Relax and Randomize: From Value to Algorithms

Alexander Rakhlin Ohad Shamir Karthik Sridharan
University of Pennsylvania Microsoft Research University of Pennsylvania
Abstract

We show a principled way of deriving online learning algorithms from a minimax
analysis. Various upper bounds on the minimax value, previously thought to be
non-constructive, are shown to yield algorithms. This allows us to seamlessly re-
cover known methods and to derive new ones, also capturing such “unorthodox”
methods as Follow the Perturbed Leader and the R? forecaster. Understanding
the inherent complexity of the learning problem thus leads to the development of
algorithms. To illustrate our approach, we present several new algorithms, includ-
ing a family of randomized methods that use the idea of a “random playout”. New
versions of the Follow-the-Perturbed-Leader algorithms are presented, as well as
methods based on the Littlestone’s dimension, efficient methods for matrix com-
pletion with trace norm, and algorithms for the problems of transductive learning
and prediction with static experts.

1 Introduction

This paper studies the online learning framework, where the goal of the player is to incur small
regret while observing a sequence of data on which we place no distributional assumptions. Within
this framework, many algorithms have been developed over the past two decades [6]. More recently,
a non-algorithmic minimax approach has been developed to study the inherent complexities of se-
quential problems [2, 1, 14, 19]. It was shown that a theory in parallel to Statistical Learning can be
developed, with random averages, combinatorial parameters, covering numbers, and other measures
of complexity. Just as the classical learning theory is concerned with the study of the supremum of
empirical or Rademacher process, online learning is concerned with the study of the supremum of
martingale processes. While the tools introduced in [14, 16, 15] provide ways of studying the mini-
max value, no algorithms have been exhibited to achieve these non-constructive bounds in general.

In this paper, we show that algorithms can, in fact, be extracted from the minimax analysis. This
observation leads to a unifying view of many of the methods known in the literature, and also gives
a general recipe for developing new algorithms. We show that the potential method, which has
been studied in various forms, naturally arises from the study of the minimax value as a certain
relaxation. We further show that the sequential complexity tools introduced in [14] are, in fact,
relaxations and can be used for constructing algorithms that enjoy the corresponding bounds. By
choosing appropriate relaxations, we recover many known methods, improved variants of some
known methods, and new algorithms. One can view our framework as one for converting a non-
constructive proof of an upper bound on the value of the game into an algorithm. Surprisingly,
this allows us to also study such “unorthodox” methods as Follow the Perturbed Leader [9], and
the recent method of [7] under the same umbrella with others. We show that the idea of a random
playout has a solid theoretical basis, and that Follow the Perturbed Leader algorithm is an example
of such a method. Based on these developments, we exhibit an efficient method for the trace norm
matrix completion problem, novel Follow the Perturbed Leader algorithms, and efficient methods
for the problems of online transductive learning. The framework of this paper gives a recipe for
developing algorithms. Throughout the paper, we stress that the notion of a relaxation, introduced
below, is not appearing out of thin air but rather as an upper bound on the sequential Rademacher
complexity. The understanding of inherent complexity thus leads to the development of algorithms.



Let us introduce some notation. The sequence x1, ..., x; is often denoted by 1., , and the set of all
distributions on some set A by A(A). Unless specified otherwise, € denotes a vector (1, ..., €r)
of i.i.d. Rademacher random variables. An X-valued tree x of depth d is defined as a sequence
(x1,...,Xgq) of mappings x; : {1}!7 = X (see [14]). We often write x;(¢) instead of x;(e1.4_1).

2 Value, The Minimax Algorithm, and Relaxations

Let F be the set of learner’s moves and X the set of moves of Nature. The online protocol dictates
that on every round ¢t = 1,...,T the learner and Nature simultaneously choose f; € F, x; € X,
and observe each other’s actions. The learner aims to minimize regret Reg, = Y7, £(fi,z¢) -
inf o r ZtT:1 O(f,xs) where £ : F x X — R is a known loss function. Our aim is to study this
online learning problem at an abstract level without assuming convexity or other such properties of
¢, F and X. We do assume, however, that ¢, F, and X are such that the minimax theorem in the
space of distributions over F and X holds. By studying the abstract setting, we are able to develop
general algorithmic and non-algorithmic ideas that are common across various application areas.
The starting point of our development is the minimax value of the associated online learning game:

[ T T
Vr(F)= inf sup E ... inf sup E |Y 0(fe,z) - inf > 4(f, a:t):| (1)
QeA(F) z1€X firqi qreA(F) zreX fr~qr Li=1 feFt=1

where A(F) is the set of distributions on F. The minimax formulation immediately gives rise to
the optimal algorithm that solves the minimax expression at every round ¢ and returns :

- T T
argmin {sup E [ﬂ(ft,mt)+inf sup E ...infsup E Z L fiy i) - ianE(f,gci):H}
feF i=1

qeA(F) Tt fi~q Qt+1 T4l fre1 qr z7 fr Li=t+1

Henceforth, if the quantification in inf and sup is omitted, it will be understood that x;, f;, p¢, g¢
range over X, F, A(X), A(F), respectively. Moreover, E,, is with respect to p; while E, is with
respect to q;. We now notice a recursive form for the value of the game. Define for any ¢ € [T — 1]

and any given prefix x1,...,x; € X the conditional value
Vr (Flzy,...,x¢) 2 inf sup{ E [4(f,z)] + V7 (F|z,... ,xt,x)}
qeA(F) zex Uf~q

with Vi (Flzy,...,27) = —inf, z YL 0(f,x) and Vp(F) = Vr(F|{}). The minimax optimal
algorithm specifying the mixed strategy of the player can be written succinctly as

q¢ = argmin sup{ E [4(f,z)] + Vr(F|z,... ,a:t_l,:r)} . )
qeA(F) xeX ~ f~q

Similar recursive formulations have appeared in the literature [12, 18, 3], but now we have
tools to study the conditional value of the game. We will show that various upper bounds on
Vr(Flai,...,2¢-1,2) yield an array of algorithms. In this way, the non-constructive approaches of
[14, 15, 16] to upper bound the value of the game directly translate into algorithms. We note that
the minimax algorithm in (2) can be interpreted as choosing the best decision that takes into account
the present loss and the worst-case future. The first step in our analysis is to appeal to the minimax
theorem and perform the same manipulation as in [1, 14], but only on the conditional values:

T T
Vr (Flzy,...,2¢) =sup E ...supIEl|: Z inf E Z(fi7xi)—inf26(f,xi):| ) 3)
feFi=1

Pt+1 Te41 Pr TT | i=t+1 fi€F Ti~Di

The idea now is to come up with more manageable, yet tight, upper bounds on the conditional value.

