

p(y) = Z % [0.5N (y; —sua, Ia) + 0.5N (y; sua, Ia)] ,

where uq is the d-dimensional vector whose coordinates are all equal to 1,
s=2and Z = 2. (J;); and (M;) are kept constant equal to J = M = 100,
k = 0 and the initial weights are set to be [1/J,...,1/J]. The number of
inner iterations in the (o, I')-descent is set to N = 10 and foralln =1... N,
we use the adaptive learning rate n, = ng/v/n with 79 = 0.5. We set the
initial sampler to be a centered normal distribution with covariance matrix
514, where I4 is the identity matrix. We compare three versions of the
(ar, I')-algorithm:
e 0.5-Mirror Descent : I'(v) = e with a = 0.5,

e 0.5-Power Descent : I'(v) = [(a — 1) v + 1]/ 1= with o = 0.5,
e 1-Mirror Descent : I'(v) = e7" with a = 1.

For each of them, we run T' = 20 iterations of Algorithm 4 and we replicate
the experiment 100 times for d = {8, 16, 32}. The results for the 0.5-Mirror
and 0.5-Power Descent are displayed on Figure 1.

Figure 1: Plotted is the average Renyi-Bound for the 0.5-Power and 0.5-
Mirror Descent in dimension d = {8, 16,32} computed over 100 replicates
with ng = 0.5.

Dimension 8, « = 0.5,y = 0.5 Dimension 16, a = 0.5, i = 0.5 Dimension 32, @ = 0.5, iy = 0.5

Renyi Bound
Lo
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A first remark is that we are able to observe the monotonicity prop-
erty from Theorem 2 (the Renyi-Bound varies like W, (j1,)* ) for the 0.5-
Power Descent, the jumps in the Renyi-Bound corresponding to an update of
the parameter set. Furthermore, we see that the 0.5-Mirror Descent (which
would have been the default choice based on the existing optimisation lit-
erature) converges more slowly than the 0.5-Power Descent in dimension 8.
An even more striking aspect however is that, as the dimension grows, the
0.5-Mirror Descent is unable to learn and the algorithm diverges.

These two different behaviors for the Power and Mirror Descent can be
explained by rewriting the update formulas for any a < 1 under the form

Mirror :  Aj, < el™®

125 log | (a—1)b a(l0j)+(a—-1)k
Power : A, xel-® g[( Jbpuy,, a(05)+(a—1) ] .

[(@=1)buy,, 0 (0)+(a=1)x]

In the Power case, an extra log transformation has been added, which allows
to discriminate between small values of by, . Since the values of b,
tend to get smaller as the dimension grows, the impact of adding an ex-
tra log transformation becomes increasingly visible: the Mirror Descent be-
comes more and more unable to differentiate between the different particles
{01,...,0;} and is thus unable to learn.

Finally, we compare how the 0.5-Power and 1-Mirror Descent perform
at approximating the log-likelihood in dimension d = {8,16,32}. The re-
sults are plotted on Figure 2. Again, the 0.5-Power Descent comes across as
faster and more stable compared to the 1-Mirror Descent as the dimension
grows. Furthermore, it also does not fail in dimension 32, unlike the 1-Mirror
Descent.

Figure 2: Plotted is the average Log-likelihood for 0.5-Power and 1-Mirror
Descent in dimension d = {8,16,32} computed over 100 replicates with
Mo = 0.5.

Dimension 8, i = 0.5 Dimension 16, 7y = 0.5 Dimension 32, = 0.5
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Consequently, we see on this simple yet illustrative example that the
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Power Descent is a suitable alternative to the Mirror Descent as the di-
mension grows.

We are next interested in seeing how the (o, I')-descent performs on a
real-data example. Based on the numerical results obtained so far, we rule
out the Mirror Descent for o < 1 and we focus on the Power Descent in our
second example.

5.2. Bayesian Logistic Regression. We consider the Bayesian Logistic
Regression from Example 1 with ¢ = 1 and b = 0.01.

We test our algorithm for the Covertype dataset (581,012 data points and
54 features, available here). Computing p(y, Z) constitutes the major com-
putation bottleneck here, since p(y, Z) = po(y) [ [, p(x:|y) with a very large
number of data points. We can conveniently address this problem by ap-
proximating p(y, Z) with subsampled mini-batches. We adopt this strategy
here and consider mini-batches of size 100.

We set « = 05, N =1,T =500, k =0, Jy = Mg = 20 and Jy41 =
Myy1 = Jy+ 1 for t = 1...7T in Algorithm 4. The initial weights in the
(o, I')-descent are set to Ainitt = [1/J¢, ..., 1/J;] and the learning rate is set
to mp = 0.05.

One thing that is very specific to the Exploration step that we used to
run our experiments (and sampling-based Exploration steps algorithms in
general) is that the particles {6 4,...,0, +} are sampled from a known dis-
tribution at each Exploration step. This means that we are able to infer
information on {61 4,...,60+} using Importance Sampling (IS) weights. We
thus compare the Power (a, I')-descent with a state-of-the-art Adaptive Im-
portance Sampling-based (AIS) algorithm (see for example [47, 48, 49, 50]).

We initialise {01, ...,60,0} by sampling Jy points from the prior po(y) =
po(B)po(w|B) and set qo = po. Given ¢ at time ¢, we draw J; i.i.d samples

(@,t)KKJt from ¢; and we define ¢;4+1(y) = Z}'Jtzl j.ikn, (y — eﬂ) where
p(0;,4,9) ALS

(21) Ajt { 9:(05.1) (AIS),
F(b“/\mit,z a,M(0j¢) +r) (Power) .

Note that these two algorithms are computationally equivalent. Indeed, we
choose J; = M; and N = 1, that is we use an average of one sample from
each k(f;+, -) to infer information on the relevance of the {61, ...,0 +} with
respect to one another. Comparatively, the AIS algorithm uses information
directly available by computing the IS weights for {61 ,...,6;:}.

We replicate the experiments 100 times. The Accuracy and Log-likelihood
averaged over the 100 trials for both algorithms are displayed on Figure 3


https://www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/binary.html
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Figure 3: Plotted are the average Accuracy and Log-likelihood computed
over 100 replicates for Bayesian Logistic Regression on the Covertype dataset
for the 0.5-Power Descent and the AIS algorithm.
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and we see that the 0.5-Power Descent outperforms the AIS algorithm.

6. Conclusion and perspectives. We introduced the («, T')-descent
and studied its convergence. Our framework recovers the Entropic Mirror
Descent and allows us to introduce the Power Descent. Furthermore, our
procedure provides a gradient-based method to optimise the mixture weights
of any given mixture model, without any information on the underlying
distribution of the variational parameters. We demonstrated empirically the
benefit of going beyond the Entropic Mirror Descent framework by using the
Power Descent algorithm instead, which is a more scalable alternative. To
conclude, we state several directions to extend our work on both a theoretical
and a practical level.

Convergence rate. One could seek to establish additional convergence rate
results in both the Exact and Stochastic cases, by for example refining the
proof of Theorem 2 in the Stochastic case.

Variance Reduction. One may want to resort to more advanced Monte
Carlo methods in the estimation of b,, , for variance reduction purposes,
such as reusing the past samples in the approximation of b, .

Ezxploration Step. Many other methods could be envisioned as an Explo-
ration step and combined with the (o, I')-descent.



26

K. DAUDEL ET AL.

References.

1]

[15]

[16]

Michael 1. Jordan, Zoubin Ghahramani, Tommi S. Jaakkola, and Lawrence K. Saul.
An introduction to variational methods for graphical models. Machine Learning,
37(2):183-233, 1999.

Matthew James. Beal. Variational algorithms for approximate bayesian inference.
PhD thesis, 01 2003.

