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This paper introduces the («, I')-descent, an iterative algorithm which
operates on measures and performs «-divergence minimisation in a Bayesian
framework. This gradient-based procedure extends the commonly-used vari-
ational 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 al-
gorithm leads at each step to a systematic decrease in the -divergence and
derive convergence results. Our framework recovers the Entropic Mirror De-
scent algorithm and provides an alternative algorithm that we call the Power
Descent. Moreover, in its stochastic formulation, the («, I')-descent allows
to optimise the mixture weights of any given mixture model without any in-
formation on the underlying distribution of the variational parameters. This
renders our method compatible with many choices of parameters updates and
applicable to a wide range of Machine Learning tasks. We demonstrate em-
pirically 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 approximated. Variational methods
such as Variational Inference (VI) [2, 23] and Expectation Propagation (EP) [31, 37] con-
sider this objective purely as an optimisation problem (which is often nonconvex). These
approaches seek to approximate the posterior density by a simpler variational density kg,
characterized by a set of variational parameters 6 € T, where T is the parameter space. In
these methods, 6 is optimised such that it minimises a certain objective function, typically
the Kullback—Leibler divergence [25] between the posterior and the variational density.

Modern variational methods improved in three major directions [4, 48] (i) Black-Box in-
ference techniques [38, 39] and Hierarchical Variational Inference methods [40, 47] have
been deployed, expanding the variational family and rendering Variational methods appli-
cable to a wide range of models (ii) Algorithms based on alternative families of divergences
such as the a-divergence [49, 50] and Renyi’s a-divergence [41, 45] have been introduced [1,
15, 19, 27, 29, 30, 46] to bypass practical issues linked to the Kullback—Leibler divergence
[4, 20, 31] (iii) Scalable methods relying on stochastic optimisation techniques [6, 42] have
been developed to enable large-scale learning and have been applied to complex probabilistic
models [5, 13, 20, 26].

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 kg and considering

a(y) = fT w(d0)ks (),
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which is a more general form compared to the one found in [47] where u is parametrised by
another parametric model. As for the objective function, we work within the «-divergence
family, which admits the forward Kullback-Leibler and the reverse Kullback—Leibler as lim-
iting cases. These divergences belong to the f-divergence family [32, 33] and as such, they
have convexity properties so that the minimisation of the «-divergence between the targeted
posterior density and the variational density g with respect to  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 «-divergence family before re-
calling the basics of Variational methods and formulating formally the optimisation prob-
lem we consider.

e In Section 3, we describe the Exact («, [')-descent, an iterative algorithm that performs «-
divergence minimisation by updating the measure . We establish in Theorem 1 sufficient
conditions on I" for this algorithm to lead at each step to a systematic decrease in the «-
divergence. We then investigate the convergence of the algorithm in Theorem 2, 3 and 4.
Strikingly, the Infinite-dimensional Entropic Mirror Descent [21], 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 o« > 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 [17, 22]. The resulting general-purpose algorithm
is Black-Box and does not require any information on the underlying distribution of the
variational parameters. This algorithm notably enjoys an O(1/+/N) convergence rate in
the particular case of the Entropic Mirror Descent if we know the stopping time of the
algorithm (Theorem 5).

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

Apart from the proofs leading to Theorem 1, which is central to our approach and is used
to derive several subsequent results, we have deferred all the proofs to the Supplementary
Material, alongside with additional comments.

2. Formulation of the optimisation problem.

2.1. The a-divergence. Let (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, that is, Q < v, P < v. Let us denote by g = dv 9 and p= g—f the Radon—
Nikodym derivatives of Q and P with respect to v.

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

_ 1 g\
D@17 = [ [ (45) ~1]powan.

D@17 = [ tog( ﬁ ;)q@)v(dy)

wherever they are well defined (and otherwise we write 4-00).
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As limg—0 Do (Q || P) = DxL(P || Q) and limg—1 De(Q | P) = Dxr(Q || P) (see, e.g.,
[45]), the definition of the «-divergence can be extended to 0 and 1 by continuity and we
will use the notation Do(Q || P) = DxL.(P | Q) and D1(Q || P) = DkpL(Q || P) throughout
the paper. Letting f,, be the convex function on (0, +00) defined by fo(u) =u — 1 —log(u),
fiu)=1—u+ulog(u) and f,(u) = m[u“ —1l—a(@m—1]forall e R\ {0, 1}, we
have that for all @ € R,

1) D@1 = [ fu( L2 pesvian.

v \p®»)
Written under that form, the right-hand side of (1) corresponds to the general definition of
the «-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 [10, 11, 43, 45] for more details on the «-divergence family.

PROPOSITION 2. The a-divergence is always nonnegative and it is equal to zero if and
only if Q = IP. Furthermore, it is jointly convex in Q and P and for all @« € R, Do (Q || P) =

D[ Q).

Special cases of the «-divergence family include the Hellinger distance [18, 28] and the
x2-divergence [15] which correspond respectively to order & = 0.5 and o = 2.