A relaxation Relr is a sequence of real-valued functions Rely (Flz1,...,2;) foreach ¢t € [T]. A
relaxation is admissible if for any x1,...,x7 € X,
Rely (Flz1,...,z¢) > inf sup! E [£(f,z)] + Rely (Flzy, ... ,xt,x)} 4)
qeA(F) zex ~a

forall t € [T -1], and  Rely (Flzy,...,27) > —inf, z S, €(f,x¢). We use the notation
Relr (F) for Rely (F|{}). A strategy ¢ that minimizes the expression in (4) defines an optimal
Meta-Algorithm for an admissible relaxation Rely:

on round ¢, compute q; = arg min sup{ E [4(f,xz)] + Relr (Flay,... ,xt_l,x)}, 3)
qeA(F) zeX | frq



play f: ~ q; and receive x; from the opponent. Importantly, minimization need not be exact: any ¢,
that satisfies the admissibility condition (4) is a valid method, and we will say that such an algorithm
is admissible with respect to the relaxation Relr.

Proposition 1. Let Relr be an admissible relaxation. For any admissible algorithm with respect
to Relr, (including the Meta-Algorithm), irrespective of the strategy of the adversary,

T T

ZEftNth(ft7xt)_ inf Zf(f,l’t) S:R'elT (‘F) ) (6)
t=1 feFt=1

and therefore, E[Reg| < Rely (F) . If ¢(-,-) is bounded, the Hoeffding-Azuma inequality yields a

high-probability bound on Reg . We also have that V1 (F) < Rely (F) . Further, if for all t € [T,

the admissible strategies q; are deterministic, Regp < Rely (F).

The reader might recognize Relr as a potential function. It is known that one can derive regret
bounds by coming up with a potential such that the current loss of the player is related to the differ-
ence in the potentials at successive steps, and that the regret can be extracted from the final potential.
The origin/recipe for “good” potential functions has always been a mystery (at least to the authors).
One of the key contributions of this paper is to show that they naturally arise as relaxations on the
conditional value, and the conditional value is itself the tightest possible relaxation. In particular,
for many problems a tight relaxation is achieved through symmetrization applied to the expression
in (3). Define the conditional Sequential Rademacher complexity

T t
%T(f|$1, ce ) = supE,, .. ?cug [2 Z esl(fyXoot(€441:6-1)) — Z o f, ms)] . @)
x € s=1

s=t+1

Here the supremum is over all X'-valued binary trees of depth 7" — t. One may view this complexity
as a partially symmetrized version of the sequential Rademacher complexity

T
Rr(F) 2R (F [ {}) =supE,,, sup [2 > el f, Xs(61:s—1))] (8)
x € s=1

defined in [14]. We shall refer to the term involving the tree x as the “future” and the term being
subtracted off — as the “past”. This indeed corresponds to the fact that the quantity is conditioned on
the already observed x1, ..., x;, while for the future we have the worst possible binary tree.!

Proposition 2. The conditional Sequential Rademacher complexity is admissible.
‘We now show that several well-known methods arise as further relaxations on .

Exponential Weights [11, 20] Suppose F is a finite class and |¢( f,z)| < 1. In this case, a (tight)
upper bound on sequential Rademacher complexity leads to the following relaxation:

Relr (Flzi,...,z:) = i)‘n(f){ilog(z exp(—)\iﬂ(f, xl))) + 2)\(T—t)} 9)
> i=1

feF

Proposition 3. The relaxation (9) is admissible and Ry (F|z1,...,x¢) < Relr (Flzy,...,x¢).
Furthermore, it leads to a parameter-free version of the Exponential Weights algorithm, defined on
round t + 1 by the mixed strategy qi,1(f) o< exp (—)\,’f Yo e, xs)) with A} the optimal value in

(9). The algorithm’s regret is bounded by Rely (F) < 24/2T log|F]| .

We point out that the exponential-weights algorithm arising from the relaxation (9) is a parameter-
free algorithm. The learning rate A* can be optimized (via 1D line search) at each iteration.

Mirror Descent [4,13] In the setting of online linear optimization [21], the loss is £( f, ) = ([, x).
Suppose F is a unit ball in some Banach space and X’ is the dual. Let || - | be some (2, C')-smooth

norm on X (in the Euclidean case, C' = 2). Using the notation Z;_1 = ZZ;% T, a straightforward
upper bound on sequential Rademacher complexity is the following relaxation:

Relr (Flzy, ..., o) = \/Hi’z—1||2 +(VE &), 2) + C(T -t +1) (10)

't is cumbersome to write out the indices on xs_¢(€¢+1:5-1) in (7), so we will instead use x(e) whenever
this doesn’t cause confusion.



Proposition 4. The relaxation (10) is admissible and Ry (F|x1,...,x¢) < Relp (Flay,...,2¢) .
1, 2
-V l&e-1ll .
W Y EeTearey with regret bound Rely (F) < /2CT.
Note that the algorithms proposed are parameter free as the step size is tuned automatically. We
chose Exponential Weights and Mirror Descent for illustration as these methods are well-known. In
the remainder of the paper, we develop new algorithms to show the universality of our approach.