Manfred Opper and Ole Winther. Gaussian processes for classification: Mean-field
algorithms. Neural Computation, 12(11):2655-2684, 2000.

Thomas P. Minka. Expectation propagation for approximate bayesian inference. In
Proceedings of the Seventeenth Conference on Uncertainty in Artificial Intelligence,
UAT01, pages 362-369, San Francisco, CA, USA, 2001. Morgan Kaufmann Publishers
Inc.

S. Kullback and R. A. Leibler. On information and sufficiency. Ann. Math. Statist.,
22(1):79-86, 03 1951.

David M. Blei, Alp Kucukelbir, and Jon D. McAuliffe. Variational inference: A review
for statisticians. Journal of the American Statistical Association, 112(518):859-877,
Feb 2017.

Cheng Zhang, Judith Butepage, Hedvig Kjellstrom, and Stephan Mandt. Advances
in variational inference. IEEE Transactions on Pattern Analysis and Machine Intel-
ligence, 41(8):2008-2026, August 2019.

John Paisley, David Blei, and Michael Jordan. Variational bayesian inference with
stochastic search. In Proceedings of the 29th International Conference on Machine
Learning, page 1363—-1370, Edinburgh, Scotland, UK, June 2012.

Rajesh Ranganath, Sean Gerrish, and David Blei. Black Box Variational Inference.
In Samuel Kaski and Jukka Corander, editors, Proceedings of the Seventeenth Inter-
national Conference on Artificial Intelligence and Statistics, volume 33 of Proceedings
of Machine Learning Research, pages 814-822, Reykjavik, Iceland, 22-25 Apr 2014.
PMLR.

Rajesh Ranganath, Dustin Tran, and David Blei. Hierarchical variational models.
In Maria Florina Balcan and Kilian Q. Weinberger, editors, Proceedings of The 33rd
International Conference on Machine Learning, volume 48 of Proceedings of Machine
Learning Research, pages 324-333, New York, New York, USA, 20-22 Jun 2016.
PMLR.

Mingzhang Yin and Mingyuan Zhou. Semi-implicit variational inference. In Jennifer
Dy and Andreas Krause, editors, Proceedings of the 35th International Conference
on Machine Learning, volume 80 of Proceedings of Machine Learning Research, pages
5660-5669, Stockholmsmaéssan, Stockholm Sweden, 10-15 Jul 2018. PMLR.

Huaiyu Zhu and Richard Rohwer. Bayesian invariant measurements of generalization.
Neural Processing Letters, 2:28-31, December 1995.

Huaiyu Zhu and Richard Rohwer. Information geometric measurements of generali-
sation. Technical Report NCRG/4350, Aug 1995.

Alfréd Rényi. On measures of entropy and information. In Proceedings of the Fourth
Berkeley Symposium on Mathematical Statistics and Probability, Volume 1: Contri-
butions to the Theory of Statistics, pages 547-561, Berkeley, Calif., 1961. University
of California Press.

Tim van Erven and Peter Harremoes. Rényi divergence and kullback-leibler diver-
gence. IEEE Transactions on Information Theory, 60(7):3797-3820, Jul 2014.

Tom Minka. Divergence measures and message passing. Technical Report MSR-TR-
2005-173, January 2005.



[21]

[22]

[23]

[24]

[25]

[26]

THE ALPHA-GAMMA DESCENT 27

Tom Minka. Power ep. Technical Report MSR-TR-2004-149, January 2004.

Jose Hernandez-Lobato, Yingzhen Li, Mark Rowland, Thang Bui, Daniel Hernandez-
Lobato, and Richard Turner. Black-box alpha divergence minimization. In Maria Flo-
rina Balcan and Kilian Q. Weinberger, editors, Proceedings of The 33rd International
Conference on Machine Learning, volume 48 of Proceedings of Machine Learning
Research, pages 1511-1520, New York, New York, USA, 20-22 Jun 2016. PMLR.
Yingzhen Li and Richard E Turner. Rényi divergence variational inference. In D. D.
Lee, M. Sugiyama, U. V. Luxburg, I. Guyon, and R. Garnett, editors, Advances in
Neural Information Processing Systems 29, pages 1073—-1081. Curran Associates, Inc.,
2016.

Adji Bousso Dieng, Dustin Tran, Rajesh Ranganath, John Paisley, and David Blei.
Variational inference via \chi upper bound minimization. In I. Guyon, U. V. Luxburg,
S. Bengio, H. Wallach, R. Fergus, S. Vishwanathan, and R. Garnett, editors, Advances
in Neural Information Processing Systems 30, pages 2732—-2741. Curran Associates,
Inc., 2017.

Robert Bamler, Cheng Zhang, Manfred Opper, and Stephan Mandt. Perturbative
black box variational inference. In I. Guyon, U. V. Luxburg, S. Bengio, H. Wallach,
R. Fergus, S. Vishwanathan, and R. Garnett, editors, Advances in Neural Information
Processing Systems 30, pages 5079-5088. Curran Associates, Inc., 2017.

Dilin Wang, Hao Liu, and Qiang Liu. Variational inference with tail-adaptive f-
divergence. In S. Bengio, H. Wallach, H. Larochelle, K. Grauman, N. Cesa-Bianchi,
and R. Garnett, editors, Advances in Neural Information Processing Systems 31,
pages 5737-5747. Curran Associates, Inc., 2018.

Matthew D. Hoffman, David M. Blei, Chong Wang, and John Paisley. Stochastic
variational inference. Journal of Machine Learning Research, 14(4):1303-1347, 2013.
Léon Bottou. Large-scale machine learning with stochastic gradient descent. In
Yves Lechevallier and Gilbert Saporta, editors, Proceedings of the 19th International
Conference on Computational Statistics (COMPSTAT’2010), pages 177-187, Paris,
France, August 2010. Springer.

Herbert Robbins and Sutton Monro. A stochastic approximation method. Ann.
Maith. Statist., 22(3):400-407, 09 1951.

Yingzhen Li, José Miguel Hernandez-Lobato, and Richard E Turner. Stochastic
expectation propagation. In C. Cortes, N. D. Lawrence, D. D. Lee, M. Sugiyama,
and R. Garnett, editors, Advances in Neural Information Processing Systems 28,
pages 2323—-2331. Curran Associates, Inc., 2015.

Guillaume Dehaene and Simon Barthelme. Expectation Propagation in the large-
data limit. Journal of the Royal Statistical Society: Series B, 80(Part 1):197-217,
2017.

David M. Blei, Andrew Y. Ng, and Michael Jordan. Latent dirichlet allocation.
volume 3, pages 993-1022, 2003.

Tetsuzo Morimoto. Eine informationstheoretische ungleichung und ihre anwendung
auf den beweis der ergodizitat von markoffschen ketten. Magyar Tud. Akad. Mat.
Kutat Int., page 85-108, 1963.

Tetsuzo Morimoto. Markov processes and the h-theorem. Journal of the Physical
Society of Japan, 18(3):328-331, 1963.

Ya-Ping Hsieh, Chen Liu, and Volkan Cevher. Finding mixed Nash equilibria of
generative adversarial networks. In Kamalika Chaudhuri and Ruslan Salakhutdinov,
editors, Proceedings of the 36th International Conference on Machine Learning, vol-
ume 97 of Proceedings of Machine Learning Research, pages 2810-2819, Long Beach,
California, USA, 09-15 Jun 2019. PMLR.



K. DAUDEL ET AL.

Tommi S. Jaakkola and Michael I. Jordan. Improving the mean field approximation
via the use of mixture distributions. Jordan M.I. (eds) Learning in Graphical Models.
NATO ASI Series (Series D: Behavioural and Social Sciences), Springer, 89, 1998.
Samuel Gershman, Matthew D. Hoffman, and David M. Blei. Nonparametric varia-
tional inference. Edinburgh, Scotland, UK, 2012.