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

_ PO, _ pWp(Z1y)
p(2) p@
where p(2) = [y po(y) p(Z|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(2). One example of such a model is Bayesian logistic regression for binary classification.

r(y|2)

EXAMPLE 1 (Bayesian logistic regression). We use the same setting as in [17]. We ob-
serve the data 2 = {c, x} which is made of I binary class labels, ¢; € {—1, 1}, and of L
covariates for each datapoint, x; € RE. The hidden variables y = {w, 8} consist of L re-
gression coefficients w; € R, and a precision parameter 8 € R*. We assume the following
model:

po(B) = Gamma(B; a, b),
po(wi|B) =N(w; 0,71, 1<I<L,
1
plci =1lx;, w) = m,

where a and b are hyperparameters (shape and inverse scale, resp.) that we assume to be

fixed. We thus have p(y. 2) = po() [1i=y p(cilxi. y) with po(y) = TTizy po(wi|B) po(P)
and as the sigmoid does not admit a conjugate exponential prior, p(%) is intractable in this
model.
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One way to bypass this problem is to introduce a variational density ¢ in some tractable

density family Q and to find ¢g* such that
q" = arginf Do (Q || P),
qeQ

where P and Q denote the probability measures on (Y, )) with corresponding associated
density p(-|2) and ¢. This optimisation problem still involves the (unknown) normalisation
constant p(Z); however, it can easily be transformed into the following equivalent optimisa-
tion problem:

q" = arginf fa( 907 )p(y, 2)v(dy),
geo Y \p(y, D)

which does not involve the marginal likelihood p(%) anymore (see, e.g., [4] and [15, 27]).

The core of Variational Inference methods then consists in designing approximating families

Q, which allow efficient optimisation and which are able to capture complicated structure

inside the posterior density. Typically, g belongs to a parametric family g = kg where 6 is in

a certain parametric space T, that is, the minimisation occurs over the set of densities

[y ko(y):0 €T}

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

{y — [rka): e M},

where M is a convenient subset of M1 (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 minimising set
to a larger space since a parameter 6 can be identified with its associated Dirac measure §g.
Similarly, a mixture model composed of {0, ...,0;} € T/ will correspond to taking w 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 © € M;(T), for all y € Y, we denote
uk(y) = [7n(d0)k(®, y) and we define
@ vo = [ 1 B2 poyvian.

v\ p(y)
Note that p, k and v appear as well in W, (), that is, W, (1) = Yo (13 p, g, 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 Wy (1),

HeEM

and in practice, we will choose p(y) = p(y, Z).

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

pe o = [ (52 ) pan),
v\ p(y)
whereas the initial optimisation problem was associated to the mapping

ewfvfa(’;f((yy)))p(y>v<dy>,

which is not necessarily convex.
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We now move on to Section 3, where we describe the («, I')-descent and state our main
theoretical results.

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

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

(A1) The density kernel kK on T x Y, the function p on Y and the o-finite measure v on
(Y, D) satisfy, forall (9, y) e Tx Y, k(0,y) >0, p(y) >0and [, p(y)v(dy) < co.

Under (A1), we immediately obtain a lower bound on W,,.
LEMMA 3. Suppose that (A1) holds. Then, for all u € M1(T), we have
Vo0 = ol [ POy ) > —cx.
where fa is defined on (0, 00) by fa ) =ufy,(1/u).

PROOF. Since fi, (1) = ufy(1/u), we have

w0 = [ fa(lfk(—(yy)))uk@)v(dy).

Recalling that fy, and hence fu» is convex on R-, Jensen’s inequality applied to fu yields
Vo () = fa(fy P(MV(dy)) > —oc0. O

REMARK 4. Assumption (A1) can be extended by discarding the assumption that p(y)
is positive for all y € 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.

Thus, if there exists a sequence of probability measures {u, : n € N*} on (T, T) such that
W, (1) < oo and Wy (1) is nonincreasing with n, Lemma 3 guarantees that this sequence
converges to a limit in R. We now focus on constructing such a sequence {u, : n € N*}.

For this purpose, let © € M (T). We introduce the one-step transition of the («, I')-descent
which can be described as an expectation step and an iteration step in Algorithm 1.

Given a certain « € R, a certain function I" which takes its values in R. o and an initial
measure (1 € My (T) such that W, (1) < oo, the iterative sequence of probability measures
(Mn)nen+ is then defined by setting

4) Mnt1 =ZLoy(n), ne N*,

A first remark is that under (Al) and for all o € R\ {1}, b, is well defined. As for the
case o = 1, we will assume in the rest of the paper that b,, 1 (6) is finite for all © € M;(T) and
0 € T. The iteration i — Z, (u) is thus well defined if moreover we have

(5) w(C(bya +K)) < 00.

Algorithm 1: Exact («, I')-descent one-step transition

p(y)
u(d0)-I'(by.a(0)+k)
u(l(by,atK))

1. Expectation step : by, (0) = f k@, y) fL (4 Wy, (dy)
Y

2. Tteration step : Z, () (d0) =
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A second remark is that we recover the Infinite-Dimensional Entropic Mirror Descent
algorithm applied to the Kullback—Leibler (and more generally to the «-divergence) objective
function by choosing I" of the form

Cw)=e".

