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Abstract

We show that for a general class of convex online learning problems, Mirror Descent can always
achieve a (nearly) optimal regret guarantee.

1 Introduction

Mirror Descent is a first-order optimization procedure which generalizes the classic Gradient Descent procedure to
non-Euclidean geometries by relying on a “distance generating function” specific to the geometry (the squared /5-
norm in the case of standard Gradient Descent) [14, 4]. Mirror Descent is also applicable, and has been analyzed,
in a stochastic optimization setting [9] and in an online setting, where it can ensure bounded online regret [20]. In
fact, many classical online learning algorithms can be viewed as instantiations or variants of Online Mirror Descent,
generally either with the Euclidean geometry (e.g. the Perceptron algorithm [5] and Online Gradient Descent [27]), or
in the simplex (¢; geometry), using an entropic distance generating function (Winnow [13] and Multiplicative Weights
/ Online Exponentiated Gradient algorithm [11]). More recently, the Online Mirror Descent framework has been
applied, with appropriate distance generating functions derived for a variety of new learning problems like multi-task
learning and other matrix learning problems [10], online PCA [26] etc.

In this paper, we show that Online Mirror Descent is, in a sense, universal. That is, for any convex online learning
problem, of a general form (specified in Section 2), if the problem is online learnable, then it is online learnable, with
a nearly optimal regret rate, using Online Mirror Descent, with an appropriate distance generating function. Since
Mirror descent is a first order method and often has simple and computationally efficient update rules, this makes the
result especially attractive. Viewing online learning as a sequentially repeated game, this means that Online Mirror
Descent is a near optimal strategy, guaranteeing an outcome very close to the value of the game.

In order to show such universality, we first generalize and refine the standard Mirror Descent analysis to situations
where the constraint set is not the dual of the data domain, obtaining a general upper bound on the regret of Online
Mirror Descent in terms of the existence of an appropriate uniformly convex distance generating function (Section 3).
We then extend the notion of a martingale type of a Banach space to be sensitive to both the constraint set and the data
domain, and building on results of [24], we relate the value of the online learning repeated game to this generalized
notion of martingale type (Section 4). Finally, again building on and generalizing the work of [16], we show how
having appropriate martingale type guarantees the existence of a good uniformly convex function (Section 5), that in
turn establishes the desired nearly-optimal guarantee on Online Mirror Descent (Section 6). We mainly build on the
analysis of [24], who related the value of the online game to the notion of martingale type of a Banach space and
uniform convexity when the constraint set and data domain are dual to each other. The main technical advance here
is a non-trivial generalization of their analysis (as well as the Mirror Descent analysis) to the more general situation
where the constraint set and data domain are chosen independently of each other. In Section 7 several examples are
provided that demostrate the use of our analysis.

Mirror Descent was initially introduced as a first order deterministic optimization procedure, with an ¢, constraint and
a matching ¢, Lipschitz assumption (1 < p < 2,1/¢g 4 1/p = 1), was shown to be optimal in terms of the number of
exact gradient evaluations [15]. Shalev-Shwartz and Singer later observed that the online version of Mirror Descent,
again with an £, bound and matching ¢, Lipschitz assumption (1 < p < 2,1/q+ 1/p = 1), is also optimal in terms



of the worst-case (adversarial) online regret. In fact, in such scenarios stochastic Mirror Descent is also optimal in
terms of the number of samples used. We emphasize that although in most, if not all, settings known to us these three
notions of optimality coincide, here we focus only on the worst-case online regret.

Sridharan and Tewri [24] generalized the optimality of online Mirror Descent (w.r.t. regret) to scenarios where learner
is constrained to a unit ball of an arbitrary Banach space (not necessarily and ¢,, space) and the objective functions
have sub-gradients that lie in the dual ball of the space—for reasons that will become clear shortly, we refer to this as
the data domain. However, often we encounter problems where the constraint set and data domain are not dual balls,
but rather are arbitrary convex subsets. In this paper, we explore this more general, “non-dual”, variant, and show that
also in such scenarios online Mirror Descent is (nearly) optimal in terms of the (asymptotic) worst-case online regret.