Andrzej Cichocki and Shun-ichi Amari. Families of alpha- beta- and gamma- diver-
gences: Flexible and robust measures of similarities. Entropy, 12(6):1532-1568, Jun
2010.

Andrzej Cichocki, Sergio Cruces, and Shun-ichi Amari. Generalized alpha-beta di-
vergences and their application to robust nonnegative matrix factorization. Entropy,
13(1):134-170, Jan 2011.

Igal Sason. On f-divergences: Integral representations, local behavior, and inequali-
ties. Entropy, 20(5):383, May 2018.

E. Hellinger. Neue begriindung der theorie quadratischer formen von unendlichvielen
verdnderlichen. Journal fir die reine und angewandte Mathematik, 136:210-271, 1909.
Bruce G. Lindsay. Efficiency versus robustness: The case for minimum hellinger
distance and related methods. Ann. Statist., 22(2):1081-1114, 06 1994.

Samuel Gershman, Matt Hoffman, and David Blei. Nonparametric variational in-
ference. In Proceedings of the 29 th International Conference on Machine Learning,
Edinburgh, Scotland, UK, 2012.

Sébastien Bubeck. Convex optimization: Algorithms and complexity. Foundations
and Trends@®) in Machine Learning, 8(3-4):231-357, 01 2015.

Amir Beck and Marc Teboulle. Mirror descent and nonlinear projected subgradient
methods for convex optimization. Operations Research Letters, 31(3):167 — 175, 2003.
Arkadi Nemirovski. Prox-method with rate of convergence o(1/t) for variational
inequalities with lipschitz continuous monotone operators and smooth convex-concave
saddle point problems. SIAM Journal on Optimization, 15:229-251, 2004.

A. Nemirovski, A. Juditsky, G. Lan, and A. Shapiro. Robust stochastic approximation
approach to stochastic programming. SIAM Journal on Optimization, 19(4):1574—
1609, 2009.

Badr-Eddine Chérief-Abdellatif, Pierre Alquier, and Mohammad Emtiyaz Khan. A
generalization bound for online variational inference. In Proceedings of the 29th In-
ternational Conference on Machine Learning, volume 101, pages 662—-677, 2019.

R. Douc, A. Guillin, J.-M. Marin, and C. P. Robert. Convergence of adaptive mixtures
of importance sampling schemes. Ann. Statist., 35(1):420-448, 02 2007.

Charles J. Stone. Optimal global rates of convergence for nonparametric regression.
Ann. Statist., 10(4):1040-1053, 12 1982.

Man-Suk Oh and James O Berger. Adaptive importance sampling in monte carlo
integration. Journal of Statistical Computation and Simulation, 41(3-4):143-168,
1992.

Teun Kloek and Herman K Van Dijk. Bayesian estimates of equation system pa-
rameters: an application of integration by monte carlo. Econometrica: Journal of the
Econometric Society, pages 1-19, 1978.

Nicolas Chopin. Central limit theorem for sequential monte carlo methods and its
application to bayesian inference. Ann. Statist., 32(6):2385-2411, 12 2004.

Bernard Delyon and Francgois Portier. Safe and adaptive importance sampling: a mix-
ture approach, 2019. Available online: https://arxiv.org/abs/1903.08507 (accessed on
20 March 2020).

H.L. Royden and P. Fitzpatrick. Real Analysis (4th Edtion). Prentice Hall, 2010.



THE ALPHA-GAMMA DESCENT 29
SUPPLEMENTARY MATERIAL

APPENDIX A
A.1. Proof of Lemma 6.

PROOF OF LEMMA 6. On the probability space (T, 7T, u), consider the
random variable U (6) = by, (0) + x and let V' be an independent copy of U.
For all u € Domy, define I'(u) = I'(u) /E[I']. Let us now prove that

Lal

Ay > 2’ Var,(bya) -

We study the cases @ =1 and a € R\ {1} separately.

(a) Case a = 1. In this case,

Ay = Cov(logT(U) + U, 1 —T(U)) .

Using that E[1 — I'] = 0, we can rewrite A; under the form

A1 = 1B [(105T(U) + U ~log F(V) + V)(-P(0) + (V)]

1_ |logT(U) + U — (logT(V) + V) =T(U) + T(V) )
S ) —
2 U—-Vv ooy UV
L
> ;’lVaru(b“’l) .

(b) Case a € R\ {1}. Set v’ =k — L. In this case,

Ay = Cov((U — T L(U),1 - T(U)),

which, using once again that E[1 — '] = 0, can be rewritten as

Ao = 3B (U~ #)T71(U) = (V = )T (V) (-T(0) + T(V)]
1 [ = TN U) = (V= £)T (V) —T(U) + T(V)
=3t U-v gov oW
> L;’lVarH(b%a) .

Combining with (7) yields (12).
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A.2. Proof of Theorem 2.

Proor orF THEOREM 2. We prove the assertions successively.

(i) The proof of (i) simply consists in verifying that we can apply Theo-
rem 1. For all g € My(T), (5) holds as we have

00+ < (s T0) <
vEDomg,
and since at each step n € N*, Theorem 1 combined with W, (i) < oo im-
plies that Uy, (p+1) < Yo (pn) < 00, we obtain by induction that (Vo (1) )nen
is non-increasing.

(ii) For the sake of readability, we only treat the case k = 0 in the proof of
(ii). Note that the case k # 0 unfolds similarly by replacing b, o by by« + &
everywhere in the proof below. Let n € N* and set A,, = ¥, (un) — Yo (u*).
We first show that

du, L
(22) Ap < Lo [ /T log ( g “) dp* + 5 Vary, (bun.a) L3

n

The convexity of f, implies that

@) B [ Bualdin = ) = [ (o) = bu)”
In addition, the concavity of —logI' implies that for all u,v € Dom,,
—log'(u) < —logI'(v) + (—1log ') (v)(u —v)

' (—logT) (v)(v —u) <logT'(u) — logT'(v) .

Since by assumption —logT" is increasing, (—logT')’(v) > 0 and we deduce

logT'(u) — logT'(v)
(—logD)'(v)

We can apply (24) with u = b, «(0) and v = 1, (b, ) Which yields

log F(bun,a(e)) — log F(Mn(buma))
(—1ogT') (1n (bpin )

Now integrating with respect to du*, we obtain

(24) v—u <

Nn(bun,a) - bun,a(g) <

1

A, < (_ log F)/(Mn(b#n:a))

/T [log I'(by,.0) — 108 T'(pn (b 0))} dp™ -
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By definition of p*, we have that A, > 0 and combining with the fact that
(—1ogT') (pn(bun,a)) > 0, we can deduce

J 108 T (0) =108 T )] " > 0.

Consequently, we obtain
(25)
B < Loz [ 10T (y0) ~ Tt (by )] i
T

dpen, *
— Loa [ {108 (5 ) + 108 n Db ) ~ TR T b))

n

dpn N
~ Loa [ [ 108 (B )+ 10g 00 ) ~ 08T b0

Next, we show that

L
log Mn(r(bun,a)) - IOgF(Nn(bun,Oc)) < Evarun (bun,a)La,?) .

By assumption I is L-smooth on Dom,,, thus for all # € T and for all n € N*|

F(bun,a(e)) < F(Mn(bun,a)) + F/(Mn<bun,a))(buma(9) - ﬂn(bun,a»

L

+ 5 (pnal®) = by ))?

which in turn implies

L
F‘n(r(bun,a)) < F(Nn(bun,a)) + gvarun (bun,a) .