We refer to [21], Appendix A, for some theoretical background on the Infinite-Dimensional
Entropic Mirror Descent. In this light, b,  can be understood as the gradient of W, . Algo-
rithm 1 then consists in applying a transform function I' to the gradient b, o and projecting
back onto the space of probability measures.

In the rest of the section, we investigate some core properties of the aforementioned se-
quence of probability measures (i,),ecn+. We start by establishing conditions on (I", ) such
that the («, [')-descent diminishes W, (u;) at each iteration for all w; € M (T) satisfying
Wy (p1) < oo.

3.2. Monotonicity. To establish that the (o, I')-descent diminishes W, (i1,,) at each iter-
ation, we first derive a general lower-bound for the difference W, (n) — W, (¢). Here, (¢, 1)
is a couple of probability measures where ¢ is dominated by p which we denote by ¢ < .
This first result involves the following useful quantity:
8O)puk(y)

r(y)
where g is the density of ¢ w.r.t u, that is, £(d6) = u(d6)g(6).

©) Ay = /Y v(dy) fT /L(dé)k(G,y)foi( )[1 —2®),

LEMMA 5. Assume (Al). Then, for all u, ¢ € M1(T) such that { < u and Y, (1) < 00,
we have

(7 Ag = Vo () — Vo (0).
Moreover, equality holds in (7) if and only if ¢ = 1.

PROOF. To prove (7), we introduce the intermediate function
p(dO)k(®, y) (g(O)Mk(y)>
[k () Py /)

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

o (£2 1) = /Y v(dy)p() /T

do)k (o, 6
®) ha. = [ v(dy)p(y)fa(fT“( SOV w0
Y p(y)

Next, set ug, y = %y]g(” and vy = %. Since the function f,, is convex, we have that for
alld €T, forall y €Y, fo(vy) > fol(ug,y) + fa/l(ugyy)(vy —ug,y), that is,

k ) uk ) uk k
©) fa(ﬂ (y)) Zfa(g( I (y))+fo,[(g( L (y))u (y)[1 —2®].

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

p(do)k(,y)

Now integrating over T with respect to k)

p(y)v(dy) in (9) yields
(10) Wo (1) = e (L, 1) + Aq.

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. sothat { = . 0O

and then integrating over Y with respect to
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We now plan on setting { = 7, () in Lemma 5 and obtain that one iteration of the («, I')-
descent yields Wy o Zy () < W, (). Based on the lower-bound obtained in Lemma 5, a
sufficient condition is to prove that taking g o I'(b;, o + «) in (6) implies Ay > 0. For this
purpose, let us denote by Dom,, an interval of R such that for all & € T, for all u € M(T),
bu,a(@)+« and p(by o) + «k € Dom, and let us make an assumption on (I, ).

(A2) The function I'" : Dom, — R ¢ is decreasing, continuously differentiable and satis-
fies the inequality

[(@ —1D(w—x)+1]dogl)'(v) +1>0, veDom,.

We now state our first main theorem.

THEOREM 1. Assume (Al) and (A2). Let © € M (T) be such that (5) holds and ¥, (1) <
00. Then the two following assertions hold:

(i) We have Wy 0 Ty () < Wo ().

(i) We have Wy, 0 T, () = Wo (1) if and only if 1 = Z, (10).

PROOF. To prove (i), we set g o« I' (b, « + k) in (6) and we will show that A, > 0. Then
the proof is concluded by setting ¢ = Z, () in Lemma 5 as
(1T) Wy 0Zg () < Wo() — Ag < Wo ().
We study the cases ¢ = 1 and @ € R\ {1} separately.

(a) Case o = 1. In this case, f{(u) = logu and we have

)k
= [vaan [ u(cw)k(e,y)log(w)[l —5®)]

)
= [ vy [ nwere. y)[logg(9>+f1(“k((y)))}[1 — 2(®)]
-/ u(de)[logg(0>+ [ ke, y)fl(“ (y))) dy >][1—g(9)]

- fT 1(d0)[log g(0) + b1 0) +k][1 — g(®)].

where we used that [« (1 — g)] = 0 in the last equality. Setting f‘(v) =T )/ by1+kK))
for all v € Domy, we have g =T o (bu,1 + k). Let us thus consider the probability space

(T, T, ) and let V be the random variable V (0) = b, 1(6) + «. Then E[1 — f‘(V)] =0 and
we can write

A =E[(logT(V) + V)(1 = T(V))] = Cov(log ['(V) + V, 1 = T(V)).
Under (A2) with « =1, v — log f‘(v) +vand v~ 1— f‘(v) are increasing on Dom;

which implies A1 > 0.
(b) Case a € R\ {1}. In this case, f,(u) = ﬁ[u‘)‘_1 — 1] and we have

Ao = [ vy [ nerne. - L [(g (9;’(“;")(” )H _ 1][1 ()]

= [ vy [ ok, y)—(%)a_lgw—l[l — )]

1
= frﬂ(de)[bu,a(e) + ﬁ}g@)“_l[l —g®)].
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Again, setting I~“(v) =TI'()/u(by,« +«)) for all v € Dom,, we have g = o (b, +1).
Let us consider the probability space (T,7,m) and let V be the random variable V(0) =
by« (0) + «. Then we have E[1 — I'(V)] =0 and setting k' =K — —L— we can write

a—1
Ay =E[(V — )TN (V) (1 =T (V))] = Cov((V — )T 1(V), 1 = T(V)).