2 Online Convex Learning Problem

An online convex learning problem can be viewed as a multi-round repeated game where on round ¢, the learner first
picks a vector (predictor) w; from some fixed set WV, which is a closed convex subset of a vector space B. Next,
the adversary picks a convex cost function f; : W +— R from a class of convex functions F. At the end of the
round, the learner pays instantaneous cost f;(w;). We refer to the strategy used by the learner to pick the f;’s as an
online learning algorithm. More formally, an online learning algorithm A for the problem is specified by the mapping
A:Upen F n=1 5 W. The regret of the algorithm A for a given sequence of cost functions f, ..., f, is given by

Rou(A fi,.o o fn) = fo (fie-1)) — inf —th

wew n

The goal of the learner (or the online learning algorithm), is to minimize the regret for any n.

In this paper, we consider cost function classes F specified by a convex subset X C B* of the dual space B*. We
consider various types of classes, where for all of them, subgradients' of the functions in F lie inside X (we use the
notation (x, w) to mean applying linear functional x € B* onw € B) :

FLip(X) ={f : fisconvex Vw € W,V f(w) € X'}, Fin(X) ={w— (x,w) : x € X},
Foup(X) ={w = [(x,w) —y| : x € X,y € [-),b]}

The value of the game is then the best possible worst-case regret guarantee an algorithm can enjoy. Formally :

Vn(F, X, W) = mf sup R, (A, fi.n) (D
A fLn€F(X)

It is well known that the value of a game for all the above sets F is the same. More generally:
Proposition 1. Iffor a convex function class F, we have thatVf € F,w € W,V f(w) € X then,

VH(F7 X’ W) S Vn(‘F.lin7 X? W)
Furthermore, Vo (Frip, X, W) = Vi (Feup, X, W) = Voo (Fiin, X, W)

That is, the value for any class F for which subgradients are in X, is upper bounded by the value of the class of
linear functionals in W, see e.g. [1]. In particular, this includes the class Fr,i, which is the class of all functions with
subgradients in X, and since Fip (X') C Frip(X') we get the first equality. The second equality is shown in [18].

The class Fgup(X') corresponds to linear prediction with an absolute-difference loss, and thus its value is the best
possible guarantee for online supervised learning with this loss. We can define more generally a class F; =
{((x,w),y) : x € X,y € [—b, b]} for any 1-Lipschitz loss ¢, and this class would also be of the desired type, with its
value upper bounded by V,,(Fiin, X', W). In fact, this setting includes supervised learning fairly generally, including
problems such as multitask learmng and matrix completion, where in all cases X specifies the data domain®. The
equality in the above proposition can also be extended to other commonly occurring convex loss function classes like
the hinge loss class with some extra constant factors.

'Throughout we commit to a slight abuse of notation, with V f(w) indicating some sub-gradient of f at w and V f(w) € X
meaning that at least one of the sub-gradients is in X.
2 Any convex supervised learning problem can be viewed as linear classification with some convex constraint /) on predictors.



Owing to Proposition 1, we can focus our attention on the class Fi;;, (as other two behave similarly), and use shorthand

VW, X) := Vi (Fiin, X, W) 2
Henceforth the term value without any qualification refers to value of the linear game. Further, for any p € [1, 2] let,
V, = inf {v ’ Vn e N, Vo (W, X) < Vn*(lfi)} 3)

Most prior work on online learning and optimization considers the case when W is the unit ball of some Banach space,
and X is the unit ball of the dual space, i.e. ¥V and X" are related to each other through duality. In this work, however,
we analyze the general problem where X € B* is not necessarily the dual ball of V. It will be convenient for us
to relate the notions of a convex set and a corresponding norm. The Minkowski functional of a subset /C of a vector
space V is defined as ||v||,. := inf {a > 0 : v € aK}. If K is convex and centrally symmetric (i.e. K = —K), then
||-||c is a semi-norm. Throughout this paper, we will require that )/ and X" are convex and centrally symmetric.
Further, if the set K is bounded then ||-||,- is a norm. Although not strictly required for our results, for simplicity we
will assume W and X are are such that ||-||,,, and ||-|| - (the Minkowski functionals of the sets JV and X’) are norms.
Even though we do this for simplicity, we remark that all the results go through for semi-norms. We use A* and W*
to represent the dual of balls X and W respectively, i.e. the unit balls of the dual norms ||-|| and ||-||},,.