It yields the update f; =

3 Classification

We start by considering the problem of supervised learning, where &’ is the space of instances and
Y the space of responses (labels). There are two closely related protocols for the online interaction
between the learner and Nature, so let us outline them. The “proper” version of supervised learning
follows the protocol presented in Section 2: at time ¢, the learner selects f; € F, Nature simultane-
ously selects (¢, y;) € X x Y, and the learner suffers the loss ¢( f(z),y:). The “improper” version
is as follows: at time ¢, Nature chooses z; € X and presents it to the learner as “side information”,
the learner then picks g; € ) and Nature simultaneously chooses y; € ). In the improper version, the
loss of the learner is £(§:,y: ), and it is easy to see that we may equivalently state this protocol as the
learner choosing any function f, € Y (not necessarily in ), and Nature simultaneously choosing
(x¢,y: ). We mostly focus on the “improper” version of supervised learning in this section. For the
improper version of supervised learning, we may write the value in (1) as

T T
Vr(F)=sup inf sup E ...sup inf sup E [Zf(yjt,yz)fianﬂ(f(:rz),yt)]
feF =1

z1€X q1eA(Y) y1€X J1~q1 zpeX qpeA(Y) yreX gr~ar Lt=1

and a relaxation Relr is admissible if for any (x1,91) ..., (x1,y7) € X x Y,

sup inf sup{ E €(3.5) + Relr (F{(o1.)} v, (2,)) } < Relr (F(@ig)}i) D)
reX geA(Y) ye¥ y~q

Let us now focus on binary prediction, i.e. ) = {+1}. In this case, the supremum over y in (11)

becomes a maximum over two values. Let us now take the absolute loss £(¢,y) = |J - y| = 1 — gy.

We can see? that the optimal randomized strategy, given the side information x, is given by (11) as
q: = argmin max {1 - ¢ + Relr (F|{(zi,3:) }iz1, (2, 1)), 1 + g + Relr (F|{(wi, 4i) }icr, (=, -1)) }
qeA(Y)
or equivalently as : g = % {Relr (F{(zi,yi) }ie1, (2,1)) - Relr (FI{(zi,yi) Yier, (2,-1))} (12)

We now assume that F has a finite Littlestone’s dimension Ldim(F) [10, 5]. Suppose the loss
function is £(g, y) = |§ — y/, and consider the “mixed” conditional Rademacher complexity

Tt ¢
supIEeiu]IZ{2Zeif(xi(e))—zv(mi)—yi\} (13)

as a possible relaxation. The admissibility condition (11) with the conditional sequential
Rademacher (13) as a relaxation would require us to upper bound

T-t t
sup inf max { E \gjt—yt|+supEEsup{2 Zezf(xl(e))—Z\f(xl)—yJ}} (14)
wt qpe[-1,1] Y=} (genay x feF = i=1

However, the supremum over x is preventing us from obtaining a concise algorithm. We need to
further “relax” this supremum, and the idea is to pass to a finite cover of F on the given tree x and
then proceed as in the Exponential Weights example for a finite collection of experts. This leads to
an upper bound on (13) and gives rise to algorithms similar in spirit to those developed in [5], but
with more attractive computational properties and defined more concisely.

Define the function g(d,t) = Z?:o (Z), which is shown in [14] to be the maximum size of
an exact (zero) cover for a function class with the Littlestone’s dimension Ldim = d. Given
{(Ilvyt)v' "7(‘Ttayt)} and o = (0'17... 7Ut) € {i]‘}t7 let ft(g) = {f e F: f(x’b) =0 Vi <
t}, the subset of functions that agree with the signs given by o on the “past” data and let
Flag,ooar = Flot =2 {(f(z1),...,f(x)) = f € F} be the projection of F onto z1,...,x;. De-
note Ly (f) = X4, |f(z:) —vi| and Ly (o) = Xk, |03 — ys| for o € {x1}*. The following proposition
gives a relaxation and an algorithm which achieves the O(y/Ldim(F)T logT') regret bound. Un-
like the algorithm of [5], we do not need to run an exponential number of experts in parallel and
only require access to an oracle that computes the Littlestone’s dimension.

“The extension to k-class prediction is immediate.



Proposition 5. The relaxation

Relr (F|(z,y")) = % log( > g(Ldim(Fi(0)),T - t) exp {—ALt(a)}) +2A(T -1) .

UE]:‘mt
is admissible and leads to an admissible algorithm which uses weights q;(-1) =1 - ¢:(+1) and

(os1)er|,, 9(Ldim(Fi(o,+1)), T = t) exp {-ALi-1(0)}
Z(o,o-t)e]ﬂmt g(Ldim(F(0,0¢)), T —t)exp {-ALi-1(0)}’

g:(+1) = (15)

There is a very close correspondence between the proof of Proposition 5 and the proof of the com-
binatorial lemma of [14], the analogue of the Vapnik-Chervonenkis-Sauer-Shelah result.

4 Randomized Algorithms and Follow the Perturbed Leader

We now develop a class of admissible randomized methods that arise through sampling. Consider
the objective (5) given by a relaxation Relyp. If Relr is the sequential (or classical) Rademacher
complexity, it involves an expectation over sequences of coin flips, and this computation (coupled
with optimization for each sequence) can be prohibitively expensive. More generally, Relr might
involve an expectation over possible ways in which the future might be realized. In such cases,
we may consider a rather simple “random playout” strategy: draw the random sequence and solve
only one optimization problem for that random sequence. The ideas of random playout have been
discussed in previous literature for estimating the utility of a move in a game (see also [3]). We show
that random playout strategy has a solid basis: for the examples we consider, it satisfies admissibility.

In many learning problems the sequential and the classical Rademacher complexities are within a
constant factor of each other. This holds true, for instance, for linear functions in finite-dimensional
spaces. In such cases, the relaxation Rely does not involve the supremum over a tree, and the
randomized method only needs to draw a sequence of coin flips and compute a solution to an opti-
mization problem slightly more complicated than ERM. We show that Follow the Perturbed Leader
(FPL) algorithms [9] arise in this way. We note that FPL has been previously considered as a rather
unorthodox algorithm providing some kind of regularization via randomization. Our analysis shows
that it arises through a natural relaxation based on the sequential (and thus the classical) Rademacher
complexity, coupled with the random playout idea. As a new algorithmic contribution, we provide
a version of the FPL algorithm for the case of the decision sets being ¢ balls, with a regret bound
that is independent of the dimension. We also provide an FPL-style method for the combination of
{1 and /, balls. To the best of our knowledge, these results are novel.

The assumption below implies that the sequential and classical Rademacher complexities are within
constant factor C' of each other. We later verify that it holds in the examples we consider.

Assumption 1. There exists a distribution D € A(X) and constant C > 2 such that for any t € [T]
and given any 1, ...,%4_1,%41, ..., o7 € X and any €41, ..., e € {1},

sup B sup| Cpa(f) - Lir(f) + B [Z(ﬂx)]—f(f,wt)]s E supl CA(f) - Loa(f)]

peA(X) xt~p feF et,x¢~D feF
where €,’s are i.i.d. Rademacher, L;_,(f) = Y'21 €(f, x;), and Ay(f) = ZL el(f,x;).

