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UNIFYING MIRROR DESCENT AND DUAL AVERAGING

ANATOLI JUDITSKY, JOON KWON, AND ERIC MOULINES

ABsTRACT. We introduce and analyse a new family of algorithms which generalizes and unifies
both the mirror descent and the dual averaging algorithms. The unified analysis of the algorithms
involves the introduction of a generalized Bregman divergence which utilizes subgradients instead of
gradients. Our approach is general enough to encompass classical settings in convex optimization,
online learning, and variational inequalities such as saddle-point problems.

1. INTRODUCTION

The family of mirror descent algorithms were initially introduced as first-order convex optimiza-
tion algorithms, and were then extended to a variety of (online) optimization problems. Let us
quickly recall the succession of ideas which have led to the the mirror descent algorithms.

Let us first consider the most basic setting, where the objective function f : R"™ — R is convex
and finite on the whole space R™, differentiable, and admits a unique minimizer z, € R™. We focus
on the construction of algorithms based on first-order oracles (in other words, the algorithm may
obtain the values of the function f(x) and of its gradient V f(x) at querried points z € R") and
which outputs points where the value of the objective function f is provably close to the minimum
f(xx). The most basic such algorithm is the gradient descent, which starts at some initial point
r1 € R™ and iterates:

Ti41 = Tt — ’va(xt)v iz 17
where v > 0 is the step-size. An equivalent way of writing the above is the so-called prozimal
formulation:
s = argnin { f(a0) + (V(alo —20) + - o = a1l .
zeR" i

where x411 appears as the solution of a simplified minimization problem where the objective func-
tion f has been replaced by its linearization at z; plus a Euclidean proximal term % |z — $t||§
which prevents the next iterate z;41 from being too far from z,. This algorithm is well-suited to
assumptions regarding the objective function f which involve the Euclidean norm (e.g. if Vf is
bounded (or Lipschitz-continuous) with respect to the Euclidean norm).

The mirror descent algorithm, first introduced in [38, 41] and further studied in [5], can be
presented as an extension of the above gradient descent, by replacing the Euclidean proximal term
by a Bregman divergence [6] associated with a differentiable convex function F : R" — R:

Ty = al;geg}lin {f(a:t) + (Vf(ze)|x —z) + %DF(LL’,LL})} ,
where, for any (x,2') € R™ the Bregman divergence is defined as:

Dp(2',x) == F(2') — F(z) — (VF(z)|2' — z) .
These mirror descent algorithms, with a carefully chosen function F', are used to better suit the

geometry of the problem, for instance when the objective function f is Lipschitz-continuous or
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smooth with respect to a non-Euclidean norm. One can see that the above mirror descent iteration
can we equivalently written (under appropriate assumptions on F'):

(1) T4 = VE(VE(z) = vV f(21)),
where F™* is the Legendre—Fenchel transform of F' given by:
F(9) = max {(Jfa) - F(z)},  JER"
reR™

This formulation makes explicit the distinction between the primal space (where the iterates
(xt)¢=1 live) and the dual space (where the gradients (V f(z¢))¢>1 belong): point x; is mapped
from the primal into the dual using VF', the gradient step is then performed in the dual space
(VF(x¢) — vV f(x¢)), and the point thus obtained is finally mapped back into the primal space
using VF*.

We now move on to constrained problems. Let X C R™ be a closed convex set. Even if an iterate
x¢ belongs to the set X', the above gradient /mirror descent iteration may well propose an iterate x411
which lays outside of X'. Therefore, to force the next iterate z;11 to belong to X', the mirror descent
can be adapted with the help of an additional projection step. But this projection can be introduced
in at least two ways, which give rise to two families of algorithms: mirror descent (MD) which can
be traced back to the pioneering work of [41, Chapter 3| and dual averaging (DA) introduced in
[45, 52], sometimes called lazy mirror descent or follow the regularizer leader. To illustrate the
similarities and differences between MD and DA, we here describe the simple Euclidean case for
each of the two families. The MD algorithm in the Euclidean case corresponds to the projected
gradient descent |21, 33]. For a given initial point z1 € X, it writes, for all ¢ > 1,

Yt+1 = Tt — WVf(fEt) and w41 = Projx(yt+1),

where projy denotes the Euclidean projection onto X'. In other words, it first performs a gradient
step, then projects the point thus obtained onto the set X'. Then the next gradient step is performed
starting from point x4 1.

For a given initial point ¥y € R", the corresponding algorithm in the DA family writes, for all
t>0:

Vi1 =V — YV f(r) and w1 = projy (Vi)

The difference with the projected gradient descent is that the gradient steps are performed starting
from the unprojected point ¥;.

The MD and DA algorithms share similarities in their analysis and in the guarantees they provide.
However, their differences lead the two families to be well-suited for different situations. DA were
advantageous in distributed problems [16, 19], and manifold identification [18, 32], for instance.
They also show better averaging properties in the presence of noise [20]. On the other hand, MD
is known to provide better convergence rates in some cases (e.g. when the objective function f
is assumed to be smooth, see also [20, Section 4.2| for another simple case). MD also achieves
(unlike DA) the optimal rate in the adversarial multi-armed bandit problem [2, 3] and the online
combinatorial optimization problem with semi-bandit feedback [4] and bandit feedback [10, 14].

The mirror descent algorithms were also tranposed to provide solutions for other problems than
convex optimization. We already mentionned bandit problems. More generally, the mirror descent
algorithms have been successful in online learning—see e.g. [7, 11, 22, 48, 50, 51, 53]. They also
provided solutions for saddle-point problems [40], and similar procedures were used for estimator
aggregation in statistical learning [28, 29]. See also [35, Appendix C| for a discussion comparing
MD and DA.

A closely related family of algorithms, which has attracted much attention, is obtained by allowing
the regularizers or mirror maps—see below Sections 2 and 3—to vary over time (possibly as a
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function of previous data) [12, 17, 24-26, 36, 47]—see [35] for a recent survey. This will not be the
case in this work.

1.1. Main contributions. We introduce and study a new family of algorithms which unifies and
extends both the mirror descent and the dual averaging. The general algorithm has the property
of offering at each step several possible iterations. Our main result is an analysis of the algorithm
which is general enough to be then applied to various settings such as convex optimization, regret
minimization, saddle-point problems, etc.

1.2. Other works. To the best of our knowledge, the only other works which present in a common
unifying framework the mirror descent and the dual averaging algorithms [34, 35|, and is quite
different from the present work. In our approach, the difference between the two methods appears
as a result of the problem being constrained in a set X C R™. In [34, 35|, although the problems
are unconstrained, the difference between mirror descent and dual averaging appears as a result of
having regularizers/mirror maps which vary over time. The unification is then achieved by tweaking
the way the time-varying regularizers/mirror map are defined. Our unified algorithm is based on
quite different ideas and has the property of offering several possible iterations at some steps, which
is not the case in [34, 35].

1.3. Paper outline. In Section 2 (resp. 3) we recall the definition of the mirror descent (resp. dual
averaging) algorithms. In Section 4 we define our new family of algorithms which we call unified
mirror descent, and establish that the mirror descent and dual averaging families are special cases.
We then establish our main result, which is the guarantee offered by the unified mirror descent
algorithms. In Section 5, we present various classical problems in which the unifed mirror descent
algorithms can be applied.

1.4. Preliminaries and notation. Throughout the paper, we consider algorithms associated with
an arbitrary sequence (&;)¢>1 in R™. The special case of gradient /mirror descent for the minimization
of a differentiable objective function f is recovered by considering sequences of the form & =

=V f (@)
For z,9 € R"™, (J|x) denotes the canonical scalar product. For a given set A C R", int. A and
cl A denote its interior and closure respectively. For a given norm |- || in R™, we denote || ||, its

dual norm is defined as

9], := max (J|z) .
91, = max (72

The convex characteristic I : R — R U {+o00} of a convex set C C R" is zero on C and equal
to 400 elsewhere. Denote g : R — R U {+o0} a convex function. Its domain domg is the set
{z € R" : g(x) < oo}. Its subdifferential dg(x) at point x € R™ is the set of vectors ¥ € R" such
that

va' e R", g(2') — g(z) = (92’ — z) .