3 Mirror Descent and Uniform Convexity

A key tool in the analysis mirror descent is the notion of strong convexity, or more generally uniform convexity:
Definition 1. ¥ : B — R is g-uniformly convex w.r.t. || - || if for any w,w' € B:

1—
Yoy ¥ (aw + (1 —a)w') < a¥(w) + (1 - a)¥(w') - <02 w — w'|*
We emphasize that in the definition above, the norm ||.|| and the subset WV need not be related, and we only require

uniform convexity inside V. This allows us to relate a norm with a non-matching “ball”. To this end define,

D, = inf { ( sup \P(W)) ’
wew

Given a function ¥, the Mirror Descent algorithm, Ayp is given by

p—1

U W R is - -uniformly convex w.r.t. ||| 4., ¥(0) = 0}

Wi = argrg\i}n Ag (Wlwy) + n(V fe(wy), w — wy) 4)
we
orequivalently ~ wi,, = VU* (VU(wy) — nV fiy(wy)), Wep1 = argmin Ay (w]|wi,) (5)
wew

where Ay (w|w') := U(w)—U(w')—(VI(w'),w — w’) is the Bregman divergence and ¥* is the convex conjugate

of ¥. As an example notice that when ¥(w) = Hng then we get the gradient descent algorithm and when W is
the d dimensional simplex and ¥ (w) = Z?Zl w; log(1/w;) then we get the multiplicative weights update algorithm.
Lemma 2. Let ¥ : B — R be non-negative and g-uniformly convex w.r.t. norm ||-|| y... For the Mirror Descent algo-

Supwew ¥(W)

1/p
] ) we can guarantee that for any f, ..., fy

rithm with this U, using wy = argmin U(w) and n = (
wew
st i IVl <1 (wherep = 4),

1
SUPweyw Y(W) ) *
" .

R(AMDaflv"'afn) S2<

Note that in our case we have Vf € X, i.e. [[Vf|, < 1, and so certainly = > | [V f[%
value of the game, for any p € [1, 2], we define:

< 1. Similarly to the

MD, :=inf{ D: 30, nst.VneN, sup Ry(Aup, fim) < Dn~173) (6)
f1n€F(X)

where the Mirror Descent algorithm in the above definition is run with the corresponding ¥ and 7. The constant MD,,
is a characterization of the best guarantee the Mirror Descent algorithm can provide. Lemma 2 therefore implies:



Corollary 3. V, <MD, <2D,,.
Proof. The first inequality is by the definition of V,, and MD,,. Second inequality follows from previous lemma. [J

The Mirror Descent bound suggests that as long as we can find an appropriate function ¥ that is uniformly convex
w.r.t. ||-||3 we can get a diminishing regret guarantee. This suggests constructing the following function:

U, = argmin sup U(w) . @)
1) is g-uniformly convex weW
w.rt. ||| x« on W and >0

If no g-uniformly convex function exists then @q = oo is assumed by default. The above function is in a sense the
best choice for the Mirror Descent bound in (2). The question then is: when can we find such appropriate functions
and what is the best rate we can guarantee using Mirror Descent?

4 Martingale Type and Value

In [24], it was shown that the concept of the Martingale type (also sometimes called the Haar type) of a Banach
space and optimal rates for online convex optimization problem, where X" and W are duals of each other, are closely
related. In this section we extend the classic notion of Martingale type of a Banach space (see for instance [16]) to
one that accounts for the pair (WW*, X'). Before we proceed with the definitions we would like to introduce a few
necessary notations. First, throughout we shall use € € {41} to represent infinite sequence of signs drawn uniformly
at random (i.e. each ¢; has equal probability of being +1 or —1). Also throughout (x,,),cn represents a sequence of
mappings where each x,, : {+1}"~! ~ B*. We shall commit to the abuse of notation and use x,,(€) to represent
xn(€) = X, (€1,...,€,—1) (i.e. although we used entire € as argument, x,, only depends on first n — 1 signs). We are
now ready to give the extended definition of Martingale type (or M-type) of a pair (W*, X).