Under (A2) with « e R\ {1}, vi—> (v — K’)f‘“‘l(v) and v~ 1 — f‘(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, Wy o Zo () = Yo (1)
combined with (11) yields

Wy 0 Zy (1) = Vo (1) — Ag,

which is the case of equality in Lemma 5. Therefore, Z,(u) = . U

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

One can also readily check that I'(v) = [(e¢ — )v + 177/0=9) gatisfies (A2) for all o €
R\ {1}, for all ¥ such that (¢ — 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.

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

LEMMA 6. Assume (Al) and (A2). Let i € M1 (T) be such that (5) holds and WV, (1) <
00. Then
Ly

Q’IVarM(bM,a) < Wy (1) — Wy 0 Ty (),

(12)

where

Loi:= inf {[(«—1D@w—k)+1]dogl)(v)+1}x inf —TI'(v).

veDomg, veDom,,

The proof of Lemma 6 builds on the proof of Theorem 1 and can be found in [12], Ap-
pendix A.1.

Lemma 6 can be interpreted in the following way: provided that L, ; > 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 I' satisfying (A2), quantifies the
improvement after one step of the («, [')-descent.

TABLE 1
Examples of allowed (T, k) in the (a, I')-descent according to Theorem 1

Divergence considered Possible choices for (T, k)

Forward KL (« = 1) F'w)y=e M, ne(0,1] any k
a-divergence with o € R\ {1} I'v) =[(a— l)v—l—l]%,ne(o, 1] (a—1Dx >0
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Interestingly, monotonicity properties akin to Lemma 6 have previously been derived un-
der stronger smoothness assumptions in the context of Projected Gradient Descent steps. For
example, in the particular case where the objective function f is assumed to be -smooth on
R, for all # € R it holds (see, e.g., [7], equation (3.5)) that

éHVf(u)HZ < fu)— f(u - évf(u))-

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

3.3. Convergence. Let ) € M(T). We want to study the limiting behaviour of the Exact
(o, T')-descent for the iterative sequence of probability measure (@,),en+ defined by (4). To
do so, we first introduce the two following useful quantities:

L= }jnofma(—IOgF)’(v) and LJ4:= inf T(v).

ve veDomy,

We define My, (T) as the set of probability measures dominated by 1. Next, we strengthen
the assumptions on I as follows:

(A3) The function I' : Domy — R.g 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 Ly 1, Ly > 0 and
that 0 < infyepom, ['(v) < Sup,cpom, ['(v) < 00. Moreover, let 1 € Mi(T) be such that
W, (1) < 00. Then the following assertions hold:

(1) The sequence (,)nen defined by (4) is well defined and the sequence (W (thn))neN
is nonincreasing.
(ii) Forall N € N*, we have
Loz,2
N

L
[KL(M* I 1) + LLM A1],

a,l

(13) Wy (un) — Vo (u*) <

where * is such that Vo (u*) = inf{eMLM(T) W, (&) and where we have defined A1 =
Wo (1) — Wa () and KL(u* || 1) = frlog(§e-) dpe*.

The proof of Theorem 2, which as hinted previously brings into play Lemma 6, is deferred
to [12], Appendix A.2. We now wish to comment on the constants appearing in (13) and in
particular the two constants KL(u* || ;1) and A (since the remaining constants Ly 1, Ly 2,
Ly 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 w1 is a weighted
sum of dirac measures. As we shall explain in more detail 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 (61,...,0) € T/ and let us consider
wr=J7! ij.zl 8p;- Then p* is of the form ij‘:l )»;39]. where (A7, ..., %) belongs to the
simplex of dimension J. Moreover, the two quantities KL(u* || 1) and A; can easily be
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bounded in terms of J. Indeed, using that logu < u — 1 for all u > 0 and that ZJJ-ZI A;z <1,
we obtain that
J
KL (1" || 1) = ZA; log2} +logJ <logJ.
j=1

As for A1, we have by convexity that

A < [/’Ll - M*](bm,a)

and, using Pinsker’s inequality as well as the bound on KL(u* || ;1) we have established just
above, we can deduce

Ay = [:“1 - :““*](bm,a —Ey, [bm,a])

< V2,/KL(u* || 1) 0% 1By 8)) = by 6)]
<,/2logJ ISI]I'}?/XSJMML“(Gj) — bm,a(ej/)|.

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

THEOREM 3. Assume (Al). Define |b|oo,o 1= SUPg T, jueM, (T) |« (0)] and assume that
|bloo,a < 00. Let (I', k) belong to any of the following cases:

(1) Forward Kullback—Leibler divergence (o = 1): T'(v) = e~ ", n € (0, 1) and k is any real
number (Entropic Mirror Descent);
(i) Reverse Kullback—Leibler (o« = 0) and o-Divergence with o € R\ {0, 1}:

(@) T(w)y=e71, n e (0, m) and « is any real number (Entropic Mirror
Descent); ’
n
b)) T'v)=[(e— v+ 1]7==,n e (0, 1], ¥ > 1 and k > 0 (Power Descent);

Let ;11 € M (T) be such that Wy (111) < 00. Then the sequence (ji,)en* defined by (4) is well
defined and the sequence (W, (ihy,))neN+ Is nonincreasing with a convergence rate character-
ized by (13).