The Legendre—Fenchel transform of g is defined by:

g°(0) = max {(J]x) —g(z)},  JeR"

TeR™

If g is differentiable at a given point z € R”, its Bregman divergence between z and any point
' € R" is defined as

Dy(z',z) = g(a’) — g(z) — (Vg(2)|2' — ) .
Further convexity definitions and results are recalled in Section A.

Throughout the paper, X C R™ will be a closed and nonempty convex set.
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2. MIRROR DESCENT

The greedy mirror descent algorithms rely on the notion of mirror maps that we now recall. Our
presentation draws inspiration from [8], with a few differences in definitions and conventions.

Definition 2.1. Let F' : R" — R U {+00} be a function. Denote Dr := intdom F. F is a
X-compatible mirror map if

(i) F is lower-semicontinous and strictly convex,
(ii) F is differentiable on Dp,
(iii) the gradient of F takes all possible values, i.e. VF(Dp) = R".
(iv) X C I D,
(v) XN Dr # 2,

The following proposition gathers a few properties about mirror maps. For the sake of complete-
ness, the proofs given in Appendix B.

Proposition 2.2. Let F' : R™ — RU{+0o0} be a X-compatible mirror map, F* the Legendre—Fenchel
transform of F', and D :=intdom F'. Then,

(i) dom F* = R"™,
(i) F* is differentiable on R™,
(iii) VF*(R") = Dp,
(i) For all x € Dp and y € R"™, we have VF*(VF(x)) =z and VF(VEF*(y)) = y.

We can now define the mirror descent algorithm [38], [8, Section 4.2].

Definition 2.3. Let F' be a X-compatible mirror map, £ := (&)1 be a sequence in R™ and
x1 € X N Dp an initial point. We define the associated MD iterates as follows:

(MD) Tpp1 = argmin Dp(z, VF*(VF(x) + &)), t>1.
zeX

(z¢)e=>1 is then said to be a MD(X, F, ) sequence and & = (&)¢>1 is called the sequence of dual
increments.

The above is well-defined thanks to the following induction. As soon as x; (¢ > 1) belongs to
XNDp, VF(x;) exists because F is differentiable on D by Definition 2.1. Then, VF*(VF (z;)+&;)
exists because F* is differentiable on R™ by Proposition 2.2—(ii). Then, the next iterate x¢y; is
obtained using the Bregman projection onto X', which is well-defined and belongs to X NDg thanks
to Theorem 2.4 below.

Statements similar to the following can be found in the literature (see e.g. [15, Lemma A.1]) but
we could not find one which matches our exact assumptions on F' and X. Therefore, we give a
detailed proof in Appendix B for completeness.

Theorem 2.4 (Bregman projection onto X'). Let F': R" — R U {+oo} be a X-compatible mirror
map and denote D := intdom F. Then for any o € Dp, argmin,cy Dp(x,x0) exists and is
unique. Moreover, it belongs to X N Dg; in other words:

argmin Dp(x,x) = argmin Dp(z, zg).
zeX 2€XNDp

The above (MD) iteration can be rewritten as follows. Denote Z; := VF*(VF () + &). Using
Proposition 2.2—(iv), we get VF(%;) = F(x¢) + &. Then, using the definition of the Bregman
4
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VF(x)

argmin Dp(x, -)
TeX

VF(x) + &

FIGURE 1. Mirror descent

divergence:
rrt = axgmin (F(2) — (@) = (VF(@)|e - 3}
= arggin {F(x) = (Vf(z) + &lv)}
= arfergin{F(iv) — F(z) = (Vf(z)|z — z) — (&fz)}
= arggin {= (&lz) + Dr(x,24)} .

The above last expression is called primal formulation, and is taken as the definition of mirror
descent algorithms in some works—see e.g. [5, Section 3]. Introducing the so-called proz-mapping:

Ty p(u,z) ;= argmin {— <u‘:1:'> + DF(ZE/,$)}, u€eR" xe XNDp,
z'eX

the MD iterates starting from some point 1 € X N Dp can then be alternatively written as:
(MD-prox) i1 =T (&, ae), t2>1.
We now give a few examples of mirror maps.

Example 2.5 (Gradient descent). The most simple example is X = R™ and F defined on R"

by F(z) = 1 |z||3. One can easily see that F is indeed a R™-compatible mirror map. We then

have VF = VF* = 1,. Besides, if f : R” — R is a differentiable objective function, and if
we consider dual increments & := —yV f(x;), then update rule (MD) boils down to the gradient
descent algorithm.

Example 2.6 (Projected gradient descent). A common variant of the above is the case where X
is some closed proper subset of R™. The same function F(z) = % HmHg is a X-compatible mirror
map. Again, if f is a objective function which is differentiable on the interior of X', then considering
& = —yV f(z¢) makes (MD) correspond to the projected gradient algorithm.

Example 2.7 (Exponential weights). A frequent special case corresponds to X being the n-simplex:

n
Zl‘i = 1},
i=1

and F defined by F(z) =Y. | z;logx; for x € R’ (using convention 0log0 = 0) and F(z) = +o0
for ¢ R’!. F'is then a X'-compatible mirror map.

X:{xGRﬁ
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3. DUAL AVERAGING

The dual averaging algorithms rely on the notion of regularizers which we now recall. These are
less restrictive than mirror maps: we see below in Proposition 3.4 that for a given mirror map,
there exists a corresponding regularizer but the converse is not true. A regularizer may have a
domain with empty interior (and therefore be nowhere differentiable), whereas mirror maps must
be differentiable on the interior of their domain.

Definition 3.1 (Regularizers). Let h: R™ — R U {400} be a function. h is a X-pre-reqularizer if
it is strictly convex, lower-semicontinous, and if cldom h = X'. Moreover, if dom A* = R", then h is
said to be a X-regqularizer.

The following proposition gives several sufficient conditions for the above condition dom h* = R"
to be satisfied. The proof is postponed to Appendix B.
Proposition 3.2. Let h be a X-pre-reqularizer.

(i) If X is compact, then h is a X-reqularizer.
(i1) If h is differentiable on Dy, = int domh and Vh(Dy) = R", then h is a X-regularizer.
(111) If h is strongly convex with respect to some norm || -||, then h is a X regularizer.

Proposition 3.3 (Differentiability of h*). Let h be a X-reqularizer. Then h* is differentiable on
R™.

Proposition 3.4. Let F' be a X -compatible mirror map. Then, h := F + Iy is a X-reqularizer.

Corollary 3.5. (i) h(z) := § |3 + Iy (z) is @ X-regularizer.
(ii) The entropy defined as:

400 otherwise,

h(z) = {Zizl rilogw; ifx €,

where A, = {a; € R} ‘ Z?Zl T; = 1} and where we use convention 0log0 = 1, is a A,-
reqularizer.

Example 3.6 (Elastic net regularization). An example of regularizer which does not have a mirror
map counterpart, because it fails to be differentiable, is the so-called elastic net regularizer:

2
h(z) == |lzlly + ll=l3,
which is indeed a R™-regularizer by strong convexity (Proposition 3.2).
We now recall the definition of the dual averaging (DA) iterates.

Definition 3.7 (Dual averaging [45, 52]). Let h be a X-regularizer and £ := (&;);>1 be a sequence in
R™. A sequence (x4, )>1 is said to be a sequence of DA iterates associated with h and £ (DA(h, &)

for short) if for t > 1:

= Vh* (9
(DA) " (B)
Vip1 = V¢ + &

Points (x¢)¢>1 (resp. (9¢)i>1) are then called primal iterates (resp. dual iterates), and vectors (&;)¢>1
are called dual increments.