Definition 2. A pair (W*, X) of subsets of a vector space B* is said to be of M-type p if there exists a constant C' > 1
such that for all sequence of mappings (X, )n>1 where each x,, : {£1}"~ — B* and any x¢ € B* :

n p

X0 + Z €% (€)

i=1

< O [ xolly + Y Elllxa(e)lI] ®)

n>1

sup E
n
W

The concept is called Martingale type because (€,X, (€))nen is a martingale difference sequence and it can be shown
that rate of convergence of martingales in Banach spaces is governed by the rate of convergence of martingales of

the form Z,, = x¢ + Z?=1 €;x;(€) (which are incidentally called Walsh-Paley martingales). We point the reader to
[16, 17] for more details. Further, for any p € [1, 2] we also define,

Cp ;= inf {C X0 + Z EiXi(e)

i=1
(), is useful in determining if the pair (W*, X’) has Martingale type p.

P
Vxo € B*,V(xn)nen, supE

<c? <|X0”§6 +Y E IIXn(e)Ili> }

W n>1

The results of [24, 18] showing that a Martingale type implies low regret, actually apply also for “non-matching” W
and X and, in our notation, imply that V}, < 2C),. Specifically we have the following theorem from [24, 18] :

Theorem 4. [24, 18] For any VW € Band any X € B* and anyn > 1,
W*]

1 n 1 n
- Z €:%;(€) ‘n Z €:X;(€)
i=1 i=1

where the supremum above is over sequence of mappings (X, )n>1 where each x,, : {£1}"~1 — X.

supE <V, (W, X) <2supE

W

Our main interest here will is in establishing that low regret implies Martingale type. To do so, we start with the above
theorem to relate value of the online convex optimization game to rate of convergence of martingales in the Banach
space. We then extend the result of Pisier in [16] to the “non-matching” setting combining it with the above theorem
to finally get :



Lemma 5. If for some r € (1, 2] there exists a constant D > 0 such that for any n,
VW, X) < Dn~ (%)

then for all p < r, we can conclude that any xo € B* and any B* sequence of mappings (x,)n>1 where each
Xy, 0 {£1}" s B* will satisfy :
P

X0 —+ Z EiXi(E)

supE
" i=1

1104 D \? » ()P
W*‘| = ((7"—1?)2> HXOHX"‘;E[HXZ( ]

That is, the pair (W, X) is of martingale type p.

The following corollary is an easy consequence of the above lemma.

1104 V,
(p—p")?

Corollary 6. Foranyp € [1,2] and any p’' < p: Cp <

5 Uniform Convexity and Martingale Type

The classical notion of Martingale type plays a central role in the study of geometry of Banach spaces. In [16], it
was shown that a Banach space has Martingale type p (the classical notion) if and only if uniformly convex functions
with certain properties exist on that space (w.r.t. the norm of that Banach space). In this section, we extend this result
and show how the Martingale type of a pair (W*, X') are related to existence of certain uniformly convex functions.
Specifically, the following theorem shows that the notion of Martingale type of pair (W*, X) is equivalent to the
existence of a non-negative function that is uniformly convex w.r.t. the norm ||-|| ...

Lemma 7. If, for some p € (1,2], there exists a constant C' > 0, such that for all sequences of mappings (X )n>1
where each x,, : {£1}"~! +— B* and any x¢ € B*:

P

Xo + Z €;X; (6)

=1

<o [ Ixol% + S Ellxa(l}]

supE
" n>1

W*
(i.e. (W*,X) has Martingale type p), then there exists a convex function ¥ : B — RT with ¥(0) = 0, that is
g-uniformly convex w.r.t. norm ||-|| . s.t. Yw € B, & [|w||%. < ¥(w) < %q [w||5y-

The following corollary follows directly from the above lemma.

Corollary 8. Foranyp € [1,2], D, < C,,.

The proof of Lemma 7 goes further and gives a specific uniformly convex function W satisfying the desired requirement
(i.e. establishing D, < C}) under the assumptions of the previous lemma:

X + Z ein‘(E)

=1

} ZE[IXz'(é)I?J} » Wg = (V)" ©

W i>1

U7 (x) := sup {Cl,p supE

where the supremum above is over sequences (X, )nen and p = qﬂ—l.