The proof of Theorem 3 can be found in [12], Appendix A.3. In terms of assumptions,
we only require the gradients of the function W, to be bounded in /..-norm, which is a
standard assumption, and the objective function to be finite at the starting measure w1, that
is, Wy (1) < oo, which again is a mild assumption that can even be discarded for all o £ 0
(see Remark 17 of [12], Appendix D).

Let us now illustrate the benefits of our approach with an example where the different con-
stants 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
01,...,0;) € T/ and let us consider = J! Z]J-ZI 89j. In addition, let « = 1 and
['(v) =e " with v € Domy = [—|b|0o.1 + K, |P|oo.1 + k] and ¥ € R. Then we have L | =
(1 — n)ne*mb‘oo,a*n’(’ LL2 — 77*1’ LL3 — e’?|b|oo,a+'7’( and L = 772877‘17|oo,a*77’(.

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

logJ /2logJ|b|so.«
v — Wy (u*) < —.
a(un) (x(ﬂ )_ NN + 1—mN

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 0(101%/) convergence
rate. Furthermore, the range of possible values for 7 is stated explicitly, since the result holds
forall n € (0, 1).

This is an improvement compared to standard Mirror Descent results, which under similar
assumptions only provide an O (1/+/N) convergence rate and assume an O(1/+/N) learning
rate (see [3] or [7], Theorem 4.2.). Indeed, Projected Gradient Descent and Entropic Mirror
Descent typically achieve an O(4/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 N and
J compared to Projected Gradient Descent and that it improves with respect to N 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 [34] or
[7], 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.

The case of the Power Descent for o < 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) (1) T is a compact metric space and 7 is the associated Borel o -field;
(i) forall y €Y, 6 — k(6, y) is continuous;
(iii) we have [, supyck(9, y) X supg/eT(k(Q D ye—1y,(dy) < 0o.

()
If @ = 0, assume in addition that [, supycr | log(klge(’yy)) ) p(y)v(dy) < oo.

Here, condition (A4)(iii) implies that b, 4 (6) and W, (w) are uniformly bounded with re-
spect to u 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 (u,),en* correspond to the
global infimum of W,

THEOREM 4. Assume (Al) and (A4). Let o < 1, k <0 and set I'(v) = [(¢ — Dv +
1170=9) for all v € Domg. Then, for all ¢ € M (T), any n > 0 satisfies (5) and Wy () < 00.

Let n € (0, 1]. Further assume that there exist j11, u* € M1(T) such that the (well-defined)
sequence ((y)nen+ defined by (4) weakly converges to u* as n — oo. Then the following
assertions hold:

(1) (Wo(n))neN is nonincreasing,
(1) w* is a fixed point of Ly,
(i) Wo(u*) =infrem, , (1) Ya(0).

The proof of Theorem 4 is deferred to [12], Appendix A.4. Intuitively, we expect u* to be
a fixed point of Z, based on Theorem 1. The core difficulty of the proof is then to prove As-
sertion (iii) and to do so, we proceed by contradiction: we assume there exists i € My, (T)
such that W, (u*) > ¥, (i) and we contradict the fact that (u,),en+ converges to a fixed
point.
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TABLE 2
Examples of allowed (', k) in the («, I')-descent according to Theorem 3 and Theorem 4

Divergence considered Possible choice of (T, k)
Forward KL (o = 1) Fw)y=e M, ne(0,1) any «
. . T =e ™, ne(, W) any k
a-divergence with @ € R\ {1} a>1,TW) =[a—1v+1]7%, ye 1] >0
a<1,F(v)=[(a—1)v+1]% ne0,1] k<0

The impact of Theorem 3 and Theorem 4 is twofold: not only our results improve on the
O(1/+/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 in contrast with usual Mirror Descent convergence
results where the optimal learning rate depends on |b|« o, the Lipschitz constant of W,
which might be unknown in practice.

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

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

4. Stochastic («, I')-descent. We start by introducing the notation for the Stochastic
version of Algorithm 1. Let M € N* and let u € M (T). The Stochastic («, I")-descent algo-
rithm one-step transition is defined as follows in Algorithm 2.

Let us now denote by (€2, F, P) the underlying probability space and by E the associated
expectation operator. Given 1] € M| (T), the Stochastic version of the Exact iterative scheme
defined by (4) is then given by

(14) fintt = Lo m(ftn), neN*,

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

: 1 ¥ k., k(Y
(15) bﬁn,a,M(Q) I Z A( m,n-H) O/l<,un ( m,n+1)>
M m=1 /Lnk(men_H) p(Ym,n—H)
with Y1441, Yarn+1 iid [nk conditionally on F, and where F; = @ and F, =
o(Y1.2,-- s Y2,y Yins ..., Yarn) for k > 2. Notice that we use i,k as a sampler in-

stead 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.