Under the above assumption one can use the following relaxation

T

t
Relr (Flzi,...,z¢) = E Eesup[C Z eié(f,:ri)—ZZ(f,:ri) (16)
feF 1 i=1

Ti41,---xzp~D i=t+
which is a partially symmetrized version of the classical Rademacher averages.

The proof of admissibility for the randomized methods is quite curious — the forecaster can be seen as
mimicking the sequential Rademacher complexity by sampling from the “equivalently bad” classical
Rademacher complexity under the specific distribution D specified by the above assumption.

Lemma 6. Under Assumption 1, the relaxation in Eq. (16) is admissible and a randomized strategy

that ensures admissibility is given by: at time t, draw xi41,...,x7 ~ D and €441, . .., ep and then:
(a) In the case the loss { is convex in its first argument and set F is convex and compact, define



T -1
fi = argmin sup {é(g,x) +?;qu {C’ Z el(f,z:) - Zé(f,m,-) —é(f,m)}} (17)

geF  xeX i=t+1 i=1
(b) In the case of non-convex loss, sample f; from the distribution
T t-1
. = argmin sup{ E [¢(f.)] +sup{c Y el(fra) - Y U foa) —e(f,x)}} (18)
GeA(F) weX (f~q feF i=t+1 i=1
The expected regret for the method is bounded by the classical Rademacher complexity:

T
E[Reg; ]| <CEqpp-DE [sup > ed(f, a:t)] ,
e L feFt=1

Of particular interest are the settings of static experts and transductive learning, which we consider
in Section 5. In the transductive case, the x,’s are pre-specified before the game, and in the static
expert case — effectively absent. In these cases, as we show below, there is no explicit distribution
D and we only need to sample the random signs €’s. We easily see that in these cases, the expected
regret bound is simply two times the transductive Rademacher complexity.

The idea of sampling from a fixed distribution is particularly appealing in the case of linear loss,
0(f,z) = (f,x). Suppose X is a unit ball in some norm | - | in a vector space B, and F is a unit ball
in the dual norm | - ||.. A sufficient condition implying Assumption 1 is then

Assumption 2. There exists a distribution D € A(X) and constant C' > 2 such that for any w € B,
sup E |w+2ex¢] < E E|w+ Ceay (19)

reX xTE~p zi~D €

Atround ¢, the generic algorithm specified by Lemma 18 draws fresh Rademacher random variables
eand T441,...,27 ~ D and picks
} (20

We now look at ¢5/¢s and ¢1 /{., cases and provide corresponding randomized algorithms.

T t-1
C Z €iTi — Zzi—m
i=1

i=t+1

ft = argmin sup {(f, x)+
feF zeX

Example : ¢, /(.. Follow the Perturbed Leader Here, we consider the setting similar to that
in [9]. Let F ¢ RY be the ¢; unit ball and X the (dual) 4o, unit ball in RY. In [9], F is the
probability simplex and X = [0, 1]" but these are subsumed by the /1 /o, case. Next we show that
any symmetric distribution satisfies Assumption 2.

Lemma 7. If D is any symmetric distribution over R, then Assumption 2 is satisfied by using the
product distribution DY and any C' > 6/E,.pl|x|. In particular, Assumption 2 is satisfied with a
distribution D that is uniform on the vertices of the cube {+1}" and C = 6.

The above lemma is especially attractive with Gaussian perturbations as sum of normal random
variables is again normal. Hence, instead of drawing x¢,1,...,27 ~ N(0,1) on round ¢, one can
simply draw one vector X; ~ N (0,7 - t) as the perturbation. In this case, C < 8.

The form of update in Equation (20), however, is not in a convenient form, and the following
lemma shows a simple Follow the Perturbed Leader type algorithm with the associated regret bound.
Lemma 8. Suppose F is the (¥ unit ball and X is the dual ¢~ unit ball, and let D be
any symmetric distribution. Consider the randomized algorithm that at each round t, freshly
draws Rademacher random variables €;.1,...,ep and Tii1,...,xp ~ DY and picks f; =
argmin <f, il -CYlg eimi> where C' = 6/E,.plx|. The expected regret is bounded as :

feF T T T
Sew| +4> Py 0D (c > oyl < 4)
t=1 o t=1

1=t+1
For instance, for the case of coin flips (with C' = 6) or the Gaussian distribution (with C = 3\/27)
the bound above is AC\/T log N, as the second term is bounded by a constant.

Example : (5/(5 Follow the Perturbed Leader We now consider the case when F and X
are both the unit /5 ball. We can use as perturbation the uniform distribution on the surface of unit
sphere, as the following lemma shows. This result was hinted at in [2], as in high dimensional case,
the random draw from the unit sphere is likely to produce orthogonal directions. However, we do
not require dimensionality to be high for our result.

E[Reg;]<C E E.

x1.p~DN

Lemma 9. Let X and F be unit balls in Euclidean norm. Then Assumption 2 is satisfied with a
uniform distribution D on the surface of the unit sphere with constant C' = 4/2.



As in the previous example the update in (20) is not in a convenient form and this is addressed below.

Lemma 10. Let X and F be unit balls in Euclidean norm, and D be the uniform distribution on
the surface of the unit sphere. Consider the randomized algorithm that at each round (say round
t) freshly draws iy1,...,x7 ~ D and picks f; = (— Y+ CYL, xl)/L where C' = 4\/2

1/2
and scaling factor L = (”— i 1 z;+C Zl —t+1 €i xl” + 1) . The randomized algorithm enjoys a
bound on the expected regret given by E[Regp| < C By, 4reD HZ; Tt H2 <427 .

Importantly, the bound does not depend on the dimensionality of the space. To the best of our
knowledge, this is the first such result for Follow the Perturbed Leader style algorithms. Further,
unlike [9, 6], we directly deal with the adaptive adversary.