We can see that for a given couple (z1,%;) of initial points satisfying x; = Vh*(1), and a
sequence (& )¢>1 of dual increments, the subsequent iterates (z,9;);>2 are well-defined and unique.
6
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FIGURE 2. Dual averaging

4. THE UNIFIED MIRROR DESCENT ALGORITHM

We introduce in this section our general family of algorithms which we call unified mirror descent
(UMD) and prove that MD and DA are special cases. We then establish a guarantee provided by
the UMD algorithm.

4.1. Definition, properties and special cases.

Definition 4.1. Let A be a X-regularizer and £ := (&);>1 be a sequence in R". We say that
(z¢,9¢)1>1 18 a UMD sequence associated with h and & (or a UMD(h, £) sequence for short) if for
all t > 1:

(I) Ty = Vh*(ﬁt),
(IT) Ve e X, (V41 — V¢ — &l — x441) 2 0.

Points (z¢)i>1 (resp. (V¢)i>1) are called primal iterates (resp. dual iterates), and vectors (&;);>1 are
called dual increments.

Proposition 4.2. Let (x4, U¢)i>1 be an UMD(h, &) sequence defined as above. Then for all t > 1,

(i) 9¢ € Oh(xy);
(’L’L) 9y + & c 8h(3§‘t+1) and Tyl = Vh*(’ﬂt + &)

Proof. Let t > 1. By definition of UMD iterates, we have xy = Vh*(¢;), which combined with
Propositions A.2 and A.3 gives property (i).
For all z € X we deduce from ¥;41 € Oh(z41) that:

h(x) = M) = Gl — zeq1) = (O + Gl — 2e41) -

where we used variational condition (II) from the definition of UMD iterates to get the second
inequality. Then, inequality h(x) — h(xiy1) = (U + & |z — x441) also holds for x ¢ X because then
h(z) = 400. This proves that 9¥; + & also belongs to Oh(x4y1), i.e. property (ii). O

Remark 4.3 (Existence of UMD iterates). As soon as X-regularizer h and sequence of dual in-
crements (&;):>1 are given, we can see that UMD(h, &) always exist. Indeed, from the definition of
regularizers, it follows that there exists a primal point 21 € X such that Oh(z;) # &; in other words,
there exists (z1,v1) such that 1 = VA*(¢1). Then, for ¢t > 1, one can consider 9441 1= ¥y + &
which indeed satisfies variational condition (II), and then define x4 := VA*(¥441). This choice
of ¥; actually corresponds to the iteration of the DA algorithm, as will be detailed in the proof of

Proposition 4.5.
7
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FIGURE 3. Unified mirror descent

We can consider the following alternative definition of UMD iterates. Let Il : R™ = X x R™ be

a multi-valued proz-mapping defined as follows. II,({) is the set of couples (z, ) satisfying:

x = Vh*(()

Y € Oh(x)

Vo' e X, <19—C|:17/—:17> > 0.
Then, it can be easily checked that (x¢,v;):>1 is a sequence of UMD(h, €) iterates if and only if:

191 € ah(a:l)

(41, V441) € (Ve + &), t> 1.
Remark 4.4 (On the non-unicity of UMD iterates). An interesting character of the UMD algorithm
is that for a given sequence (&;);>1 of dual increments and initial points (z1,71), there may be
several possible UMD sequences because the prox-mapping Il is multi-valued. However, as soon
as the subdifferential Oh(x) is at most a singleton at each point z € X, the prox-mapping IIj, is

single-valued and the UMD sequence is thus unique; in particuliar, DA and MD then coincide. This
is the case for instance if X = R™ and if the regularizer h is differentiable on R™.

(UMD-prox)

Proposition 4.5 (DA is a special case of UMD). Let h be a X -regularizer, £ := (&)i>1 be a sequence
in R"™. Let (x4,V:)i>1 be DA(h,E) iterates. Then, (zy,9¢)i=1 are UMD(h, €) iterates.

Proof. First, condition (I) is true by definition of (DA). Besides, the relation 941 = ¥; + & makes
condition (II) trivially satisfied because one of the arguments of the scalar product is zero. O

Proposition 4.6 (MD is a special case of UMD). Let F' be a X-compatible mirror map and & :=
(& )e>1 be a sequence in R™. Let (x4)i>1 be a sequence of MD(F, X, &) iterates. Then, (x¢, VF(xt))i>1
is a sequence of UMD(F + Iy,&) iterates.

Proof. For t > 1, we consider ¥y := VF(x;). Let us prove that conditions (I) and (II) are satisfied
with regularizer h := F + I y.

For t > 1, denote Zy := VEF*(VF(x;)+&;), which implies VF(Z;) = VF(x¢) + & = ¥¢ + & thanks
to Proposition A.2. We can then rewrite the (MD) iteration as follows:

Zpy1 = argmin Dp(z, Ty)

TEX
= arferﬁin{F(:E) — F(z¢) — (VF(@) |z — 1) }
= argegin {F(z) — (9 + &)} .

8



In other words, xy; is the minimiser on X of the convex function z — F(x) — (¥¢ + &|x). This
function is differentiable at x;y1 because we know by Theorem 2.4 that xy11 € Dp := intdom F’
and F' is differentiable on Dp. Applying the variational characterization from Proposition A.4, we
get
Vo € X, <VF($¢+1)—19t—§t’$—$t+1> >0,
which is exactly condition (II) because we just set 141 = VF(2441).
By convexity of F', the following is true

Ve e R", F(z)— F(x) = (VF(x¢)|x — ) .

By definition of h, we obviously have h(z) > F(x) for all z € R™, and h(z¢) = F(a)+Ix(x) = F(24)
because z; € X. Therefore, the following is also true

Ve e R", h(z) — h(z) = (VF(z¢)|x — xy)

In other words, ¥ = VF(x;) € Oh(x¢), which is equivalent to x; € VA*(9;) (see Propositions A.2
and (A.3)), and condition (I) is satisfied. O

4.2. Simple examples. Let us describe and compare the iterates of MD, DA and UMD in a
Euclidean setting: in this section only we consider X-regularizer h := % Hxﬂg + Iy as well as mirror
map F = 1 |#|3. Tt is then easy to check that the map VA* is the Euclidean projection onto X.
We denote (z¢,9;)i>1 a sequence of UMD(h, &) iterates. We consider below two simple cases for the
set X.

4.2.1. FEuclidean ball. We here consider the case where the set X = B(0,1) is the closed unit
Euclidean ball. Let ¢ > 1 and assume that ¥; + & is outside of E(O, 1) so that x4y, which is the
Euclidean projection of ¥; + &, belongs to the boundary of B(0,1), in other words, ||z11]l, = 1.
From this point z;11, a MD iteration corresponds to choosing 19%3 = x441, and a DA interation
corresponds to choosing ﬁ?ﬁ = 9 + &. Besides, we can see that the set of points 9,1 with have
x¢4+1 as Euclidean projection is is [1,400) 2441 and that the set of points ¥4 satisfying condition
(IT) is (—o0, 1] (¥ + &). Therefore, the set of vectors ¥;41 satisfying both conditions (II) and (I) is
the convex hull of z;11 and 9J; 4+ &, which is represented by a thick segment in Figure 4.

DA
ﬂtJrl

J

Uy + &

FiGURE 4. Comparison of MD, DA and UMD iterations when X is the Euclidean ball.