Algorithm 2: Stochastic («, I')-descent one-step transition
1. Sampling step : Draw independently Yi,....Ym ~ uk

k@6, Ym) Mk(Ym
m=1 wk(Y) fa( P(Ym )

3. Tteration step : 7, dg) = Ko F(b‘”‘M ©)+)
Iteration step : Zy, p (1) (d0) = T Bpo )

2. Expectation step : bu a.m(0) = M M
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A first idea to study this algorithm is to adapt Theorem 2 to the Stochastic case. This
can be done for the Entropic Mirror Descent and a bound on E[W, (j1,) — W, (u*)] of the
form O(1/N) + O(1/ VM ) can be derived for a wide range of constant learning rates 7
(see [12], Appendix B.1, for the formal statement of the result and its proof). Maintaining
an O(1/N) bound however requires M > N2, which yields an overall computational cost of
order N3. Another option consists in adapting [35] to our framework. This option involves
a learning rate policy (1,),en and notably yields an O(1/+/N) bound for a constant policy
Nn = no/~/N, as written in Theorem 5 below.

THEOREM 5. Assume (Al). Let M € N* and let i1 € M1(T) Given a sequence of pos-

Mn+l b

itive learning rates (n,)nen, we let (fin)nen+ be defined by o e"MPn.aM gnd we set

Tl
Z,llv=1 Vln
P (Mk(y)> 2
Py
and define Wy, (u*) = inf;eMLﬂl(T) Wy (¢). Then, for any N € N*,

2
(16) By ;=( sup sup k@, y)
N 2N 2 A
(17) E|:‘~IJ(X<Z wﬂﬁrz) — \Pa(u*):| < By 2 n—1Ma/2 + KL(u* || Ml)’
n=1

wy, = ,n > 1. Further assume that

1/2
v(dy)) < 00,

weM, (M) /Y o,0reT k(0. y)
>N N

In particular, the decreasing policy 1, = 1o//n yields an O (log(N)/~/N) bound in (17).
Furthermore, the constant policy n,, = no/\/ﬁ vields an O(l/«/ﬁ) bound in (17), which is

minimal for no = By '2KL(u* || fi1).

The proof of Theorem 5 can be found in [12], Appendix B.2, and we give below an exam-
ple satisfying condition (16).

EXAMPLE 4. Consider the case Y =R? and « = 1. Let r > 0 and let T = B(0,r) C
R4, Furthermore, let K. n be a Gaussian transition kernel with bandwidth /4 and denote by
ky, its associated kernel density. Finally, let p be a mixture density of two d-dimensional
Gaussian distributions multiplied by a positive constant Z such that for all y € Y, p(y) =
Z x [0.5N (y; 6F, 1) + 0.5N (y; 63, 1)1, where 6},6; € T and I, is the identity matrix.
Then (16) holds and we can apply Theorem 5 (see [12], Appendix B.3, for details).

Notice that the O (1/+/N) convergence rate from Theorem 5 holds under minimal assump-
tions on ¥,. However, bridging the gap with the O(1/N) convergence rate in Theorem 3
typically requires much stronger smoothness and strong-convexity assumptions on W, which
can be hard to satisfy in practice (see [7], Theorem 6.2, for the statement of this result and [8]
for an example in Online Variational Inference). Bypassing any of these assumptions 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 conver-
gence of fa, M () toward Z, () as M goes to infinity for all u € M (T). To do so, consider
i.i.d random variables Y7, Y, ... with common density wk w.r.t v, defined on the same prob-
ability space (€2, F,P) and denote by [E the associated expectation operator. We then have
Proposition 7 below.
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PROPOSITION 7. Assume (Al). Let « € R\ {1}, n > 0, k be such that (« — 1)k > 0 and
set T'(v) = [( — v + 1]V 1-) forall v e Domy. Let u € M (T) be such that W, (1) < 00,
(5) holds and

k@, Y1) (kY1) \*! a
(1% /T”(dQ)EH Mk(Yl)(P(Yl)) “"‘_1)"} }“’O'

Then

Mh_{noo ”Ia,M(M) —Zo (1) ”TV =0, P-as.

The proof is deferred to [12], Appendix C.4. The crux of the proof consists in applying
a dominated convergence theorem to nonnegative real-valued (7 ® F, B(Rx>())-measurable
functions, which requires to consider a Generalized version of the dominated convergence
theorem [12], Lemma 15, and an integrated law of large numbers [12], Lemma 16.

Mixture models. We now address the case where j1; 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 i K.

Let J e N*and let 0y, ...,6; € T be fixed. We start by introducing the simplex of R’

J
Sy={A=01.....A0)eR :Vje(l,....J},Aj>0and Y A;=1¢,
j=1

and for all A € Sy, we define u) € M{(T) by ux = Zlekjégj. Then urk(y) =
Z]J':1 Ajk(0;j,y) corresponds to a mixture model and if we let (ft,),en+ be defined by
fl1 = pa and

lln-i-l :ioz,M(/ln), ne N*,

an immediate induction yields that for every n € N*, [, can be expressed as [, =
ZJJ-ZI Ajndg; where Ay = (A1 n, ..., yn) € Sy satisfies the initialisation A; = A and the
update formula: for alln e N* and all j € {1, ..., J},

3jn T (B, 07) + 1)
S ki D By 01) + 1)

(19) )\j,n-H =

with Y1 41, - - ., Yar.n+1 drawn independently from 1,k conditionally on F,, and B[An,a, m(0;)
is given by (15) for all j =1...J. This leads to Algorithm 3.