Finally, we obtain

L Var, (b
10g tin(T(by, o)) < 10g T (11 (b, ) + log <1 + W)

2 L (pn (b))
Using that log(1+u) < u when u > 0 and that 1/T is increasing, we deduce
L
log pn (I'(byya)) < 10g T'(1in (by,ya)) + §Varﬂn (Opna) La -

which combined with (25) implies (22). To conclude, we apply Lemma 6 to
= dd’lﬁl and combining with (22), we obtain

n LL,
Ap < Lo [/ log (du H) dp* + =222 (A = Api)|
T p L

a,l
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where by assumption Lq,1, La2 and La3 > 0. As the r.h.s involves two
telescopic sums, we deduce

N

1 * L0472 * *
(26) 5 D Valtn) = Vali) < =57 [KLG ) = KL [px4)
n=1
L
+LL7’3(A1 — Ang41)
a,l

and we recover (13) using (i), that K L(p*||un+1) = 0 and that Axyq > 0.
O

REMARK 8. Note that the convexity of the mapping u— Vo (u) in (26)
implies an O(1/N) convergence rate for iy = + ZnN:1 Un, as well:

L L
=22 RL(u*[[pa) + L7220

U, (in) — Wo(u*) <
(X(MN) a(/“[’) N La71

A.3. Proof of Theorem 3. We start with a side note on Dom,. A
typical choice for Dom,, is

(27) Domg, = [—|b|oo,a + £; |b|oc,a + K] -

However, when a € R\ {1}, we might consider instead

L bloo.a if @ >1
(28) D(>nla:{[1—oz+"“”| atr], ifa

[=bloc,a + K, 7= + K], ifa<1

to underline the fact that for all v € Dom,, (o —1)v+1 > (o — 1)k. Unless
specified otherwise, we let Dom,, be as in (28) whenever a € R\ {1}.

PrOOF OF THEOREM 3. Let us recall the different conditions that must
be met in order to verify that we can apply Theorem 2 in each of the cases
mentioned in Theorem 3:

1. 0 < infyepom, I'(v) and sup,epom, I'(v) < oo.
2. The function I' : Dom, — R<¢ is decreasing, continuously differentiable
and satisfies the inequality

[(a—1)(v—k)+1](logT)(v)+1>0.

3. We have Ly 1 = inf,epom, {[( — 1)(v — k) + 1] (log ')’ (v) 4 1} x
infveDoma —F/(v) > 0
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4. The function I' : Dom, — Rsq is L-smooth and the function —logI" is
concave increasing.

5. La,2 = (infUEDoma(_ log F)/(U))_l > 0.

(1)

(i)

Forward Kullback-Leibler divergence (o = 1): I'(v) = e, n € (0,1),
any real k. Since the update formula does not depend on &, there is
no constraint on x and we assume that x = 0 for simplicity.

- Condition 1 is satisfied since |b|,1 is finite.

- Condition 2 is satisfied with IV(v) = —ne™" and (logT")'(v) = —n.

- Condition 3 is satisfied with L;; > (1 — n)ne‘”'mw!l.

- Condition 4 is satisfied.

- Condition 5 is satisfied with Lq 2 = %

Reverse Kullback-Leibler (aw = 0) and a-Divergence with o € R{0,1}:

(a) '(v) =e ", n € (0, m), any real k. The only differ-

ence with the previous case lies in the inequality (i.e Condition 2),
which can be rewritten for all v € Dom,, as

12 nlla—1)©—r)+1] ,

Since 0 < (o —1)(v — k) + 1 < | — 1||b|oc,o + 1, this inequality is then

satisfied for n € (0, m)

(b) Case aa>1.T'(v) = ((a—1)v + 1)ﬁ, n € (0,1] and & satisfies
(o — 1)k > 0. Then, the condition (o« — 1)k > 0 ensures that I' is
well-defined on Dom,,. From there, we deduce:

- Condition 1 is satisfied since |b|s o is finite.
- Condition 2 is satisfied: I (v) = —n((a—1)v+ 1)&71, (logT) (v) =

m and the inequality can be rewritten for all v € Dom,, as
1>n|1- ﬂ ’
(a—1v+1

which is satisfied for n € (0, 1].

- Condition 3 is satisfied (the condition (o — 1)k > 0 is of crucial
importance here).

- Condition 4 is satisfied with (—logT")"(v) = % (note that
we need o > 1 here).

- Condition 5 is satisfied and here again we use that (v — 1)k > 0.

O
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A.4. Proof of Theorem 4. In this part, recall that we focus on the
particular case a < 1, k < 0 and T'(v) = [(a —1)v + 1]70=% for all
v € Domg. In the following, we use the notation u, = p* for the weak
convergence of measures in M;(T). For all { € M;(T), for all § € T, define

9c(0) = (a = 1)(be,a(0) + ) + 1.

We first derive four useful lemmas.

LEMMA 9. Assume (Al) and (A4). Suppose that p, = p*. Then the
following assertions hold.

(i) For ally €Y, unk(y) tends to n*k(y) as n — oo.
(ii) For all ¢ € My(T), the function 6 — g¢(0) is continuous. Furthermore
for all @ € T, g, (0) tends to g,+(0) as n — oo.
(i7i) There exist 0 < m_ < m4 < oo such that, for all { € Mi(T) and
0T, ge(0) € [m_,my].
(iv) For all continuous, positive and bounded function h,

lim (12 (A0)T (b, a(60) + 1)(0) = / 1 (AO)T (b a(0) + 1)1 (6)
n—oo [t T
PROOF. We prove the assertions successively.
Proof of (i). For all y € Y, the function § — k(6,y) is continuous on a
compact set, hence bounded. The weak convergence u, = p* thus implies

the pointwise convergence of .,k to pu*k.
Proof of (ii). For all # € T and ¢ € M;(T), we write

6c(6) = /Y ac(6, y)v(dy) |

a—1
where we set for all (6,y) € T x Y, ac(8,y) = k(0,y) (%(z%)) . The conti-

nuity of g¢(#) follows from the Dominated Convergence Theorem, since for
all y €'Y, the function 6 — a¢(6,y) is continuous on T by (A4)-(ii) and for
all (6,y) € T xY, we have

k(6" o=l
(29) lac(0,y)| < sup k(¢ y) x sup ( ( ,y)) ,
0'eT 0"eT P(y)

which is integrable w.r.t v(dy) by (A4)-(iii). The second part of (ii) is ob-
tained similarly. Using (i) and that u — u®~! is C!, we get that, for all
0,y) e T XY,

lim k(6 y) (“"k(y))a_l — k0, y) (“*k(y)>a_l ,

n—>00 p(y) p(y)
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i.e li_>m au, (0,y) = aux(0,y). The bound (29) and (A4)-(iii) provide a dom-
n—oo
ination criterion and we get that g, (#) tends to g,+(6) as n — oo, which

concludes the proof of (ii).
Proof of (iii). For all (6,{) € T x M;(T), we have g-(0) € [m_, m4] where

(30) m_ = /Y inf k(0',y) x inf (M)a_lu(dy),

0'eT 07eT p(y)
k0", y)\ >
my ::/ sup k(0',y) x sup ( ( ,y)) v(dy) .
Y 0'eT 0"cT p(y)

We have that m, is finite by (A4)-(iii). Furthermore, u — u®~! does not
vanish on (0, 00). Together with (Al), we thus have that for any y € Y, the
functions 6 — k(0,y) and 0 — (k(0,y)/p(y))* " are continuous and positive
on the compact set T, from which we deduce that m_ > 0.