4.2.2. Segment in R%. We here assume the ambiant space to be R? and consider X = [0, 1] x {0}.
Let t > 1 and assume that ¥y + & belongs to R* x R so that x411, the Euclidean projection of
Py + &, is equal to (0,0). Then, we can see that the set of points ¥41 which have z;41 = (0,0) as
Euclidean projection is R_ x R and that the set of points ¥;41 satisfying condition (II) are those
with first coordinate greater or equal than the first coordinatcoordinate of 9 +&;. The set of vectors
satisfying both conditions (II) and (I) is represented by the dashed area in Figure 5.
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MD
79t+1

Ve + &9 /
YPA / :L‘t»To(l,O)

t+1

FIGURE 5. Comparison of MD, DA and UMD iterations when X is a segment in R2.

4.3. Analysis. We introduce a natural extension of the Bregman divergence, which utilizes sub-
gradients instead of gradients. This notion will be central in the statement and the analysis of the
guarantee provided by UMD iterates.

Definition 4.7 (Bregman divergence). Let g : R — R U {+00} be a convex function. For z € R"
such that dg(z) # &, 2’ € R", and ¥ € dg(z), we define the Bregman divergence from x to 2’ with
subgradient 9 as

Dy(z' x5 9) == h(z') — h(z) — <19‘x/ — ).

Remark 4.8. If g is differentiable at point z, the traditional Bregman divergence from z to z’ is
well-defined and is equal to the the only the Bregman divergence (as defined above) from z to 2’
with (only) subgradient Vg(z), in other words: Dy(z',z; Vg(z)) = Dy(a’, x).

Proposition 4.9. Let g : R" — R U {400} be a lower-semicontinuous convex function. Let
x, 2’ ;9,9 € R"™ such that ¥ € dg(x) and ¥ € dg(z').

(i) Then,
0 < Dy(a,z; 9) = Dy« (9,95 2'),
where Dy« (-, -; -) is the Bregman divergence associated with the Legendre—Fenchel transform
g* of g.
2 oreover, if g is K-strongly convex with respect to a given norm ||-||, g° is differentiable on
i) M if g 1s K l ith ' * s dg jabl
R™ and: K )
2 2
5} |2 — =|” < Dy(a’,z; 9) = Dy (9,9') < Y4 |0 =]

Proof. (i) The nonnegativity is satisfied because, by simply using Definition 4.7, it can be seen
to be equivalent to the convexity of g. Using the Fenchel identity (property (iii) form Propo-
sition A.2), we write

Dy(a',z; 9) = g(a') — g(z) — (V]2’ —z)
= (J|2")y — g*(¢) — (W]z) + g*(9) — (Y|’ — z)
=g*(0) — g*(¥) — (9 = ¥'|2") = Dg- (9, 9'; ).
(ii) The differentiability of ¢* and the second inequality is given by [50, Lemma 15|. For the first

inequality, we refer to [50, Lemma 13].

g
10



The idea of analysing mirror descent and dual averaging with the help a generalized version of the
Bregman divergence appears in [26] but differs from our work in several ways: the Bregman diver-
gence is defined with directional derivatives (which are unique), and does not lead to an unification
of both families of algorithms.

We now establish the following fundamental inequalities, which are the extention to UMD of a
classical tool due to [13]. They will be operational in the analysis of the various applications of
UMD presented in Section 5.

Lemma 4.10. Let h be a X-regularizer, & := (&)i>1 a sequence in R™, and (x4,9¢)1>1 a sequence
of UMD(h, &) iterates. Then, for all x € domh and t > 1,
(3) (&tlr — 2111) < Dp(, 205 Ot) — Dp(w, 2415 ev1) — Di(@es1, 715 Vi),
(4) (&tlr — 2¢) < Dp(w, 245 V1) — Do, 24315 O¢) + Dpx (94 + &, 0y).
Proof. Let © € domh and ¢t > 1. Using variational inequality (II) from the definition of the UMD
iterates, we write:
(§tlr — zr41) < (V1 — Vel — Tp41)
= (Vi1le — 2i41) — (Felr — @) + (Fe|zin — a4)
= (h(z) = h(zy) — (e|lz — z)) + (h(@) = h(@t51) = (Des1]w — 2e41))
= (M(@e41) — h(@e) = (De|weer — 24))

= Dp(z, 715 V1) — Dp(@, w1415 Vi41) — Dp(@e1, o5 O).
The above Bregman divergences are indeed well-defined because ¥; € dh(z;) and V411 € Oh(xy1)
as a consequence of the definition of UMD iterates (property (i) from Proposition 4.2).

To prove (4), we note that
(Etlzer1 — o) = Di(@irr, 265 I¢) + Di(xe, wey1; O + &),

where the second Bregman divergence is well-defined because ¥; + & € Oh(z+1) according to
property (ii) from Proposition 4.2. Moreover, we have

Dp(xp, w15 U+ &) = Dps (0 + &, O w) = D= (94 + &, 0¢),

where the first equality comes from Proposition 4.9—(i) and the second equality from the differen-
tiability of A*. Combining the two previous displays and adding to (3) gives the result. O

An immediate consequence of Lemma 4.10 and property (ii) of Proposition 4.9 is the following
celebrated inequality (sometimes called regret bound), which extends and unifies classical guarantees
on MD and DA—see e.g. [48, Proposition 11|, [51, Lemma 2.20], |9, Theorems 5.2 & 5.4].

Corollary 4.11. Let h be a X-regularizer which we assume to be K-strongly convex with respect
to some norm || - ||, and § := (§)i>1 a sequence in R™. Let (x4, V¢)i>1 be a sequence of UMD(h,§)
iterates. Then for T > 1 and x € dom h,

T T

1

(5) > (&lw — 21) < Du(w, 13 01) — Du(@, wri1; I741) + % D lledi?
t=1 t=1

5. APPLICATIONS

This section illustrates how the UMD algorithm can be used as a building block for various
(online) optimization problems. In the examples presented below, the analysis of the algorithms
will always make use of Lemma 4.10.

11



5.1. UMD for nonsmooth convex optimization. Let M > 0, X C R” be closed and convex,
|- || be a norm on R", and f : R™ — RU{+o00} a convex function such that X C dom f. We assume
that f has nonempty subdifferential on X with bounded subgradients:

Ve e X, VE€df(x), €], <M.
We suppose that the optimization problem

(6) fx =min f(x)

reX

admits a minimizer x, € X.

We now define UMD iterates for solving (6). Let h be an X-regularizer and (+;);>1 be a sequence of
positive step-sizes. We consider (x4, 7:)¢>1 a sequence of UMD (h, §) with associated dual increments
€ := (= f'(z¢))i=1 where f’(z¢) is a subgradient in df(x;). In other words, ¥ € dh(z1) and for
t>1:

(@41, 9e11) € Ty (9 — 2 f' (24))-

The following result provides accuracy estimates for approximate solutions z7. by UMD after T’

iterations, computed either as

_ Zthl Tt ! i
===l or as xp € argmin f(xy).
thl Yt t=1,...,T

In particular, it recovers known guarantees for mirror descent [5, Theorem 4.1] and dual averaging
[45, Theorem 1] algorithms.

/
T

Proposition 5.1. We assume h to be K-strongly convex with respect to || - || and that x, € dom h.
ForT > 1, one has

2 T
(e, x1; 1) + 3= 30, A7
A .
Zt:l Tt

D
f(xél“)_f* <

For instance, with constant step-sizes
Qx
=v:= , t>1,
Yt v M\/T
where Qx is an upper estimate of \/2Dh(a:*,m1; V1), the following holds:
QM
VT

Proof. Applying inequality (5) from Corollary 4.11 with x = z, gives:

f(x/T)_f* <

T M2 T
;% (f'(z)|ze — x2) < Dp(ws, 215 V1) + K ;%2

On the other hand, by convexity of f,

T T T
Dol @)lee—x) =Y wlf(x) = flae) = (Z %) (f(a7) = f(22),

t=1 t=1
and the result follows. O

1In the case of compact X one can take Qx = [maxzcx 2Dn (2, 1; 191)]1/2

convexity of Dp(-, z1,%1) one has Qx > maxgex||z — z1]|.
12
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5.2. A quasi-monotone UMD for nonsmooth convex optimization. We consider the same
problem as in Section 5.1. Similarly to [37, 46], we construct an algorithm which guarantees the
same convergence as in Proposition 5.1 but for the last iterate.