5 Static Experts with Convex Losses and Transductive Online Learning

We show how to recover a variant of the R? forecaster of [7], for static experts and transductive
online learning. At each round, the learner makes a prediction ¢; € [-1, 1], observes the outcome

€ [-1,1], and suffers convex L-Lipschitz loss £(g;,y:). Regret is defined as the difference be-
tween learner’s cumulative loss and inf ;. - ST e(f[t],y¢), where F c [-1,1]" can be seen as a
set of static experts. The transductive setting is equivalent to this: the sequence of x;’s is known
before the game starts, and hence the effective function class is once again a subset of [-1,1]7. Tt
turns out that in these cases, sequential Rademacher complexity becomes the classical Rademacher
complexity (see [16]), which can thus be taken as a relaxation. This is also the reason that an ef-
ficient implementation by sampling is possible. For general convex loss, one possible admissible
relaxation is just a conditional version of the classical Rademacher averages:

T
Relr (Fly1,...,yt) = Ee,,,.psup | 2L Z esfs] - Li(f) 21
feF

s=t+1

where L;(f) = ¥.'_; £(f[s],ys). If (21) is used as a relaxation, the calculation of prediction

involves a supremum over f € F' with (potentially nonlinear) loss functions of instances seen so
far. In some cases this optimization might be hard and it might be preferable if the supremum only
involves terms linear in f. To this end we start by noting that by convexity

T
D l(Ge,ye) - lnf Zé(f(mt) yt) < Zaﬁ(yf,yt) Ut — Hlf Zag(yuyt) flt] (22)
t=1 feFt=1 feFt=1

One can now consider an alternative online learning problem which, if we solve, also solves the
original problem. More precisely, the new loss is £'(¢,r) = 7 - §; we first pick prediction ¢ (de-
terministically) and the adversary picks r; (corresponding to r; = O¢(g,y; ) for choice of y; picked
by adversary). Now note that ¢’ is indeed convex in its first argument and is L Lipschitz because
|0¢(4¢,y:)| < L. This is a one dimensional convex learning game where we pick §; and regret is
given by the right hand side of (22). Hence, we can consider the relaxation

RelT (F‘aé(ylayl)a 8£(yt,yt)) E5t+1 T Sup |:2L Z Zf Zaé(ylayl) f[ ]] (23)

i=t+1

as a linearized form of (21). At round ¢, the predlctlon of the algorithm is then

B fsup{ Sl - 37 50001+ 100 -sup | S - 3 5 ot - 1500

feF i=t+1 feF (i=t+1
(24)

Lemma 11. The relaxation in Eq. (23) is admissible w.r.t. the prediction strategy specified in Equa-
tion (24). Further the regret of the strategy is bounded as Reg < 2L E_ [sup feF Zg;l ef [t]] .

This algorithm is similar to R?, with the main difference that R? computes the infima over a sum
of absolute losses, while here we have a more manageable linearized objective. While we need
to evaluate the expectation over €’s on each round, we can estimate ¢; by sampling €’s and using
McDiarmid’s inequality argue that the estimate is close to g; with high probability. The randomized

prediction is now given simply as: on round ¢, draw €;,1, ..., ep and predict
T t-1 T
(@) = nt - 3 sl 2o+ 110} - - 3 aflide 3 STl - 10)
feF i=t+1 i=1 feF i=t+1 i

(25)
We now show that this predictor enjoys regret bound of the transductive Rademacher complexity :



Lemma 12. The relaxation specified in Equation (21) is admissible w.r.t. the randomized prediction
strategy specified in Equation (25), and enjoys bound E [Regr]| < 2L E, [supfeF >, etf[t]] .

6 Matrix Completion

Consider the problem of predicting unknown entries in a matrix, in an online fashion. At each round
t the adversary picks an entry in an m x n matrix and a value y; for that entry. The learner then
chooses a predicted value 4, and suffers loss £(y;, 3 ), assumed to be p-Lipschitz. We define our
regret with respect to the class F of all matrices whose trace-norm is at most B (namely, we can
use any such matrix to predict just by returning its relevant entry at each round). Usually, one has
B = O(y/mn). Consider a transductive version, where we know in advance the location of all
entries we need to predict. We show how to develop an algorithm whose regret is bounded by the
(transductive) Rademacher complexity of JF, which by Theorem 6 of [17], is O(B+/n) independent
of T'. Moreover, in [7], it was shown how one can convert algorithms with such guarantees to obtain
the same regret even in a “fully” online case, where the set of entry locations is unknown in advance.
In this section we use the two alternatives provided for transductive learning problem in the previous
subsection, and provide two alternatives for the matrix completion problem. Both variants proposed
here improve on the one provided by the R? forecaster in [7], since that algorithm competes against
the smaller class F’ of matrices with bounded trace-norm and bounded individual entries, and our
variants are also computationally more efficient. Our first variant also improves on the recently
proposed method in [8] in terms of memory requirements, and each iteration is simpler: Whereas
that method requires storing and optimizing full m x n matrices every iteration, our algorithm only
requires computing spectral norms of sparse matrices (assuming 7' << mn, which is usually the
case). This can be done very efficiently, e.g. with power iterations or the Lanczos method.

Our first algorithm follows from Eq. (24), which for our setting gives the following prediction rule:

oo )

In the above |||  stands for the spectral norm and each z; is a matrix with a 1 at some specific posi-
tion and 0 elsewhere. Notice that the algorithm only involves calculation of spectral norms on each
round, which can be done efficiently. As mentioned in previous subsection, one can approximately
evaluate the expectation by sampling several €’s on each round and averaging. The second algorithm
follows (25), and is given by first drawing € at random and then predicting

T ) t—1 )
Z €5 — 2 Z Oé(yl,yz)xz + 5Tt
=1

1=t+1

T 1 t—-1 1
Z €, T; — E ; aﬁ(yz,yl)ml - 55575

i=t+1

o

T t-1 T t-1

(@)= { Sflad- & o)+ 4ol s { Sl & S sTad- 4ila)
[flls<B li=t+1 i=1 I flls<B li=t+1 i=1

where | f|; is the trace norm of the mxn f, and f[x;] is the entry of the matrix f at the position z;.

Notice that the above involves solving two trace norm constrained convex optimization problems per

round. As a simple corollary of Lemma 12, together with the bound on the Rademacher complexity

mentioned earlier, we get that the expected regret of either variantis O (B p (v/m +\/n)).