Proof of (iv). Using (ii), the function 6 — I'(b,* (0)+r)h(6) is continuous,
and, since T is compact, u, = p* gives that

n—oo

(31) lim pn (dO)T (b= o (0) + K)R(0) = / w(dO)T(bur o (0) + k)R(O) .
T T
Next we show that

(32) lim . pn(dO) [T (by, o(0) + &) — T(byr o (8) + )| h(8) =0

n—oo
ie

lim | n(00) [, (6)7°% — g,:(6) 7% | () = 0

n—oo

Using (iii), since u +— uTs is Lipschitz on [m_, m.]|, there exists a constant
C such that

n n

Gyin (0) 10 — gy (0) =2

pn | ) < Couph(®) [ 10,(0) I, (6) = g, (6)

0eT

=031€11T>h(9)/ylan(y)\'/(dy)

a—1 " a—1
where an(y) = pnk(y) {(W) - (”pﬁg)) } Now, for all y €'Y,

k(6 y))”‘_1
an < 2supk(f,y) X su ,
lan(9)] oe‘rr) 6.9) 9’€P|'< p(y)
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which is integrable w.r.t v by (A4)-(iii). Moreover, by (i) and by continuity
of u — u®1 we have lim, ;o a,(y) = 0, and (32) follows by dominated
convergence. Finally, combining (31), (32) and

tin D (b0 (0) + )R] = iy [D(by,a(8) + £)h — T(busa(8) + K)A]
+ pin [T (b 0 (0) + K)R]

we obtain (iv), and the proof is concluded. O

LEMMA 10. Assume (Al). Let p*,p € Mi(T) and assume that there
exists i € My ,(T) such that Wo (i) < VUo(p*). Then, there exists 6 > 1 such
that

(33) fi(gur > 6p™(gur)) > 0.

PROOF. Let ¢,(’ € M;(T). Then, by convexity of f, we have,

/T €= (Db a(6) < W) — Wa(l) -
that is
(34) /T (€= C)(d0)ger(8) > (0 — 1) (Ta(€) — Ta(C)) .

Furthermore, for all 6 > 1, (6 — 1)p*(g,~) > 0. Let us define A5 = {g,» >
dp*(gur)} and show that fi(As) > 0 for some 6 > 1. To do so, we proceed
by contradiction. Suppose that i(As) = 0 for all 6 > 1, so that

g — w*(gu)] = Al(gpr — 1 (gp)) 1A§] < (0= Dp*(gur) -
Using (34), we get that, for all 6 > 1,
0<(a=1)(Ya() = Ya(p")) < Al(gur — 1 (gu))] < (6 = 1" (gur) -
Letting § | 1, we obtain a contradiction, which finishes the proof. O

LeMMA 11.  Assume (Al). Let p* € My(T) be a fized point of Z,, and let
n > 0. Let p € My(T) and assume that there exists i € My ,(T) such that
Vo (p*) > Vo(t). Then, there exists 6 > 1 such that

pAT (b o+ K) > 0p*(T(byr o + K))} > 0.
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PROOF. Note that (5) holds for any n > 0 and ¢ (in particular { = p*)

by Lemma 9-(iii). As p* is a fixed point of Z,,, g,+ is p*-almost all constant.
Consequently, p*(g,«)"1~* = u*(gZ{lfa) = p*(T'(byr,a + k)). For all 6 > 1,

8 = 60-9)/1 > 1 and

AT (B + 1) > S (Db o+ 1))} = i { ge > 8071 (g7 1m0}
= [i(gur > "1 (gur)) -

We conclude by applying Lemma 10. O

LeEMMA 12, Assume (A1) and (A4). Let n > 0, let 1y € Mi(T) and define

the sequence (i )nen+ according to (4). Suppose that p, = p* for some fized

point pu* € My(T) of Z. Further assume there exists i € My, (T) such that
Vo () > Wo(it). Then, there exist § > 1 and n € N* such that

i ( ﬂ {T (b, + ) > pimn (T (b0 + ﬁ))}) >0.

m>=n

PRrROOF. First note that the sequence (pn)nen+ is well-defined for any
n > 0 by Lemma 9-(iii), which implies g, (I'(by,,o + £)) > 0 for all n € N*.
For all ¢ € My(T), set h¢(0) = I'(b¢,o(6) + ). We further have that

lim ( M {Pyu > wm(hum)}) =i (U ) {Pyu > 6um<hum>}>

m>=n n=1lm>n

=Q <{9 €T : liminf Py (0) > 5}) .
n—ro0 /’Ln(hﬂn)
Furthermore, applying (ii) and (iv) in Lemma 9, we have, for all 6 € T,

limy, o0 Ay, (0) = hyux(0) and limy, oo pin(hy,) = p*(hy+). Hence, for all
0eT,

lim inf h“"(e) = h*“*(a) .
n—00 :un(hun) 2 (hu*)

The proof is concluded by applying Lemma 11. O

PROOF OF THEOREM 4. Assume (Al) and (A4).

Lemma 9-(iii) is exactly the first result we want to obtain, that is: for
all ¢ € My(T), any n > 0 satisfies (5) for ¢. Furthermore, |V, (¢)| < oo by
(A4)-(iii).
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Assume that (pp)nens weakly converges to p* € My (T). First note that
Lemma 9-(iii) implies that for any n > 0 the sequence (fin)nen+ is well-
defined and p* satisfies (5). Using Theorem 1, we obtain that the sequence
(tn)nen+ is decreasing for all n € (0, 1], which gives Assertion (i).

We now prove Assertions (ii) and (iii) successively.

Proof of (ii). For all ¢ € M;(T) and all y € Y, set ac(y) = fa (%(yy))) p(y),

leading to
(35) ¥o(0) = [ actu)vidy).
Then, for all y € Y,

(36) |a¢(y)| < sup
0T

 (M2) ‘p@) |

p(y)

which is integrable w.r.t v(dy) by (A4)-(iii). Furthermore, recall that for all
yey,

_ S (dO)T (b, o (0) + 1)K (6, )

- Jr (AT (b, 0 (8) + 1) .

By applying twice Lemma 9-(iv) with h(¢) =1 and h(f) = k(6,y), we have
that for all y € Y,

(37) lim [Zo,(pn) K] (y) = [Za(w)El(y) -

n—oo

[Zo(pin) K] (y)

Now, since f, is C!, we obtain from Lemma 9-(i) and (37) respectively
that for all y € Y, limy o0 ap, (y) = ap(y) and lim, o0 az, () (y) =
az, (u)(y). Combining with (36) and (35) we can thus apply the Dominated
Convergence Theorem to obtain

(38) nh_{go o (pn) = Yal(p")
and
(39) T}LHQO Vapnt1) = nlggo Va(Za(pn)) = Va(Za(p")) -

Finally, (38) and (39) together yield ¥, (u*) = ¥4 0Zy(p*), which in turn
implies that p* is a fixed point of Z, according to Theorem 1-(ii).
Proof of (iii). We prove (iii) by contradiction. Suppose that p, = p*,
where p* is a fixed point of Z,, that satisfies

U, () > inf  U,Q0).
0> it (@)
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Then, there exists 1 € My ,, (T) such that W, (p*) > Wu (). Now for all
n € N*, set

B, = {0 eT : ﬂ {hum(a) > 5/~Lm(hum)}} )

m>n

where for all ( € My(T), for all 6 € T, h¢() :=I'(be,o(0) + k). There exists,
according to Lemma 12, for a well chosen § > 1 and a sufficiently large ng
such that i(By,) > 0.

Furthermore i = p; by definition, where ¢ ~ p; if and only if for all
A€ T:((A) > 0is equivalent to p1(A) > 0. Since 0 < I'(by, . (0) + k) < 00
for pi-almost all # € T and j% x I'(by, o + k), we also have ps = p1. Then
by induction, py, = pp for all n € N*. Finally, t,,(Bp,) > 0. Moreover, for
all § € By, and all m > ny, %}E(B) > 4 and consequently

pnBao) = [ pm1(@0) O ().