6 Optimality of Mirror Descent

In the Section 3, we saw that if we can find an appropriate uniformly convex function to use in the mirror descent
algorithm, we can guarantee diminishing regret. However the pending question there was when can we find such a
function and what is the rate we can gaurantee. In Section 4 we introduced the extended notion of Martingale type of
a pair (W*, X') and how it related to the value of the game. Then, in Section 5, we saw how the concept of M-type
related to existence of certain uniformly convex functions. We can now combine these results to show that the mirror
descent algorithm is a universal online learning algorithm for convex learning problems. Specifically we show that
whenever a problem is online learnable, the mirror descent algorithm can guarantee near optimal rates:



Theorem 9. If for some constant V- > 0 and some q € [2,00), V,(W, X) < Vn~a for all n, then for any n > e971,
there exists regularizer function U and step-size 1), such that the regret of the mirror descent algorithm using VU against
any f1,..., fn chosen by the adversary is bounded as:

R, (Avp; fim) < 6002V log?(n) n™ 7 (10)

Proof. Combining Mirror descent guarantee in Lemma 2, Lemma 7 and the lower bound in Lemma 5 with p =

qfql — @ we get the above statement. O

The above Theorem tells us that, with appropriate ¥ and learning rate 7, mirror descent will obtain regret at most a
factor of 6002 log(n) from the best possible worst-case upper bound. We would like to point out that the constant V'
in the value of the game appears linearly and there is no other problem or space related hidden constants in the bound.

The following figure summarizes the relationship between the various constants. The arrow mark from C, to C),
indicates that for any n, all the quantities are within log® n factor of each other.

Vee) < v ) <[w) <5 ) <)

Lemma 5 Definition of Vi, Lemma 2 Construction of ¥, Lemma 10
(extending Pisier’s result [16]) (Generalized MD guarantee) (extending Pisier’s result [16])

Figure 1: Relationship between the various constants

We now provide some general guidelines that will help us in picking out appropriate function ¥ for mirror descent.
First we note that though the function ¥, in the construction (9) need not be such that (q¥,(w))'/4 is a norm, with
a simple modification as noted in [17] we can make it a norm. This basically tells us that the pair (W, X) is online
learnable, if and only if we can sandwich a g-uniformly convex norm in-between X and a scaled version of W (for
some ¢ < 00). Also note that by definition of uniform convexity, if any function ¥ is g-uniformly convex w.r.t. some
norm ||-|| and we have that ||-|| > ¢||-|| -, then \ch(q) is g-uniformly convex w.r.t. norm ||-|| .. These two observations
together suggest that given pair (W, X') what we need to do is find a norm ||-|| in between ||-[|} and C' |||, (C' < o0,
smaller the C' better the bound ) such that ||-||? is g-uniformly convex w.r.t ||||.

7 Examples
We demonstrate our results on several online learning problems, specified by WV and X'.

¢, non-dual pairs Itis usual in the literature to consider the case when WV is the unit ball of the £, norm in some finite
dimension d while X’ is taken to be the unit ball of the dual norm ¢, where p, ¢ are Holder conjugate exponents. Using
the machinery developed in this paper, it becomes effortless to consider the non-dual case when W is the unit ball B,
of some ¢,,, norm while X’ is the unit ball B,,, for arbitrary p1, p2 in [1, co]. We shall use g; and g to represent Holder
conjugates of p; and po. Before we proceed we first note that for any r € (1, 2], ¥,.(w) := ﬁ |w||2 is 2-uniformly
w.r.t. norm |[|-||,. (see for instance [25]). On the other hand by Clarkson’s inequality, we have that for r € (2, 00),
(W) := =-||w||I is r-uniformly convex w.r.t. |-||,.. Putting it together we see that for any € (1, c0), the function
1), defined above, is QQ-uniformly convex w.r.t ||-||,. for Q = max{r,2}. The basic technique idea is to be to select 1,

based on the guidelines in the end of the previous section. Finally we show that using oy = d° max{é_%’o}wr in
Mirror descent Lemma 2 yields the bound that for any f1,..., f, € F:

max{gf 0}+max{77— 0}

2 max{2, ;}d
R"(AMvalzn) < m

nl/ max{r2}

The following table summarizes the scenarios where a value of r = 2, i.e. a rate of D5 /+/n, is possible, and lists the
corresponding values of Dy (up to numeric constant of at most 16):



p1 Range g2 = ppil Range Dy

1<p1 <2 || ¢2>2 1

1<pi <2 || pp<q2<2 vp2 —1

1<pi <2 || 1<qg<p d/e2=tr /o =T
p1 > 2 q2 > 2 d(1/2*1/171>

p1 > 2 1<qg <2 d(1/az—1/p1)
1<p1 <2 || ¢2= log(d)