7 Conclusion

In [2, 1, 14, 19] the minimax value of the online learning game has been analyzed and non-
constructive bounds on the value have been provided. In this paper, we provide a general con-
structive recipe for deriving new (and old) online learning algorithms, using techniques from the
apparently non-constructive minimax analysis. The recipe is rather simple: we start with the notion
of conditional sequential Rademacher complexity, and find an “admissible” relaxation which upper
bounds it. This relaxation immediately leads to an online learning algorithm, as well as to an as-
sociated regret guarantee. In addition to the development of a unified algorithmic framework, our
contributions include (1) a new algorithm for online binary classification whenever the Littlestone
dimension of the class is finite; (2) a family of randomized online learning algorithms based on the
idea of a random playout, with new Follow the Perturbed Leader style algorithms arising as special
cases; and (3) efficient algorithms for trace norm based online matrix completion problem which
improve over currently known methods.
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A PROOFS

Proof of Proposition 1. By definition,

ZEfqufg(ftaxt) Hlf Zg(fa xt) < ZEffNQfg(ftvxt) +Re1T (f‘xla ) T) .

Peeling off the T-th expected loss, we have

T T-1
Z]Efw(hg(ftaxt) + RelT (.7'—|:171, .. .,IT) < Z EftNth(ft,mt) + {Equtg(ftyl't) + RelT (.7:|931, .. .,IT)}
t=1 t=1

T-1
<Y Efng l(fro i) + Relp (Flaa, ..., xp-1)
=1

where we used the fact that ¢ is an admissible algorithm for this relaxation, and thus the last
inequality holds for any choice x7 of the opponent. Repeating the process, we obtain

ZEqu,E(ft,xt) mf Zé(f, x¢) < Relp (F) .

We remark that the left-hand side of this 1nequa11ty is random, while the right-hand side is not. Since
the inequality holds for any realization of the process, it also holds in expectation. The inequality

Vi (F) < Rely (F)

holds by unwinding the value recursively and using admissibility of the relaxation. The high-
probability bound is an immediate consequences of (6) and the Hoeffding-Azuma inequality for
bounded martingales. The last statement is immediate. [

Proof of Proposition 2. Denote L;(f) = ¥.'_, £(f,x,). The first step of the proof is an application
of the minimax theorem (we assume the necessary conditions hold):

inf sup {f [ (ft,wt)]+supEe,+1Tsup[2 > €sl(f Xomt(errnism1)) - Lt(f)]}
t~qt

qteA(F) weeX feF L s=t+1
T
= sup inf { E [4(ft,z)]+ E supE,,,.. sup [2 Z esl(f,xs-t(€t41:5-1)) — Lt(f)]}
preA(X) fteF \xt~pe Ti~pr X feF L s=t+1

For any p; € A(X), the infimum over f; of the above expression is equal to

E SUPEEMT?CUFP[Q Y. esl(fXoi(€rsrs1)) = Lioa(f) + inf B[4 (fufﬂt)]—f(faxt)]

Ti~pe X s=t+1 freF we~pt

< E SupE€t+1TSfu}_p|:2 Z GSK(faxs t(€t+15 1)) Lt 1(f)+ E [£(f7xt)]_€(f’xt):|

Ti~pr X s=t+1 Te~Pt

< E bupE€t+1T?u£|:2 Z € g(f,Xs t(6t+18 1)) Lt—l(f)"'g(fvxw,f)_g(f’xt):l

Te,xyp~pr X s=t+1

We now argue that the independent z; and z; have the same distribution p;, and thus we can intro-
duce a random sign €;. The above expression then equals to

T
E Esup E5t+1:T sup [2 Z €S€(f7 Xs—t(6t+1is—1)) - Lt—l(f) + et(é(fv l‘;) - e(fv xt)):l

Ty,Ty~pt €6 X feF s=t+1

< sup EsupEeMT?ufp[Q Y sl fixsi(€rvnis—1)) = Lioa (f) + e (0(f,27) = f(f,xt))]

Tt,Ty TeX €4 X s=t+1
where we upper bounded the expectation by the supremum. Splitting the resulting expression into
two parts, we arrive at the upper bound of

L 1
2 sup EsupE,, .., ?‘}lp[ Z esl(f, xs-t(€ts1:5-1)) = §Lt—1(f) +el(f, xt)] =Ry (Flet,. .., z-1) -

rieX €¢ X s=t+1

10



The last equality is easy to verify, as we are effectively adding a root z; to the two subtrees, for
€ = +1 and ¢; = —1, respectively.

One can see that the proof of admissibility corresponds to one step minimax swap and symmetriza-
tion in the proof of [14]. In contrast, in the latter paper, all 7" minimax swaps are performed at once,
followed by T' symmetrization steps. O

Proof of Proposition 3. Let us first prove that the relaxation is admissible with the Exponential
Weights algorithm as an admissible algorithm. Let L,(f) = i, £(f, ;). Let \* be the optimal
value in the definition of Rely (F|z1,...,2¢1). Then

inf sup { E [£(f.00)]+ Rely (Flon,...a1)|
qeeA(F) zrex \f~a

< inf sup{ E [0(f,ze)]+ log(Zexp( A7 Lt(f)))+2)\*(T—t)}

qeA(F) weeX (frae feF

Let us upper bound the infimum by a particular choice of ¢ which is the exponential weights distri-
bution

q:(f) = exp(-N"Li-1(f))/ Zt1
where Z; 1 = ¥ rerexp (=A*Li-1(f)). By [6, Lemma A.1],

log Zi1

log(z exp (=" Lt(f))) 1Og(Ef ~g, ©XP (=AU f,21))) + G

feF
*

A 1
<—Epog O(f, ) + > +

b\ log Z;1

Hence,

inf sup{ [¢(f,2:)] + Relr (}"|ac17...79£t)}
qreA(F) TeeX F~aqe

< log( > exp(—)\*Lt_l(f))) + 20 (T -t+1)

A* feF
= RelT (.7:|J31, ce ,l‘t_l)

by the optimality of A*. The bound can be improved by a factor of 2 for some loss functions, since
it will disappear from the definition of sequential Rademacher complexity.

We conclude that the Exponential Weights algorithm is an admissible strategy for the relaxation (9).
The final regret bound follows immediately from the bound on sequential Rademacher complexity
(which, in this case, is simply the supremum of a martingale difference process indexed by N
elements — see e.g. [14]).