B 0 Mm—l(hﬂmfl)

By induction on m we get that, for all m > n, pm (Bny) = 0™ " fing (Bny)-
This contradicts the previously obtain facts that § > 1 and i, (Bp,) > 0.
Therefore we get a contradiction and the proof is concluded. O

APPENDIX B

B.1. Adapting Theorem 3 in the Stochastic case. Here, we want
to adapt Theorem 3 to the Stochastic case for the Entropic Mirror Descent.
Given 13 € M;(T) with ¥, (1) < oo and letting (fin)nen+ be defined by
(14), we will need the following additionnal assumption on the sequence
of iterates (pin)nen+, which controls the difference ]lA)ﬂma’M(H) — bjin.a(0)]
uniformly with respect to 6.

(A5) Assume that there exists o > 0 such that for all n € N*,

. g
E bi am(0) —by (0 < —.
s o) - 1.0 | <

Before stating the result, let us first comment on the validity of this assump-
tion.

Validity of Assumption (A5), an example. Set g, (0,y) = fé%(ygj) fh (“;Z/()y))

for all # € T, all n € N* and all y € Y. In the particular case of the
Simplex framework (see Example 2), which is the case we use in practice,
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(A5) holds with o = 2C'y/ %, where C' is a positive constant satisfying

lgn (05, Yimnt1)| < C almost-surely for all j = 1...J, all n € N* and all
m=1...M.

ProoF. For all u > 0, we have by Jensen’s inequality that
(40) cuE[maxi<jics Mlba, a0 (85) bz a(6))]]
<E [eumaX1<j<J M!l;ﬂn,a,M(f’j)—bﬂn,a(aj)q

Furthermore, Hoeffding’s lemma implies

e

B [ (0e0 Y 0]

and consequently
£ [€”M{Bﬂ"’“*M””*”ﬂma(@ﬂ}} < 2T

Similarly, we have

~ 2 ~2
E [efuM{bﬂn,a,M(ej)fbﬁnya(ej)}} < e% .

which implies

~ 22
E [euM\bﬂn,a,M(ej)—bﬂn,a(9j)|] <255

Then, combining with (40), we have

~ 22
euE[maxlgjgj M’bﬂn,a,ﬂ/l(gj)_bﬂn,a(ej)” g 2J@ MuQC

and we obtain

7 log(2 MuC?

1<

Setting u = 21](\)/?72?2‘]) yields the desired result, as we have
. log(2J
E Lrgjag ‘bﬂn,mM(Qj) - bama(@-)” <2 igw :
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We now state in the next Theorem an O(1/v/N + O(1/v/M)) bound on
E[Us(fin) — ¥o(p*)] in the particular case of the Stochastic Entropic Mirror
Descent.

THEOREM 6. Assume (Al). Let i1 € Mi(T) be such that ¥, (ji1) < oo,
let (fin)nen+ be defined by (14) and assume that (A5) holds. Further assume
that |bloo.o = SUD, e geT |lA),1mo¢,M(9)\ < o0 and let T'(v) = e~ ", Finally, let
(n, k) belong to any of the following cases.

(i) Forward Kullback-Leibler divergence (a« = 1): n € (0,1) and k is any
real number;
(ii) Reverse Kullback-Leibler (a = 0) and a-Divergence with o € R\{0, 1}:

1 - )
n € (0, Ioc—l\\Bloo,a+1) and K is any real number;

Then, the sequence (fin)nen+ is well-defined and for all N € N*, we have

N
1 1 La3
E|V, | — i | — Vo ()| < — |KL(p* L——A
(anlu> (u >] oo [KL + 1722
n 1 LLy3Laao
\/M 77Loc,1

where pi* is such that Wo(p*) = infeen, , (1) Ya(¢) and where we have de-
fined Ay = Wo(fin) — Vo (p*), KL(p*||1) = [71og <%> dp* and Loy =

—1 1— sup,, omg F(’U)
SUPyeDom, I'(0)* SUP,epom,, ['(v) [1 + m} :
The first step to prove this result is to see what becomes of Lemma 6 in
the Stochastic framework, which we investigate in Lemma 13 below.

LeMMA 13.  Assume (A1) and (A2). Let i1 € M1(T) be such that Uy (f11) <
00, let (fin)nen+ be defined by (14) and assume that (A5) holds. Further as-
sume that Lo 4 < 0o. Then, for all n € N*,

LS’lE [Vars, (b )| < E[@aliin) = Baliin1)] + Lo

7
e
PROOF. We consider the case r = 0 for simplicity. Set §,(0) = IN“(IA)ﬂn,mM(G))
for all # € T and for all n € N*, where I'(u) = I'(u)/E, [I']. Based on the
proof of Theorem 1, we have

(41)

n

(42) Aa < \I/oc(,an) - \I/Oé(,&n%—l) )
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where

o {fT f1(d0) [log §u (0) + b, 1(0) + K] [1 — §u(0)]  ifa=1
T i fin(d0) [bﬂma(e) + ﬁ} Gn(0)* L — §n(0)], otherwise.

Now defining
EOL = ﬂn <|:l;ﬂn,a,M - bﬂny i| go ! []' - gn]) :

and based on the proof of Lemma 6 we can rewrite (42) as

(Bﬂn7a7M> < Vq (/ln) -V, (ﬂn-ﬁ-l) + Eq

and we deduce

L e L)
2

< [ 2 s ] )]
g

<La4

' \/M
U

Next, we derive the Stochastic version of Theorem 2 in the particular case
of the Entropic Mirror Descent.

THEOREM 7. Assume (Al). Set I'(v) = e~ and let n be such that (A2)
and (A3) hold. Let i1 € Mi(T) be such that V(1) < oo, let (fin)nen
be defined by (14) and assume that (A5) holds. Further assume that L 1,
Lo >0 and that 0 < inf,epom, I'(v) < sup,epom, I'(v) < 0o. Then, for all
N € N*, we have

1 Y 1 Ly3
U, | — i | — Uo(w®)| < — | KL(p* <
(N§u> ol >] N (K + 252200

)

1 LL,3Lauo
v M nLa,l .

PROOF. We consider the case k = 0 for simplicity. Let n € N* and set
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Ap =Y, (fitn) — Yo(p*). Then,

(43) Bl <k | [ bﬂn,a<dﬂn—dm>]

=E / E [(;ﬂn,a,Mu:n] (dfin — dﬂ*):|
T

=K / Dot (it — du*)}
s

=K /r(ﬂn(l;ﬂn,a,M) - Bﬂn,a,M)dﬂ*] :

By adapting the proof of Theorem 2, we deduce

1 7 A
An X S lo bﬂn@h —lo An bﬂn,a, d * .
P sE [(_logr)'(ﬂn(bpn,a,M)) /T [ g I ) = log I'(fin( M))} I ]

In the particular case of the Entropic Mirror Descent (for which I'(v) = e=")
we obtain that —(logT')’ = n, that is Ly 2 = % and by following the proof of
Theorem 2 we have

1 dﬂn-‘rl * L 7
<= ZVar,, (b; .
(44) E[A,] < 77E [/T log ( i, ) dp™ + 2Varun (b,un,a,M> ng]

By assumption on inf,epom, I'(v) and on sup,cpem, ['(v), we have that
L, < 00 and combining with Lemma 13, we obtain

E[An) < 2K [ [ 1os (dﬂ”“> dprt + 23 g () - %<ﬂn+1>]]

n dﬂn La,l
LLo3Las o
nLa,l v M .

As the r.h.s involves two telescopic sums, we deduce

1 1 L
—N"EIA, < — | KLt |y) + L2232 A
N 2Bl < o (K + 172

] i LLy3Llas o
La,l

77La,1 v M ’
and we conclude using the convexity of the mapping p+— W, (u). O
With all these elements in hand, we can now prove Theorem 6.

PRrROOF OF THEOREM 6. The proof follows from a straightforward adap-
tation of t}}e proof of Theorem 3 for the Entropic Mirror Descent (we replace
], bY |bloc,a) combined with Theorem 6. O
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B.2. Proof of Theorem 5.