Let function f and regularizer h satisfy the same assumptions as in Section 5.1 and (y¢)¢>1 be a
sequence of positive step-sizes. We define iterates (xy, v, % )i>1 according to x1 = y1, 91 € Oh(xq)
and for ¢t > 1:

(ze41,0e41) € Ty — e f ' (yr))
Yer1 = (1 — vy + ey

where f’(y;) is some subgradient in df(y;) and where coefficient v; € (0,1) is given for ¢t > 1 by:

t+1 -1
Ve = T+l (Z ’Ys) .
s=1

Note that (z¢,9¢)i>1 are UMD(h, §) iterates, where & := (—vef" (yt))i=1-

Proposition 5.2. We assume h to be K-strongly convex with respect to || - || and that x, € dom h.
ForT > 1,
Dy (xy,21; 91) + ]2\/[—1; Zthl V2
f(yT) - f* < T .
Zt:l Ve
Like in Proposition 5.1, choosing constant step-sizes
Qx
= = ; t 2 1
Vi v M\/T
where Qx is an upper estimate of \/2Dh(a:*,x1; Y1), we obtain:
QM
flyr) — f« <

VT
Proof. Let t > 2. It follows from the definition of the iterates that z; — y, = (v,_ 11 — D)yt — ye—1)-
Therefore, using the convexity of f, we can write:

vef (o) |me — ) = v (f (o) [ye — @) + 72 (F () |2 — we)
=% (' () |ye — z) + ey = 1) (F (o) [ye — ye1)
>3 (f(ye) = £o) + vy = 1) (F(ye) = fye1))
= v S (W) = nW = Df (Y1) = nef

Besides, for t = 1, we simply have v (f'(y1)]z1 — z«) = v1(f(y1) — f«) because x1 = y; by definition.
Then, summing over ¢t = 1,...,T and simplifying, we get:

T—
(n =720 = D)) + Y (vt = e (v = D) F (o) + v £ (yr)

t=2
T
- (Z 'Vt) f* <
t=1

Using the definition of coefficients 14, the above left-hand side simplifies as follows:

T T
(Z ’Yt) (Flyr) = fo) < D (uf'(@e)|we — )
- 13 B

[y

<’7tf/(517t)‘517t - ZL"*> .

T
=1

t

t=1



Finally, because (x4, ¢ )1 is a sequence of UMD(h, £) iterates where & = (—v¢f(yt))=1, the result
then follows by applying inequality (5) from Corollary 4.11 and dividing by Zthl Yt O

5.3. Accelerated UMD for smooth convex optimization. We present a first-order algorithm
for the constrained minimization of a smooth convex function (with respect to an arbitrary norm).
Like the Nesterov’s accelerated method [42], of which it is an extension, the following algorithm
achieves a 1/T? convergence rate. The construction of the involves a sequence of UMD iterates,
and its analysis makes use of inequality (3) from Lemma 4.10.

Let X be a closed and convex subset of R™, &/ an open and convex neighborhood of X and |- ||
a norm on R™. Let f:U — R be a convex function which we assume to be L-smooth with respect
to || - || (and therefore differentiable) on U:

V(@) - V1), < Lo o
We assume that the optimization problem

TeEX

, xz, 2 €U.

admits an optimal solution x, € X.
Let K > 0 and let h be a X-regularizer. Points (z, y, 2, %t )1>1 are AUMD iterates if they satisfy
x1 =y = Vh*(¥1) and for ¢t > 1:

(7a) (@441, 0441) € Hp(9e — %V f (ye))
(7b) Zt41 = Yt + (241 — 24)
(7c) Yer1 = (1 = vey1) 20101 + V1241,

where the coefficients (v;);>1 and (v¢);>1 are given for t > 1 by:

K K
— K/L = — (14 1+ 2Ly /K)? - =
i1 /L, Ve+1 5L ( + + (2Lv/K) >7 vt Ty

Remark 5.3 (AUMD iterates always exist). It follows from the above definition that (zy,9)i>1 is
a sequence of UMD(h,§) iterates (associated with dual increments & := (=% V f(yt))e>1). There-
fore, such points (z¢);>1 do exist as long as gradients (Vf(y:))i>1 exists (see below). Applying
Lemma 4.10 to the UMD iterates (z¢,v;)¢>1 immediately gives Lemma 5.7 below. Besides, one can
easily check that for ¢t > 1, point z;41 can we written as a convex combination of z; and x4 1, specif-
ically: z41 = (1 — 1)zt + vgwq1. Since x4q belongs to X' by construction, an immediate induction
proves that z; belongs to X for all ¢ > 1. Then, y; being by construction a convex combination of
z; and xy, it also belongs to X. Since f is differentiable on & D X, V f(y;) indeed exists. Therefore,
AUMD iterates always exist.

Remark 5.4 (Bibliographic remarks). Accelerated versions of mirror descent [30] and dual averaging
[43] are both special cases of our AUMD algorithm.

The accelerated version of DA from [43, Section 3| is slightly different from our version, as the
points (z)¢>1 are updated as:

. L 2
(8) zip1 = argmin § f(ye) +(Vf(w)lz =) + 5 Iz —well" ¢
zeX 2

Therefore, our version (while providing the same convergence guarantee) has a computational ad-
vantage since update (7b) is much less demanding computationnaly than the above MD-style update
(8).

The idea of emphasizing—both in the presentation and the analysis of the algorithm—the pres-
ence of a sequence of mirror descent iterates is borrowed from |1, 43].

14



Theorem 5.5. We assume h to be K-strongly convex with respect to || - || and that x, € domh. For
T > 1, AUMD iterates defined as above guarantee:

ALDp (w4, 1; V1)
— J* S
flers1) = f T
We give without proof the following lemma which gathers a few immediate consequences of the
above definitions.

Lemma 5.6. Fort > 1,
(Z) v € (07 1); 1 (“7’) th/t_l - ’7t+1(yt_+11 ) - 0
(it) ye —we = (v~ — 1)z — w), (iv) For T > 1, ypvg! Zt LV = KT2.

Sequence (x¢,V;)¢>1 being UMD iterates, the following lemma follows from summing inequality
(3) from Lemma 4.10.

Lemma 5.7. ForT > 1

T
D % (VF@) |1 — 24) < D@, 213 ¥1) — (@1, 25 ).

t=1

IIM%

Proof of Theorem 5.5. Let t > 1. We begin by expressing the smoothness of f between points y;
and z;+1 (see e.g. [31, Proposition 3|):

L
f(zer1) = flye) <V f(we)lzer — ye) + 5 2641 — el
L 2
= v (VE)leees — @) + =5 e — i)

L 2
Sv(Vf(y)lzer — x) + 7Dh($t+1,$t, V),

where we used relation (7b) from the definition of the algorithm to get the second line, and the K-
strong convexity of h (Proposition 4.9) to get the third line. Multiplying by Lv?/K and simplifying
gives:

(9) vy (f(zern) = FUe) <9 (Vo) |[megr — 24) + D, we; 90).