In this particular framework, most of the computing effort at each step lies within the
computation of the vector (1;;2,,,0:, m(0)))1<j<s. Interestingly, these computations can also be
used to obtain an estimate of the Evidence Lower Bound (resp., the Renyi-bound [27]) when
p(y) = p(y, ). These two quantities, which are written explicitly in Remark 18 from [12],
Appendix D, allow us to assess the convergence of the algorithm and provide a bound on the
log-likelihood (see [27], Theorem 1). Note also that if there is a need for very large J, one
can approximate the summation appearing in [i,k using subsampling.

An important point is that Algorithm 3 does not require any information on how the
{61, ...,0;} have been obtained in order to infer the optimal weights as it draws informa-
tion from samples that are generated from py k. Since the algorithm leaves {01, ...,60;} un-
changed throughout the optimisation of the mixture weights (we call it an Exploitation step),
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Algorithm 3: Mixture Stochastic (o, I')-descent
Input: p: measurable positive function, K: Markov transition kernel, M: number of
samples, ®; = {01, ...,0;} C T: parameter set.
Output: Optimised weights A.
Set A = [)»1’1, oAyl
while not converged do

Sampling step : Draw independently M samples Y1, ..., Yy from uy k.
Expectation step : Compute By = (b;)1<j<s Where

L — 1 a k(a/’ym) ’ Mlk(ym)
= b= 2 mk(Ym)f“< (V) )

m=1

and deduce W) = (A;I'(bj +«))1<j<s and wy = Zj’:l AjL(bj + k).
Iteration step : Set

1
A<~ —W,
w

end

a natural idea is to combine Algorithm 3 with an Exploration step that modifies the parameter
set, which gives Algorithm 4.

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 «-divergence being optimised and we have stated different possible choices for
the couple (I, x).

As a side remark, notice also that we recover the mixture weights update rules from the
Population Monte Carlo algorithm applied to reverse Kullback—Leibler minimisation [16] by
considering the Power Descent with « = 0 and n = 1. We have thus embedded this special
case into a more general framework.

We now move on to numerical experiments in the next section.

Algorithm 4: Complete Exploitation-Exploration Algorithm
Input: p: measurable positive function, «: a-divergence parameter, (I', x): chosen as
per Table 1, go: initial sampler, K : Markov transition kernel, (#;);: number of samples,
(Jy):: dimension of parameter set.
Output: Optimised weights A and parameter set ©.
Draw 610, ..., 0,0 from go. Set t =0.
while not converged do

Exploitation step : Set ® = {601, ..., 0y, }. Perform Mixture Stochastic
(a, I'")-descent and obtain A.

Exploration step : Perform any exploration step of our choice and
obtain 0y 441, ...,07,,,+1.Sett =1+ 1.

end
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5. Numerical experiments. In this part, we want to assess how Algorithm 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 # and denote by kj, its
associated kernel density. Given J € N* and 61, ..., 0; € T, we then work within the approx-
imating family

J
vy uakn(y) =Y Ajkn(y —0): X €Sy ¢.
j=1
Exploration step. Attime t =1...T, we resample among {61 ;, ..., 8y, ;} according to the
optimised mixture weights A. The obtained sample {01 ¢+1,...,0y, ., +1} 1 then perturbed

stochastically using the Gaussian transition kernel Kj,, which gives us our new parameter
set. The hyperparameter /; is adjusted according to the number of particles so that i;
J,fl/ (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 [44]).

Next, we are interested in the choice of «. 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 (o > 1),
the case o € (0, 1) corresponding to a mix of the two worlds (see, e.g., [30]).

Depending on the learning task, the optimal « may differ and understanding how to select
the value of « is still an area of ongoing research. However, the case o < 1 presents the
advantage that ls,w,, M 1s always finite. Indeed, for all @ € R \ {1}, we have

1 k@, y) (p(y, 2)
a—1Jy uk(y) \ pk(y)
and as the dimension grows, the conditions of support are often not met in practice, meaning
that there exists A € ) such that p(A, Z) =0 and wk(A) > 0. This implies that whenever
o > 1 we might have that 1;;“1, M (0) = oo and that the a-divergence (or equivalently the
Renyi-bound as written in Remark 18 from [12], Appendix D) is infinite, which is the sort
of behaviour we would like to avoid. Thus, we restrict ourselves to the case « < 1 in the
following numerical experiments. Note that the limiting case o = 1, corresponding to the
commonly-used forward Kullback—Leibler objective function, also suffers from this poor
behaviour, 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.