PROOF OF THEOREM 5. The proof of Theorem 5 can be adapted from
the proof of [43, Section 2.3]. We consider the case k = 0 for simplicity.
Note that the case x # 0 unfolds similarly by replacing b, o by bj, .o + K
everywhere in the proof below. Let n € N* and set A, = Uy (f1n) — Yo (u*).
The convexity of f, implies that

B < [ Bialdiin = i)
i

Now taking the expectation, we obtain that

(45) BIA <E | [ b aldiin - du*)]

=& [ Bl | Fal(in - dm]
i

=E /Bﬂn,a,M(dﬂn - du*)] :
T

In addition, using that % o e~ Mmbin.an and noting that the integral of
any constant w.r.t g, — u* is null, we deduce

7 1 dﬂn A
st o)
[F g ( ) N JT dfin+1 ( )
1 di, 1 d
S log<AN >d,&n—/log< Hn )d*
M JT dfin+1 M JT dflp41

_ 1 [/T log( A ) (dftn — dfin+1) — KL(ﬂnJrlHﬂn)}

n d,un—l-l

+ nl K L(* i) — K LG i)

n

Let us first consider the term inside the first brackets. We have that

d/ - X X
/ log <d Hn ) (dftn — dfiny1) = nn/ bﬂn,a,M(dun — dflnt1)
T Hn+1 T

< nn|b|ﬂn,M,a ||ﬂn - ﬂnJrlHTv )

A (G|

where we have set

M

‘9 Ym n+1)
bli, Mo = _—
| |“ e Z GET fink mn+1)
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dMn+1 b,

and where we have used that x e M%mn.a.M gnd that the integral of

any constant w.r.t fi, — fip41 is null Moreover, Pinsker’s inequality yields

. . o 2
— K L(fin+1]]iin) < *5 | ftn, — fins1 |7y

Now combining with the fact that 7,|b|4, m.aa — a?/2 < (Malbla, M.0)2/2
which is valid for all a > 0, we get:

10 L[ [ rog (G350 4 i) — KLl lin)] < "t
|+ g dfinon Hn — Alin41 HPn+1{|Hn) | & 9 .

Furthermore, using Jensen’s inequality and (16), we have that
f/ (ﬂnk(ym,n-&-l)) D ?
“ p(Ym,nJrl)

and as a consequence, we obtain from (45) and (46) that

MnE[An] <1 Ba/2 + E[(K L(1*||fin) — K L(1*]|fin+1))] -

Finally, as we recognize a telescoping sum in the right-hand side, we have

M

© ] <2 57 2 (s A

m—1 \0€T Mnk(ym,n+l)

< B2

N N
> mE[AL] <D i Ba/2+ KL(u"||jin)
n=1 n=1
that is we have, by convexity of the mapping p +— W (1),

N N ~
. B2> 0 n2/2  KL(u*||n

o <§ :wnﬂn> _\I/a(u*) < aZﬁ_l nn/ + S\IL[L H/’L ) )
n=1 Zn:l n Zn:l U

(47)

Then,
e setting 7, = 1o/v/n for all n > 1 in (47) yields

N
o) ] < Qo) B2 /2 + K LG )
a (; nNn) Vo (p )] < 770\/> .

e setting 1, = 19/V/N for all n. = 1... N (47) yields

1 | _ B23/2+ KL(u*||fun)
a | xr E n _\Ija( )
(anllu ) 8

novVN
Furthermore, the r.h.s is minimal for 79 = B;'\/2K L(u*||11) that is

for n, = By M]\;”’ll)forallnzl...]\f.

O]
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B.3. Example 4 and Condition (16).

PROOF THAT CONDITION (16) IS SATISFIED IN EXAMPLE 4.

e—lly—012/(2n?) o—llu=0F12/2 o—lly—03112/2
We have kh(e, y) = W and p(y) = O5W +05W
for all € T and all y € Y. Since we have chosen o = 1, we have f/(u) =
log(u) for all u > 0 and we are interested in the following quantity

kn (6, y)? phn(y)\ |?
B? .= sup / sup log v(dy) .
VT emnm N ewer k(0 y) p(y) (dy)

Recall that by assumption T = B(0,r). Then, for all §,6' € T and for all
y €Y, we can write

kn(6,y) —lly—=01%+|ly—0"|| 2<y,0-0">— 0] > +0" ||
s = 2h2 =e 2h2
kh(e 7y)
2|<y,e—o’>\+2neu2+ue’u2
<e 2h
||yuue—29’u+r2
<e h
||yu2g+r2
e h

Furthermore, we also have for all y € Y

ly=o?
o~ SUPoeT 5 < (27Th2)d/2,ukh<y) <1
lly—0F 2

y—Y%
e MaXie{1,2} B)

< (2m)"?p(y) <1
and we can deduce for all 4 € M;(T) and all y € Y
ukh(y)>’ ly — 6 ly — 07|12
10g< <sup—~—-— + max ——— + d|logh
’ p(y) geT  2h? ie{1,2} 2 | |

(gl +7) [ 1
<——— |5 +1 1 .
5 ol + d| log h|

Consequently, we have

llyl|2r+r?

e Ciweozen2 ((Ulyll )2 [ 1 ’
B%é szgge ||y 6” /(2h)<2 ﬁ—i_l +d\logh| I/(dy)

<e—(ll=n% /(2%

that is By < oo. O
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APPENDIX C

C.1. Lemma 14 : statement and proof. Recall that Y7,Ys,... are
i.i.d random variables with common density uk w.r.t v, defined on the same
probability space (2, F,[P) and we denote by E the associated expectation
operator. Here, I is chosen as I'(v) = [(a — 1) v + 1]7/ (1),

LEMMA 14. Assume (Al). Let o« € R\ {1}, n > 0 and k be such that
(a — 1)k = 0. Let pr € My(T) be such that pu(|byal) < 0o and

KO, Y1) (k) o
(48) /T,u(dQ)E { R ( o) > + (a— 1)/4;} <00

Then,

(49) Jim ((Cpans +5) = p(Cbpa + ), P—as.

PROOF. Set g(0,y) = G4 (LWl 4 (o —1)r, ¢ = L and h(u) =

(a — 1)u+ (a — 1)k + 1. Note that E[g(6,Y1)] = h(b,«(#)) and h® =T
(i) We start with the case ¢ ¢ [0, 1]. Our goal is to apply Lemma 15, which
is a generalized version of the Dominated Convergence Theorem. To do so,

first note that h(lA)#,m 1(0))? is positive and combining with the convexity of
the mapping u — u?, we have for all M € N* and for all § € T,

(50) 0 < h(bpam(9)? <M1 [g(8, V)]

(1=

m=1

Since pu(|by,a]) < 0o, the LLN for p-almost all § € T yields

(51) lim byas(0) = bua(6) -

M—o0

Now applying successively (a) the LLN for u-almost all § € T (as stated in
Lemma 16), which is valid under (48), (b) Fubini’s Theorem and (c) again
the LLN

52 [ s hliz{ 0., @ [ wtan)e [{g(6.v0))°

—
=
N

M—o0

( M
=E[ / u(de)[g(H,Yl)W] 9 i [ ety o6, Y
m=1
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That is

M
( lim M Z{g ) = Jm (Ml Z[g('7Ym)]¢> <o

Combining with (50) and (51), we apply Lemma 15 and obtain

p (100000°) =1 (i 16000 ) = i n(hE000)%)
that is R
(L (bpa + k) = thloo/i(r(bu,a,]\/f +K)) -

(ii) We now turn to the case ¢ € (0,1]. Let M’ > 0. Since

M ¢
/Tu(de) <M_1 Z 9(9,Ym)1{g(0,ym)<M/}) < w(h(byam)?)

m=1

the LLN for p-almost all # € T (Lemma 16) and the Dominated Convergence
Theorem yields

(53) /T/L(d9> (E[g(eaYl)l{g(H,YQSM/}])d) 11m1nfu(h(6u7a7M)¢) .