Besides, we can write
Tpp1 — T = (Ter1 — To) + (T —ye) + (yt — )
= @1 — @) + (@ —y) + (1 — Dz — ),

where the second line uses relation (ii) from Lemma 5.6. Injecting the above into (V f(y¢) |1 — x¢)
gives:

(VIi)lzerr — x) = (V) zeer — 2 + (V) |ve — y) + ( =D (V)| — )

10
1o SAVFW)lwe — @) + fla) = fly) + (v = 1) (f(2e) = f(w) -
Combining inequalities (9) and (10), and summing over ¢t = 1,...,T gives:
T T
D i (F(z1) = F(ye) < D, 15 91) Z n@e e 9 + % (f (@) = £(ye)
— t=1 t=1
T
+ Z’Yt(’/t_l — 1) (f(z0) = f(y)) + Y Dnlwern, w5 O),
t=1 t=1
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where we used Lemma 5.7 to get the first two terms of the right-hand side. Then, simplifying and
moving all values of f (except for f(z,)) to the left-hand side, we get:

T T
So(e+nl =) =) fu) + Y (e — vt = 1) f(z)
t=1 =2

vt = 1) f () +rvg flerea) < Di(as, a1s 01) + <Z ’Yt)

The factor in front of f(y;) is clearly zero, as well as v, (v; 1_1). The result then follows by applying
properties (iii) and (iv) from Lemma 5.6. O

5.4. Solving variational inequalities. Let X C R” be closed and convex and & : X — R" a
monotone operator:

Vo, o' € X, (®(a') — <I>(m)|x/ —z)>0.
A point z, € X is a (weak) solution of the variational inequality associated with @ if it satisfies:

(11) Vee X, (®(x)|z.—z) <O0.

The is goal is to construct algorithms which outputs approximate solutions. This framework is a
generalization of convex optimization and contains various problems such as convex-concave saddle-
point problems and convex Nash equilibrium problems—see e.g. [27, 39, 44].

Remark 5.8 (Weak and strong solutions). Since ® is monotone, condition (11) is implied by
(®(xy)|z —x4) = 0 for all z € X, which is the standard definition of a (strong) solution associ-
ated with ®. The converse—a weak solution as defined by (11) is a strong solution as well—is also
true, provided, e.g., that ® is continuous. An advantage of the concept of weak solution is that such
a solution always exists as soon as X is assumed to be compact.

Let h be a X-regularizer and v > 0 a step-size. We say that points (x, yt, 9, (¢)1>1 are associated
unified mirror prox (UMP) iterates if they satisfy x1 = VA*()1) and for ¢ > 1:

(12a) ¢ € Oh(zy)

(12b) Ve e X, (G — Y|lx —x) 20
(12¢) yr = VR (G — 7@ (1))

(12d) (@t+1, Ve41) € (9 — v@(w1))-

Note that the above definition implies that (z;,9):>1 is a sequence of UMD(h, £) iterates where
§=(=72(ye))ez1-

Remark 5.9 (Mirror prox [39] is special case of UMP). The original mirror prox algorithm [39]
associated with a X'-compatible mirror map F' is defined as follows. Let z1 € X N Dp be an initial
point and for ¢ > 1:

(13a) Yy = arg gin Dp(x, VF*(VF(x:) — v®(xy)))
Te

(13b) Tpy) = arg gin Dp(x, VF*(VF(x¢) — v®(yt)))-
TE

By setting v; := { := VF(z;), we can easily check that points (z,y:, V¢, (¢)e>1 satisfy above
conditions (12a)—(12d) with regularizer h := F' + Ix and are therefore UMP iterates.
16



Remark 5.10 (Nesterov’s dual extrapolation [44] is a special case of UMP). Let F be an X-
compatible mirror map and h := F'+ Iy the associated X-regularizer. Then, the dual extrapolation
algorithm is defined for ¢t > 1 as [44, Section 3]:

(14a) xy = Vh* ()
(14b) Y = argegin Dp(z, VF*(VF (2¢) — v®(z4)))
(14c) Vi1 = 0 — yP(yy).

Then, one can check that considering (; := VF(z;) makes the above satisfy conditions (12a)—(12d)
from the definition of UMP. Moreover, Theorem 5.11 below generalizes the original guarantee [44,
Theorem 2].

Theorem 5.11. Let ||-|| be a norm on R™. We assume monotone operator ® : X — R™ to be
L-Lipschitz continuous with respect to the following norms:

12(2) — 2()]], <

z, 2 € X,

regularizer h to be K-strongly convex with respect to ||-||. Denote 7, = %Zle y; the average of
points y; from some unified mirror proz iterates associated with ® and parameter v < K/L. Then,
for T > 1, the following guarantee holds:

Vr € domh, (®(x)|yr—z) < W
Proof. Let x € domh and T > 1. Using the definition of 7 and the monotonicity of ®, we write:
1 I
(Ve(@)[gr —2) = 7 ) (r®(@)ly: — 2) Z (Y@ (ye)lye — )
t=1 t=1

I
B

(v (ye) 41 — ) + (YP(ye) [yt — Te41))

-
Il

1
T

< Dp(w, 15 1) + Y (=Dp(weg1, 26 9¢) + (v®(ye) lye — 7441))
=1

where the second inequality comes from summing inequality (3) from Lemma 4.10 (because
(x4, Y4)e>1 is a sequence of UMD iterates as we noticed). We bound the above last two terms
as follows. Let ¢ > 1 and denote §; the content of the above last sum and let us bound it as follows.

0t == —Dp(41, 25 i) — (Y@ (We)[e41 — )
= —h(@eg1) + h(@e) + (el — 2) + (Y (P(21) — P(ye))|lwer — ve) — (YP(@e)|wer1 — we) -
Condition (12b) from the definition of UMP iterates gives:

(16) (Ot|zt1 — 2¢) < (GelTe41 — 1) -

(15)

Besides, using basic inequality (y|z) < % lyll? + 3 |z]|?, we can write:

2
K
(@ () — @) = v0) < e 19(ae) = D)2 + 5 s — well
212
<L
2K
17
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K
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where we used the Lipschitz continuity of operator ®. Injecting (16) and (17) into (15) and simpli-
fying gives

(18) 0 < —h(wey1) + h(we) + (Celys — o) + (G — YP(we) 2441 — )

’72L2

2K
First, we have (; € Oh(x;) thanks to condition (12a) and Dp(y¢, x; ;) is well-defined. Besides,
thanks to Proposition A.2, condition (12¢) is equivalent to (;—v®(z¢) € h(yt), and Dy (w441, yt; G—
y®(z)) is thus well-defined. We can make those two generalized Bregman divergences appear in
the above right-hand side, which is consequently equal to:

’72L2

+

K
l|lye — xt“i + D) lzeg1 — Z/t”2 .

K
0 < l|lye — $t||2 — Dy (ye, x5 &) + = th+1 - Z/t”2 — Dp(@p41, Y85 G — 7P ().

Using the K- strong convexity of h (Proposition 4 9) and the fact that v < K/L by assumption, the
above simplifies to &; < 0. The result follows. O

5.5. Regret minimization. Like the MD and DA algorithms, the UMD algorithm can also be
used for online optimization. Let us recall the classical problem called online linear optimization
[7, 9, 11, 22, 23, 50, 51]. We assume X to be a convex compact subset of R™. The problem is a
repeated game between a decision maker and Nature and is played as follows. For each stage t > 1:

e the decision maker chooses an action x;y € X,
e Nature chooses an action (; € R",
e decision maker gets payoff ((i|z:).

The goal of the decision maker is to minimize its regret Rp (where T > 1 is the number of stages),
which is defined as the difference between its cumulative payoff and the cumulative of the best
constant choice of action in hindsight:

Mﬂ

T
R
T = max (Celz) tz_; (Celze) -
The decision maker can choose its actions according to the UMD algorithm to minimize the re-
gret. The following result is an immediate consequence of Corollary 4.11 and extends classical
guarantees—see e.g. [48, Proposition 11|, [Lemma 2.20 51| and [9, Theorem 5.4].

t=1

Theorem 5.12. Let M > 0 and n > 0. Let ||-|| be a norm on R™, h a X-regularizer which we
assume to be K-strongly convex with respect to || -|| and such that domh = X, and assume (z,9¢)
to be a sequence of UMD(h, &) iterates where & := (nC¢)e=1. We assume that |G|, < M for allt > 1.
Then, for all T > 1,
Qyr nMT
Rp< =X 128
T " + oK

where Qx 1= maxgeyx Dp(z,x1; 91). In particular, the choice n = \/2KQx/(MT) gives

2MTQy

Rr < I
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APPENDIX A. CONVEX ANALYSIS TOOLS

Definition A.1 (Lower-semicontinuity). A function g : R” — R U {400} is lower-semicontinuous
if for all ¢ € R, the sublevel set {z € R" | f(z) < ¢} is closed.