b,u,oe(e) =

11—« 1
) uk(V(dy) — ——,
oa—1

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

P =Z x [0.5N (y; —sug, Ig) + 0.5N (y; suq, 13)],

where u4 is the d-dimensional vector whose coordinates are all equalto 1, s =2, Z =2 and
I,; is the identity matrix. (J;); and (M;) are kept constant equal to J = M = 100, x =0 and
the initial weights are set to be [1/J, ..., 1/J]. The number of inner iterations in the (¢, I')-
descentis setto N = 10 and foralln = 1... N, we use the adaptive learning rate n, = no//n
with ng = 0.5. We set the initial sampler to be a centered normal distribution with covariance
matrix 51;. We compare three versions of the («, [')-algorithm:

e 0.5-Mirror Descent: I'(v) = e~ "’ witha =0.5,
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F1G. 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.

e 0.5-Power Descent: I'(v) = [( — 1)v + 1]71=9 with « = 0.5,
e 1-Mirror Descent: I'(v) = e~ Y with o = 1.

For each of them, we run 7" = 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 dis-
played on Figure 1.

A first remark is that we are able to observe the monotonicity property from Theorem 2
(the Renyi-bound varies like W, (un)®~ 1) 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
literature) 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 behaviours for the Power and Mirror Descent can be explained by
rewriting the update formulas for any o < 1 under the form

Mirror: A, e%[(a_])bﬂxn'“(91')“0‘_1)"],

Power: A, o o™ L@ Db, a®)+a=Dxl,
In the Power case, an extra log transformation has been added, which allows to discriminate
between small values of b, . Since the values of b,  tend to get smaller as the dimension
grows, the impact of adding an extra log transformation becomes increasingly visible: the
Mirror Descent becomes more and more unable to differentiate between the different particles
{61, ...,60,} 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 results 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.

Consequently, we see on this simple yet illustrative example that the Power Descent is a
suitable alternative to the Mirror Descent as the dimension grows.

We are next interested in seeing how the (¢, I')-descent performs on a real-data example.
Based on the numerical results obtained so far, we rule out the Mirror Descent for « < 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 witha =1 and b = 0.01.

We test our algorithm for the Covertype dataset (581,012 data points and 54 features,
available at https://www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/binary.html). Comput-
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FI1G. 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 ng = 0.5.

ing p(y, %) constitutes the major computation bottleneck here, since p(y, Z) = po(y) x
[1; p(xily) with a very large number of data points. We can conveniently address this prob-
lem by approximating p(y, %) with subsampled mini-batches. We adopt this strategy here
and consider mini-batches of size 100.

Weseta =05 N=1,T =500, «k =0, Jo =My =20 and Jyy1 = Myy1 = Jr + 1
fort =1...T in Algorithm 4. The initial weights in the (o, I')-descent are set to Aipit,; =
[1/J:,...,1/J;] and the learning rate is set to ng = 0.05.

One thing that is very specific to the Exploration step that we used to run our exper-
iments (and sampling-based Exploration steps algorithms in general) is that the particles
{611, ...,0y, +} are sampled from a known distribution at each Exploration step. This means
that we are able to infer information on {0;;,...,6y, ;} using Importance Sampling (IS)
weights. We thus compare the Power («, I')-descent with a state-of-the-art Adaptive Impor-
tance Sampling-based (AIS) algorithm (see, e.g., [9, 14, 24, 36]).

We initialise {01 o, . .., 04,0} by sampling Jy points from the prior po(y) = po(B) po(w|B)
and set go = po. Given g, at time ¢, we draw J; i.i.d. samples (0;;)1<;<y, from g; and we

define g;41(y) = X7 Ajkn, (v — 0;.1) where

rG;n7)
(21) )\j,t X qi(ej,,)
F(bli).mit’[,a,M(Qj,t) +«) (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(0; ;, -) to infer information
on the relevance of the {0 ;,..., 6y, ;} with respect to one another. Comparatively, the AIS
algorithm uses information directly available by computing the IS weights for {0; ;, ..., 67}

We replicate the experiments 100 times. The Accuracy and Log-likelihood averaged over
the 100 trials for both algorithms are displayed on Figure 3 and we see that the 0.5-Power
Descent outperforms the AIS algorithm.

(AILS),

6. Conclusion and perspectives. We introduced the («, I')-descent and studied its con-
vergence. 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 in-
stead, 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 Stochas-
tic case.
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FI1G. 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 AlS algorithm.

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, «.

Exploration step. Many other methods could be envisioned as an Exploration step and
combined with the («, I')-descent.
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SUPPLEMENTARY MATERIAL

Supplement to: “Infinite-dimensional gradient-based descent for alpha-divergence
minimisation” (DOI: 10.1214/20-A0S2035SUPP; .pdf).

e The remaining proofs are provided in the Supplementary Material, namely the proofs of
Lemma 6, Theorem 2, 3, 4 and 5, Proposition 7, as well as the proof that Condition (16) is
satisfied in Example 4.

e The Supplementary Material also contains the statement and proof for the O(1/N) +
o(1/ /M) bound on E[V,, (fin) — e (*)] in the particular case of the Stochastic Entropic
Mirror Descent and two additional remarks regarding Theorem 3 and the Renyi-bound.
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