Note that the first two rows are dimension free, and so apply also in infinite-dimensional settings, whereas in the other
scenarios, Ds is finite only when the dimension is finite. An interesting phenomena occurs when d is co, p1 > 2 and
g2 > p1. In this case Dy = oo and so one cant expect a rate of O(ﬁ) However we have D,, < 16 and so can still

_1
getarateof n= 2.

Ball et al [3] tightly calculate the constants of strong convexity of squared £,, norms, establishing the tightness of D5
when p; = pa. By extending their constructions it is also possible to show tightness (up to a factor of 16) for all other
values in the table. Also, Agarwal et al [2] recently showed lower bounds on the sample complexity of stochastic
optimization when p; = oo and p» is arbitrary—their lower bounds match the last two rows in the table.

Non-dual Schatten norm pairs in finite dimensions Exactly the same analysis as above can be carried out for
Schatten p-norms, i.e. when W = Bg,,), X = Bg(y,) are the unit balls of Schatten p-norm (the p-norm of the
singular values) for matrix of dimensions d; x ds. We get the same results as in the table above (as upper bounds
on Ds), with d = min{d,, d>}. These results again follow using similar arguments as £, case and tight constants for
strong convexity parameters of the Schatten norm from [3].

Non-dual group norm pairs in finite dimensions In applications such as multitask learning, groups norms such as
[wllg,1 are often used on matrices w € R¥*¢ where (g, 1) norm means taking the ¢1-norm of the £,-norms of the
columns of w. Popular choices include ¢ = 2, co. Here, it may be quite unnatural to use the dual norm (p, 0o) to define
the space X" where the data lives. For instance, we might want to consider W = B, 1) and X = B(s,00) = Boo. In

such a case we can calculate that Do(W, X)) = @(kl_% log(d)) using ¥(w) = q+71,_2 \w||2 , Where r =

log d
log d—1"

Max Norm Max-norm has been proposed as a convex matrix regularizer for application such as matrix comple-
tion [21]. In the online version of the matrix completion problem at each time step one element of the matrix is
revealed, corresponding to X being the set of all matrices with a single element being 1 and the rest 0. Since
we need X' to be convex we can take the absolute convex hull of this set and use X to be the unit element-wise
¢y ball. Its dual is ||| ,. = max, ;|W;;|. On the other hand given a matrix W, its max-norm is given by
W] ax = ming y.w—pyr (max; ||Us|,) (max; [|V;]l,). The set W is the unit ball under the max norm. As
noted in [22] the max-norm ball is equivalent, up to a factor two, to the convex hull of all rank one sign ma-
trices. Let us now make a more general observation. Consider any set W = abscvx({w1,...,wg}), the ab-
solute convex hull of K points wi,...,wx € B. In this case, the Minkowski norm for this W is given by

Wl = inf, arw=xK | aw, Zfil |o;|. In this case, for any ¢ € (1,2], if we define the norm |lw/[,, , =

1/q
(Zfil |oz,;|‘1) , then the function ¥(w) = ﬁ ||W||12/vq is 2-uniformly convex w.r.t.

Iy, (similar to ¢1 — £, case). Further if we use ¢ = 101§§(Ii1’ then supycyy /¥ (w) = O(y/log K) and so
Dy = +/log K. For the max norm case the norm is equivalent to the norm got by the taking the absolute convex hull
of the set of all rank one sign matrices. Cardinality of this set is of course 2V**_ Hence using the above proposition
and noting that X'* is the unit ball of | - |, we see that ¥ is obviously 2-uniformly convex w.r.t. ||-|| .. and so we get

a regret bound O (\ / @) This matches the stochastic (PAC) learning guarantee [22], and is the first guarantee we
are aware of for the max norm matrix completion problem in the online setting.