One can easily check that the sum of two lower-semicontinuous functions is lower-semicontinuous.
Continuous functions and characteristic functions Iy of closed sets X C R™ are examples of lower-
semicontinuous functions.

Proposition A.2 (Theorem 23.5 in [49]). Let g : R™ — RU{+00} be a lower-semicontinuous convex
function with nonempty domain. Then for all x,y € R™, the following statements are equivalent:

(i) w € 99" (y);

(i1) y € 0g(x);

(iti) (ylz) = g(z) + g™ (y);

(iv) x € argmax,icgn {(y|2') — g(2")};

(v) y € argmaxy g {(y'|7) — 97 (¥/)}-
Proposition A.3 (Theorem 25.1 in [49]). Let g : R" — RU{+o00} be a convex function and x € R™.
Then dg(x) is a singleton if and only if g is differentiable at x. Then, dg(x) = {Vg(x)}.

Proposition A.4. Let g : R" — RU{+00} be a convez function, X C R™ a convex set and zg € X.
We assume that g is differentiable in xo. Then

xg € argming(r) <= Vee X, (Vg(xg)|z —x0) > 0.

zeX
Definition A.5 (Strong-convexity). Let g : R” — RU {400}, ||- | be a norm in R™ and K > 0.
Function g¢ is said to be K-strongly convex with respect to norm | - if for all z,2’ € R™ and

A€ [0,1],

g + (1= N)a') < Ag(z) + (1 — N)g(2')
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APPENDIX B. POSTPONED PROOFS

Proof of Proposition 2.2. Let ¥ € R™. By property (iii) from Definition 2.1, there exists 1 € Dp
such that VF(xz1) = 9. Therefore, function ¢y : x +— (J|z) — F(x) is differentiable at z; and
Vg (x1) = 0. Moreover, @y is strictly concave as a consequence of property (i) from Definition 2.1.
Therefore, x1 is the unique maximizer of ¢y and:

F*(9) = ma {(9]z) — F(2)} < +oc,

which proves property (i).
Besides, we have

(19) r1 € 0F*(¥) <= VY =VF(r1) <= x; minimizer of ¢y,

where the first equivalence comes from Proposition A.2. Point x; being the unique maximizer of
9, we have that 0F*(9) is a singleton. In other words, F™* is differentiable in ¢ and

(20) VF*(ﬁ) =x1 € Dp.

First, the above (20) proves property (ii). Second, this equality combined with the equality from
(19) gives the second identity from property (iv). Third, this proves that VF*(R"™) C Dp.

It remains to prove the reverse inclusion to get property (iii). Let = € Dp. By property (ii) from
Definition 2.1, F' is differentiable in . Consider

(21) V= VF(z),

and all the above holds with this special point 9. In particular, z; = x by uniqueness of x;.
Therefore (20) gives

(22) VF*() =,

and this proves VF*(R"™) D Dp and thus property (iii). Combining (21) and (22) gives the first
identity from property (iv). O

Proof of Theorem 2.4. Let 9 € Dp. By definition of the mirror map, F' is differentiable at xg.
Therefore, Dp(z, o) is well-defined for all z € R™.

For all real value o € R, consider the sublevel set Sy () of function x — Dp(x,x() associated
with value a and restricted to X:

Sxy(a) :={zx € X|Dp(z,z9) < a}.

Inheriting properties from F, function Dp(-,xq) is lower-semicontinuous and strictly convex: con-
sequentely, the sublevel sets Sy () are closed and convex.
Let us also prove that the sublevel sets Sy (a) are bounded. For each value a € R, we write

Sx(a) C Sgn(a) :={z € R"|Dp(x,x0) < a}
and aim at proving that the latter set is bounded. By contradiction, let us suppose that there
exists an unbounded sequence in Sgn(a): let (zx)g>1 be such that 0 < ||z — xol| o +o0 and
—+00

Dp(xg,x9) < « for all £ > 1. Using the Bolzano—Weierstrass theorem, there exists v # 0 and a
subsequence (z4(x))k>1 such that
Tok) — L0

2o — a0l k=toc
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Zo(k) —T0
el
convexity inequality for function Dp(-,zo):

The point g+ I being a convex combination of zg and x4, we can write the corresponding

Dy (z0 + Ai(z k) — T0),20) < (1 — M) Dp(20, 0) + A Dr () o)
< Moo — 0,
k——+o00
where we used shorthand Ay := H$¢(k) — xOH ~!. For the first above inequality, we used Dp(zg, z¢) =

0 and that Dp(wr),v0) < a by definition of (x4)g>1. Then, using the lower-semicontinuity of
Dp(-,z0) and the fact that xog + )\k($¢>(k) ) k—) Ty + v, we have
—+00

DF(x() + ’U,xo) < léglilolf DF(x() + Ak(x¢(k) — ajo),xo) < léglilolf Apa = 0.

The Bregman divergence of a convex function being nonnegative, the above implies Dp(zo+v,xg) =

0. Thus, function Dp(-,xo) attains its minimum (0) at two different points (at xo and at zp + v):

this contradicts its strong convexity. Therefore, sublevel sets Sy («) are bounded and thus compact.
We now consider the value «j,¢ defined as

ainf := inf {a| Sy (o) # T}

In other words, ajnf is the infimum value of Dp(-,x¢) on X, and thus the only possible value for
the minimum (if it exists). We know that ;s > 0 because the Bregman divergence is always
nonnegative. From the definition of the sets Sxy(«), it easily follows that:

Sx(ame) = [ Sx(a).

a>oypf

Naturally, the sets Sx () are increasing in o with respect to the inclusion order. Therefore, Sy (cint)
is the intersection of a nested sequence of nonempty compact sets. It is thus nonempty as well by
Cantor’s intersection theorem. Consequentely, Dp(-,zp) does admit a minimum on X, and the
minimizer is unique because of the strong convexity.

Let us now prove that the minimizer z, := argmin .y Dr(z, o) also belongs to Dp. Let us
assume by contradiction that x, € X \ Dp. By definition of the mirror map, X N Dp is nonempty;
let z1 € X NDp. The set D being open by definition, there exists ¢ > 0 such that the closed
Euclidean ball F(:pl,z—:) centered in x; and of radius ¢ is a subset of Dp. We consider the convex

hull
C := co ({z.} UB(z1,¢)),

which is clearly is a compact set.
Consider function G defined by:

G(z) := Dp(z,z9) = F(x) — F(x0) — (VF(zo)|z — z¢) ,

so that z, is the minimizer of G on X. In particular, G is finite in x,. G inherits strict convexity,
lower-semicontinuity, and differentiability on D from function F. G is continous on the compact
set B(w1,¢) because G is convex on the open set Dr O B(xy,e). Therefore, G is bounded on
B(x1,¢). Let us prove that G is also bounded on C. Let x € C. By definition of C, there exists
A € [0,1] and 2’ € B(w1,¢) such that x = Az, + (1 — \)2’. By convexity of G, we have:

G(z) < AG(zy) + (1 = NG(2') < G(z4) + G(2).