Arriving at the relaxation We now show that the Exponential Weights relaxation arises naturally
as an upper bound on sequential Rademacher complexity of a finite class. For any A > 0,

1 T-t

[335{2 S et - Lt<f>}] Lo (E [gexp (2A S at(fox(0) - mm)])
1
<oy ( L;f oxp (20 5 (0 () - ALt(f))])

-1 1og( 5 esp (AL E| [T exp (At (1, xz(em])

feF €

Since, conditioned on €1, ..., €;_1, the random variable ¢;£( f,x;(¢€)) is subgaussian, we can upper
bound the expected value of the product, peeling one random variable at a time from the end (see

11



[14] for the proof). We arrive at the upper bound

Tt
1 log ( > exp (=AL(f)) x exp (2/\2 max 5 Z; L(f, Xi(e))Q))

)\ f€.7: €1,...€P_tE £ i

1 T-t
< ~log| > exp (—)\Lt(f) +2)\°  max Yy é(f,xi(e))Q)
A feF €1,..er—e{xl} ;7]
1 T-t
< —log| > exp(-AL(f)) ]| +2Asupsup  max S O(f.xi(€))?
)\ f€_7'— X fE]: 61,...€T_t€{i1} i=1

The last term, representing the “worst future”, is upper bounded by 2A(T" - t), assuming that the
losses are bounded by 1. This removes the x tree and leads to the relaxation (9) and a computation-
ally tractable algorithm. O

Proof of Proposition 4. The argument can be seen as a generalization of the Euclidean proof in [2]
to general smooth norms. Let 2;_1 = ij x;. The optimal algorithm for the relaxation (10) is

fi =argmin {SUP {<f7 Ty) + \/H:EMHQ + (V% Hit_1||2 75€t> +C(T-t+ 1)}} 27

feF \mex
Instead, let
R 21
2 |Fa |+ C(T—t+1)
Plugging this choice into the admissibility condition (4), we get

(V5 170 ]? 2) \/ .
sup{ ————L 4\ JA+(VE|z ], 2
) e

ft (28)

where A = || ;-1 H2 +C(T-t+1). It can be easily verified that an expression of the form —z/(2y) +
/Y + x is maximized at x = 0 for a positive y. With these values,

. - - 1/2 ~ 1/2
flnff{sul))({(ft,xt) + (Hl’t—lﬂz + (V%th—l|‘27xt) +C(T-t+ 1)) ! }} = (H%&—l”z +C(T-t+ 1)) !

1/2
< (Hft—2”2+<V%Hft—2”27xt—l>+C(T_t+2)) / :RelT (f|$17...,17t_1)

Hence, the choice (28) is an admissible algorithm for the relaxation (10).

Evidently, the above proof of admissibility is very simple, but it might seem that we pulled the
algorithm (28) out of a hat. We now show that in fact one can derive this algorithm as a solution f;'
in (27). The proof below is not required for admissibility, and we only include it for completeness.
The proof uses the fact that for any norm || -

(Vila|? a) =[] (29)
To prove this, observe that by convexity ||0] > |z| +{(V|z|,0 - z) and |2z| > |z| + (V|z], 2z - )
implying (V| 2|, z) = |x. On the other hand, by the chain rule, V3 |z|? = || V||, thus implying
(29).
Let
K = Kemel(V|&1[?) = {h: (v [21]?,h) =0} , K" = Kernel(#,1) = {h: (h,#-1) = 0}.

We first claim that x; can always be written as x; = 5Z;_1 + vy for some y € K and for some scalars
B,~. Indeed, suppose that x; = B%;_1 +yy + 2z for some y € K and z ¢ K. Then we can rewrite x; as

= (B+08) T+ (yy —0T4-1 + 2)

12



1,
(v3leeal®.z)

where § = o It is enough to check that (yy — 6Z;_1 + z) € K. Indeed, using (29),
(VIZea ], =070+ 2) = =6 |70 | + (V& ], 2) = 0.
An analogous proof shows that we may always decompose any f; as f; = —avé |#-1]? + g for

some g € K’ and a scalar «. Hence,
(feze) + (121 |* + (V51 Zer ], 2e) + C(T -+ 1))
- - - 1/2
= —afl@ea|* +7(g,9) + (|2 |* + BT | + C(T - £+ 1)) (30)

Given any f; = —aV3 [ #i | + g, 2, can be picked with y € K that satisfies (g,y) > 0. One can
always do this because if for some y’, (g,y’) < 0 by picking y = —y’ we can ensure that (g,y) > 0.
Hence the minimizer f; must be once such that f; = —aV3 |Z;-1]* and thus (g,y) = 0. Now, it
must be that > 0 so that x; either increases the first term or second term but not both. Hence we
conclude that f; = —aV3 [ %1 |* for some a > 0. It remains to determine the optimal . Given
such an f;, the sup over x; can be written as supremum over /3 of a concave function, which gives
rise to the derivative condition

1/2

-2
|2 |

1P+ Blaa P+ C(T—t+1)
At this point it is clear that the value of

=0

2
—a @ "+

1
0|z P+ C(T -t +1)
forces B = 0. Let us in fact show that this value is optimal. We have
1
402

Plugging this value of 3 back, we optimize

o €29

=& |+ Bl|Za >+ C(T -t +1)

1
— ta|d]’ +aC(T -t +1)
4o

over « and obtain the value given in (31). With this value, we have the familiar update (28). Plugging
back the value of «, we find that 3 = 0. We conclude that f; defined in (28) in fact coincides with
the optimal solution (27).