lnful ,4..,aK:w=Zf<=1 Wy

8 Conclusion and Discussion

In this paper we showed that for a general class of convex online learning problems, there always exists a distance
generating function ¥ such that Mirror Descent using this function achieves a near-optimal regret guarantee. This



shows that a fairly simple first-order method, in which each iteration requires a gradient computation and a prox-
map computation, is sufficient for online learning in a very general sense. Of course, the main challenge is deriving
distance generating functions appropriate for specific problems—although we give two mathematical expressions for
such functions, in equations (7) and (9), neither is particularly tractable in general. In the end of Section 6 we do give
some general guidelines for choosing the right distance generating function. However obtaining a more explicit and
simple procedure at least for reasonable Banach spaces is a very interesting question.

Furthermore, for the Mirror Descent procedure to be efficient, the prox-map of the distance generating function must be
efficiently computable, which means that even though a Mirror Descent procedure is always theoretically possible, we
might in practice choose to use a non-optimal distance generating function, or even a non-MD procedure. Furthermore,
we might also find other properties of w desirable, such as sparsity, which would bias us toward alternative methods
[12, 7]. Nevertheless, in most instances that we are aware of, Mirror Descent, or slight variations of it, is truly an
optimal procedure and this is formalized and rigorously establish here.

In terms of the generality of the problems we handle, we required that the constraint set V' be convex, but this seems
unavoidable if we wish to obtain efficient algorithms (at least in general). Furthermore, we know that in terms of
worst-case behavior, both in the stochastic and in the online setting, for convex cost functions, the value is unchained
when the convex hull of a non-convex constraint set [18]. The requirement that the data domain X be convex is
perhaps more restrictive, since even with non-convex data domain, the objective is still convex. Such non-convex X
are certainly relevant in many applications, e.g. when the data is sparse, or when x € X is an indicator, as in matrix
completion problems and total variation regularization. In the total variation regularization problem, WV is the set of
all functions on the interval [0, 1] with total variation bounded by 1 which is in fact a Banach space. However set X
we consider here is not the entire dual ball and in fact is neither convex nor symmetric. It only consists of evaluations
of the functions in W at points on interval [0, 1] and one can consider a supervised learning problem where the goal
is to use the set of all functions with bounded variations to predict targets which take on values in [—1, 1] . Although
the total-variation problem is not learnable, the matrix completion problem certainly is of much interest. In the matrix
completion case, taking the convex hull of X does not seem to change the value, but we are unaware of neither a
guarantee that the value of the game is unchanged when a non-convex & is replaced by its convex hull, nor of an
example where the value does change—it would certainly be useful to understand this issue. We view the requirement
that W and X be symmetric around the origin as less restrictive and mostly a matter of convenience.

We also focused on a specific form of the cost class F, which beyond the almost unavoidable assumption of convexity,
is taken to be constrained through the cost sub-gradients. This is general enough for considering supervised learning
with an arbitrary convex loss in a worst-case setting, as the sub-gradients in this case exactly correspond to the data
points, and so restricting F through its sub gradients corresponds to restricting the data domain. Following Proposition
1, any optimality result for Fr;, also applies to Fg,p, and this statement can also be easily extended to any other
reasonable loss function, including the hinge-loss, smooth loss functions such as the logistic loss, and even strongly-
convex loss functions such as the squared loss (in this context, note that a strongly convex scalar function for supervised
learning does not translate to a strongly convex optimization problem in the worst case). Going beyond a worst-case
formulation of supervised learning, one might consider online repeated games with other constraints on F, such as
strong convexity, or even constraints on { f;} as a sequence, such as requiring low average error or conditions on the
covariance of the data—these are beyond the scope of the current paper.

Even for the statistical learning setting, online methods along with online to batch conversion are often preferred due
to their efficiency especially in high dimensional problems. In fact for £, spaces in the dual case, using lower bounds
on the sample complexity for statistical learning of these problems, one can show that for large dimensional problems,
mirror descent is an optimal procedure even for the statistical learning problem. We would like to consider the question
of whether Mirror Descent is optimal for stochastic convex optimization (convex statistical learning) setting [9, 19, 23]
in general. Establishing such universality would have significant implications, as it would indicate that any learnable
(convex) problem, is learnable using a one-pass first-order online method (i.e. Stochastic Approximation approach).
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