We know that G(z,) is finite and that G(z’) is bounded for 2’ € B(z1,¢). Therefore G is bounded
on C: let us denote Gax and Gpin some upper and lower bounds for the value of G on C.
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T +eu

Ty d
T

Because X is a convex set, the segment [z, z;] (in other words the convex hull of {z.,z1}) is a
subset of X. Besides, let us prove that the set

(s, 1] = {(1 = N)zx + Az1 | A € (0,1]}

is a subset of Dp. Let z) := (1 — Az, + Azxy (with A € (0,1]) a point in the above set, and let
us prove that it belongs to Dp. By definition of the mirror map, we have X C cl Dp, and besides
zx € X by definition. Therefore, there exists a sequence (xj)k>1 in Dp such that z; — =z, as
k — +oo. Then, we can write
xx=(1—=Nzw + A1
=(1—Nar + (1 =N (zs — 21) + A1y

L=, —a;k)) .

:(1—)\)xk+)\<a:1+

Since x, — x4, for high enough k, the point z; 4+ (1 — A)A™!(z, — ) belongs to B(zy,¢) and
therefore to Dp. Then, the point x) belongs to the convex set? D as the convex combination of
two points in Dp. Therefore, (z4,x1] is indeed a subset of Dp.

G being differentiable on Dr by definition of the mirror map, the gradient of G exists at each
point of (z,,z1]. Let us prove that VG is bounded on (z.,z1]. Let x)\ € (24, 1], where X € (0, 1]
is such that

Ty = (1 — )\)x* + )\xl,
and let u € R™ such that [lul|, = 1. The point z1 + cu belongs to C because it belongs to B(z1, ).
The following point also belongs to convex set C as the convex combination of x, and z1 + eu which
both belong to C:
(23) zx+ deu = (1 — Nz + A(z1 +eu) € C.

Let h € (0,¢]. The following point also belongs to C as a convex combination of ) and the above
point x) + Aeu:

h h
(24) T\ + Ahu = <1—g> a:,\+g(a:,\+)\au) eC.

2The domain of a convex function is convex, and therefore Dy = intdom F' is convex as the interior of a convex
set.
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Now using for G the convexity inequality associated with the convex combination from (24), we
write:

G+ hAu) — Glas) < 2 (Glan + Acu) — Glrx))
(25) = g (G(zx + Aew) — G(zy) + G(zi) — G(z)))
< 2 (Glar +dew) — G(a)),

where for the last line we used G(z,) < G(z)) which is true because z) belongs to X and x, is
by definition the minimizer of G on X. Using the convexity inequality associated with the convex
combination from (23), we also write

G(xz) + deu) — G(zx) < A(G(x1 +eu) — G(xy))
< A (Gmax - Gmin) .
Combining (25) and (26) and dividing by hX, we get
G(z) + hAu) — G(x)) - Gmax — Gmin
hA D £ '
Taking the limit as h — 07, we get that (VG(x))|u) < (Gmax — Gmin)/e. This being true for all
vector u such that ||u|l, = 1, we have

(26)

VGl = max (VG (o)) < C = Cmin
l[ull,=1 €
As a result, VG is bounded on (x, z1].
Let us deduce that JG(w,) is nonempty. The sequence (VG(21/x))k>1 is bounded. Using the
Bolzano-Weierstrass theorem, there exists a subsequence (VG(71/4(x)))x>1 Which converges to some
vector ¥, € R™. For each k > 1, the following is satisfied by convexity of G:

(VG(21/90))|x = 21/00)) < G@) = Gl@r/5)), @ €R™
Taking the limsup on both sides for each x € R" as k — +o00, we get (because obviously x4 —
Ty

* — Lx < — lim inf < - * ) Rn7
(0] — x4) < G(2) lim inf G(T1/9m)) < G(z) —G(24), T E

where the second inequality follows from the lower-semicontinuity of G. Consequently, 9, belongs
to OG(x+).

But by definition of the mirror map VF' takes all possible values and so does VG, because it
follows from the definition of G that VG = VF — VF(x(). Therefore, there exists a point € Dp
(thus & # ) such that VG(Z) = 9,. Considering the point ¥miq = 3(zs + %), we can write the
following convexity inequalities:

<19*|$mid - l‘*> < G(xmid) - G($*)
<19*|$mid - j> < G(xmid) - G(j)
We now add both inequalities and use the fact that ziqg — £ = T4« — Tmiq by definition of z;q to
get 0 < 2G(xmiq) — G(z+) — G(Z), which can also be written

G (x* + :E> 5 G(zs) + G(x),
2 2
which contradicts the strong convexity of G. We conclude that x, € Df. ([l

Proof of Proposition 3.2. Let ¥ € R™. For each of the three assumptions, let us prove that h*(¢9) is
finite. This will prove that dom A* = R™.
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(i) Because cldom h = X by definition of a pre-regularizer, we have:
W (9) = max {(d]z) — h(z)} = max {{V|z) — h(z)} .

Besides, the function z — (¥|x) — h(x) is upper-semicontinuous and therefore attains a maxi-
mum on X because X is assumed to be compact. Therefore h*(¢) < +oo.
(ii) Because Vh(Dy) = R™ by assumption, there exists € D, such that Vh(z) = 9. Then, by
Proposition A.2, h*(9) = (d|z) — h(z) < +o0.
(iii) The function z — (J|x) — h(x) is strongly concave on R™ and therefore admits a maximum.
Therefore, h*(9) < +oo.
O

Proof of Proposition 5.5. Let ¥ € R". Because domh* = R", the subdifferential Oh*(J) is
nonempty—see e.g. [49, Theorem 23.4]. By Proposition A.2, Oh*(¢) is the set of maximizers of
function z — (¥|x) — h(z), which is strictly concave. Therefore, the maximizer is unique and h* is
differentiable at ¢ by Proposition A.3. O

Proof of Proposition 3.4. h is strictly convex as the sum of two convex functions, one of which (F)
is strictly convex. h is lower-semicontinuous as the sum of two lower-continuous functions.
Let us now prove that cldom h = X'. First, we write

domh =dom(F + Iy) =dom FNdom Iy =dom FNAX.

Let € cldom h = cl(dom FFNX'). There exists a sequence (x)r>1 in dom F'N A such that z — .
In particular, each x; belongs to closed set X, and so does the limit: x € X.

Conversely, let x € X' and let us prove that x € cl(dom F'NAX’) by constructing a sequence (xy)x>1
in dom F' N X which converges to x. By definition of the mirror map, we have X C clDp, where
Dy := intdom F. Therefore, there exists a sequence (z});>1 in Dp such that z; — = as | — +o0.
From the definition of the mirror map, we also have that YNDp # &. Let 9 € XNDp. In particular,
xo belongs D which is an open set by definition. Therefore, there exists a neighbourhood U C Dp
of point z9g. We now construct the sequence (xj)r>1 as follows:

1 1
Ty = (1—E>x+zxo, k> 1.

x) belongs to X as the convex combination of two points in the convex set X', and obviously
converges to x. Besides, z; can also be written, for any k,[ > 1,

1 1 1
xR = <1—E>x2+<1—g> (x—:ng)—l—zxo

_ <1—%>xi—l—%(mo—i-(k‘—l)(x_x;))

1 1
(k1) (k1)

where we set zy ' := xo+(k—1)(z—x)). Foragiven k > 1, we see that z; ' — x¢ as | — +00 because

x; — x by definition of (2});>1. Therefore, for large enough I, a:gd) belongs to the neighbourhood

U and therefore to Dp. xj, then appears as the convex combination of z} and x(()kl) which both
belong to the convex set Dp C dom F'. (z) is thus a sequence in dom F' N X which converges to x.
Therefore, x € cl(dom FF'NX) and h is a X-pre-regularizer.

Finally, we have F' < h by definition of h. One can easily check that this implies h* < F™* and
we know from Proposition 2.2 that dom F* = R", in other words that F™* only takes finite values.

Therefore, so does h* and h is a X-regularizer. O
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