M—oo

Using now (u + v)¢ < u® + v? and then Jensen’s inequality for the concave
mapping u — u®,

o ¢
pu(h(by,a,n)?) < /T (M Py 908, Yin) 1y er><M'}>
m=1

¢
+ (/T u(do) M~ Z 6,Y, )1{9(9Ym)>M,}>

m=1

By invoking the LLN for p-almost all § € T (Lemma 16) and the Dominated
Convergence Theorem for the first term of the rhs and the LLN combined
with Fubini for the second term, we get

lim sup p(h(b.an)?) < /T (d6) (Elg(0, Y1) 1g(6.v1)<01])”

M—o0
)
+<AM@@MﬂQKﬂ@@hpMﬂ>

Letting M’ go to infinity both in this inequality and in (53) completes the
proof of (49).

O]
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C.2. General Dominated Convergence Theorem. We state and
prove a generalized version of the Dominated Convergence Theorem, adapted
from [51, Theorem 19]. We provide here a full proof for the sake of complete-
ness.

LEMMA 15 (General Dominated Convergence Theorem). Let ¢ € M;(T).
Assume there exist (apr), (bar), (ear) three sequences of (T, B(R))-measurable
functions such that the limits limps o0 apr(0), limps—o0 bar(6), limps—o0 car(6)
exist for C-almost all 0 € T and

¢| lim ap|+¢| lim ep| < o0
M —o0 M— o0
Assume moreover that for all M € N* and for (-almost all 0 € T

an(0) < ba(0) < e (0)

and

(54) ¢(Jim_ap) = lim ¢(an)
(55) ¢(Jim en) = lim ((ear) -
Then,

ClJim ) = Jim CCr)

Proor. We apply Fatou’s Lemma combined with (54) and (55) to the
two non-negative, (7, B(R))-measurable functions 6 — by (6) — aps(0) and
0 — cpr(0) — bas(0) and we obtain

¢(lim infbyy) < liminf ¢ (bar)

e < Tim i _
¢(lim inf —byr) < lim inf ¢(—ba)
which proves the lemma, as liminfy; o bas(6) = limsup,,_,o, bas(6) for ¢-
almost all € T. O

C.3. Integrated Law of Large Numbers. Let Y7,Ys,... be ii.d.
random variables on the same probability space (2, F,P) and let f be a non-
negative real-valued (T ® F, B(Rx())-measurable function. We are interested
in showing

M—oo

M
(56) /T C(do) tim MLS" £(60, Yim) = /T C(AB)EL/ (6, Y1)
m=1
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for ¢ € M;(T) satisfying |5 ((d0)E[f(0,Y1)] < co. While this result follows
easily if we can show that

M
(57) P (ve €T, Jim MY f(0,Y) = IE[f(G,Y1)]> =1

m=1

unfortunately the LLN only yields

P(A}iglooMlzfey f(HYl)]>:1

for ¢-almost all § € T. The following lemma allows to show (56) without
resorting to the much stronger identity (57).

LEMMA 16. Let ¢ € Mi(T) and assume that [+ C(dO)E[f(0,Y1)] < oo
Then, P — a.s.

M
| <tao) tim a 13701 = | camEizo.viy.
PROOF. Set
M
B = {<e,w> STHO i M S0 Yn() = E[fw,m} |
Let 7o : (0,w) — 1pc(f,w) and v1 = 1—79. According to the Fubini Theorem

and the LLN for M~ S"M_ £(6,Y,;,) where 0 is such that E[f(0,Y1)] < oo
(which is satisfied for (-almost all § € T by assumption),

Ucww ] /cw o (60,)] =

Therefore, [;¢(d6)y0(0,-) is P — a.s. null that is, there exists 1 such that
P() =1 and for all w € Q1, A — [, ((d#)yo(f,w) is the null-measure on
(T, T), which in turn implies that the measures ¢ and A — [, ((d0)y1(0,w)
coincide. The latter property implies for all w € €,

/ C(AO)ELF(0, V)] = / C(AO)ELF (0, Y1)} (6, )
T T
M
=iﬁcmwlﬁggkflg;fwﬁ%@ﬂ)vﬂﬁw)

M
Tddﬂﬁg&jw‘lz;fWJ%AwD-
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C.4. Proof of Proposition 7.

PROOF OF PROPOSITION 7. Recall that we have taken I'(v) = [(a — 1) v+
1]”/ (1=2) For the sake of readability, we only treat the case & = 0 in the proof
of Proposition 7. Note that the case k # 0 unfolds similarly by replacing
bu,a by by + K everywhere in the proof below.

A first remark is that W, (u) < oo implies p(|by,a|) < oo. This comes from
the fact that for all @ € R and for all u € Ry, ufl(u) = afa(u) + (u —1)

and we can write
fa (%) ‘p(y)V(dy) +/Yp(y)1/(dy) +1

Under (A1), we have [|, p(y)v(dy) < oo, which settles the case o = 0. As for
the case @ € R\ {0}, we obtain from Lemma 3 that the r.h.s is finite if and
only if W, (u) is finite, which is implied by the assumption ¥, (u) < co.

By the triangular inequality, for all M € N*, for all 6 € T,

T (B <9>>_r<bu,a<9>> T (Buane(#)) || (0 (bp0))
wu(l ( M)) M(F(bu,a)) p(l ( M)) (L (bya))
L Ir ( M<e>>fr<bu,a< )|
M(F(bﬂ,a))
Thus
5 B D(byonr)  T(bua)
Ia,M(,u) _IOL(/’L)HTV K < ,Uf(r(g,u,a,M)) M(F(gma)) )
 p(C(uann)) | | #(T (Banr) = T(bua)l)
ST T | T T

(58) lim

As for the second term of the rhs, first note that for all M € N*, for all
0eT

~

(59) 0 < |T(by,a,01(6)) = T(ba(0))] < Tlbuanm(8)) + L(bua(8))
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and since p(I'(by,a)) < oo by assumption, the LLN for p-almost all 6 € T
yields

(60) lim T(ban(8) = D(bua(8)) .

M—o0

Furthermore, since p(I'(b,,o)) < 0o, Lemma 14 and (60) imply

lim g F(ZA)MQ,M) + F(bu,a)} =pu [ hmOO (P(i)u’m]\/[) + F(bma)ﬂ < 00

M—o0

Combining with (59) and (60), we apply Lemma 15 and obtain

M(‘F(Bu,avM) - F(bu,oc) )

lim =0
M—00 1L (bp,a))
which, along with (58), finishes the proof. O

APPENDIX D: ADDITIONAL REMARKS

REMARK 17 (Assumption ¥, (u1) < oo in Theorem 3).  The assumption
U, (p1) < oo can be discarded in Theorem 3 for all o # 0. Indeed, for all
a € R and for all u > 0, we have that ufl(u) = afo(u) +u—1 and thus we
can write

1 (buya) = a/ fa <“;Z§?)J)> p(y)v(dy) + /Yp(y)V(dy) +1

Under (A1), it holds that [\, p(y)v(dy) < co. Combined with the fact that we
have assumed that |b|so,o < 00 in Theorem 3, we obtain that W, (p1) < oo.

REMARK 18 (Renyi-bound). For any variational density q, the ELBO
and the Renyi-bound (its extension to the a-divergence family) are respec-
tively defined by

ﬁﬂmgﬂ:iﬁk%(pﬁjm>ﬂwvww

P S pw. 2\
zamgml_alg(ﬁ( w0 q@>mm>.

Then, in our particular framework, we can write

(61) Li(fink, D) = Z)\]nb#m

J
1
Lok, 7) = ——log | (a = 1) ) Njmbj,al05) + 1
7j=1
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