Arriving at the Relaxation The derivation of the relaxation is immediate:

T t
SRT(-¢|x17 e 71',5) =sup E6t+1:T Z EsXs—if(eif+1:s—1) - Z T (32)
X s=t+1 s=1
T t 2

<sup | Ee,pr Z €sXs-t(€p41:5-1) = Z Ts (33)

x \ s=t+1 s=1
t 2 T )

< sup Z Ts + C]EeHl;T Z Hesxs—t(€t+1:s—1 ) H (34)

x \ s=1 s=t+1

where the last step is due to the smoothness of the norm and the fact that the first-order terms
disappear under the expectation. The sum of norms is now upper bounded by 1" — ¢, thus removing
the dependence on the “future”, and we arrive at

t 2 -1 2 -1 2
Yoasl| +C(T-1t)< > s +<V§ >, ,xt>+C(T—t+1)
s=1 s=1 s=1
as a relaxation on the sequential Rademacher complexity. O
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Proof of Proposition 5. We would like to show that, with the distribution ¢; defined in (15),
max { E |9: — y¢| + Relr (}'|(J;t,yt))} <Relr (.7-'|(mt_1,yt_1))
yee{x1} | Je~gy
forany x; € X. Let o € {+1}*"1 and 0y € {+1}. We have
Relr (F|(z',y")) - 2X(T - t)

1
= )\log( Z g(Ldim(F;(0,0¢)), T —t)exp{-ALi_1(0)} exp {-Ao¢ —yt|})
(0,0¢)eF| ¢t

1 .

< )\log( > exp{-Aoy -y} > g(Ldim(F;(0,0¢)), T —t) exp {-ALi—1 (U)})
ore{xl} 0:(0,0¢)eF |t

Just as in the proof of Proposition 3, we may think of the two choices o as the two experts whose

weighting ¢; is given by the sum involving the Littlestone’s dimension of subsets of F. Introducing

the normalization term, we arrive at the upper bound

1 1 .
Xlog (Eath: exp{-Alot - ye|}) + /\log( > > g(Ldim(F;(o,04)), T —t) exp {—)\Ltl(a)})
ore{£l} o:(o’,ot)eflzf,
1 .
< —Eg,grloe = ye| + 22 + )\log( > > g(Ldim(F;(o,0¢)), T - t) exp{—)\Lt_l(J)})
ore{xl} o:(0,0¢)eF| 1

The last step is due to Lemma A.1 in [6]. It remains to show that the log normalization term is upper
bounded by the relaxation at the previous step:

ilog( > > g(Ldim(F;(o,01)), T - t) exp{—)\Ltl(a)})

ore{x1} o:(o,0¢)eF| ¢

<

log( > exp{-ALi-1(0)} D g(Ldim(}}(o,ot)),T—t))

oeF| -1 ore{x1}

> =

1
< X log ( > exp{-ALi-1(0)} g(Ldim(F;—1(0)), T -t + 1))
O'G]rlztfl
=Rely (F|(=z"",y'™))
To justify the last inequality, note that F;_1 (¢) = F (o, +1)UF; (0, —1) and at most one of F; (o, +1)
or F;(o,-1) can have Littlestone’s dimension Ldim(F;-1(c)). We now appeal to the recursion
g(d,T-t)+g(d-1,T-t)<g(d,T-t+1)

where g(d, T —t) is the size of the zero cover for a class with Littlestone’s dimension d on the
worst-case tree of depth 7" — ¢ (see [14]). This completes the proof of admissibility.

Alternative Method Let us now derive the algorithm. Once again, consider the optimization
problem

max E |4 - yi| + Relp (F|(2, 3
yte{il}{@twq:yt yt| T( |( y))}

with the relaxation

Relr (.7:|(xt’ yt)) - ilog( Z% g(Ldim(F:(0)), T —t) exp {—)\Lt(o)}) + %(T -1)
oeF| ¢

The maximum can be written explicitly, as in Section 3:

max{l—q:+ilog( Z Q(Ldim(}—t(U»Ut))»T—t)eXP{—)\Lt1(0)}6XP{_>\(1—0t)})1
(O',O't)Eflmt

1+q + llog Z g(Ldim(Fi(0,0¢)), T —t)exp{-ALi—1(c) }exp {-A(1 + 0¢)}
A (0,00)eF| ¢
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where we have dropped the £ (T t) term from both sides. Equating the two values, we obtain

) L Y(o.oyer|, 9(Ldim(Fi(o,0¢)), T - t) exp{-ALi-1(0) } exp{-A(1 - 0¢)}
qy = 7 10g

AT ooer,, 9(Ldim(Fe(o,0¢)), T - t) exp {-ALi-1(0) } exp {-A(1 + o)}
The resulting value becomes

1+ f(T t)+21/\log{ > g(Ldim(}'t(mot)),T—t)exp{—)\Lt_1(0)}exp{—)\(1—Ut)}}
(0,0¢)eF] ¢

+ 21)\10g{ > gLdim(F(0,04)),T - t) exp{-AL;—1 (o)} exp {-A(1 +0’t)}}
(0,00)eF| ¢t

1+ 2o+ LR, log{ S g(Ldim(Fi(0,00)), T~ t) exp {-ALe_1 ()} exp {-A(1 - eat)}}
2 A (0,0¢)eF|,t

<1+ ;\(T—t)Jrilog{ > g(Ldim(}'t(a,Ut)),T—t)exp{—)\Lt_l(U)}IEeexp{—)\(l—eat)}}
(0,01)eF |t

for a Rademacher random variable € € {+1}. Now,

2
Ecexp {-A(1 - eoy)} = e "Eerot < eret /2
Substituting this into the above expression, we obtain an upper bound of

;\(T—t+1)+ilog{ > g(Ldim(]—}(a,at)),T—t)exp{—ALt_l(a)}}

(0,0¢)eF|,t

which completes the proof of admissibility using the same combinatorial argument as in the earlier
part of the proof.

Arriving at the Relaxation Finally, we show that the relaxation we use arises naturally as an
upper bound on the sequential Rademacher complexity. Fix a tree x. Let o € {+1}!~! be a sequence

of signs. Observe that given history z* = (z1,...,7;), the signs € € {+1}77, and a tree x, the
function class F takes on only a finite number of possible values (o, 0, w) on (zf,x(€)). Here,
x(€) denotes the sequences of values along the path e. We have,

T-t t
SupE. sup{a S e f(xi(€) = 3 1f (1) - yi|}
x rer | i3 )

=supE. max max 2 Z €W — Z lo; = il
x ore{£1} (0,w):(0,0¢,w)eF| (4t (o))

=1
< ]E 2 i Vi 1 Yt
T petal) oo e, tvevulgii}it)x){ Zl vile) - Z|J . }

where F| (¢ x(e)) is the projection of F onto (z*,x(¢)), F(o,0¢) = {f e F: f(a') = (0,04)},

and V(F(o,0¢),%) is the zero-cover of the set F (o, 0;) on the tree x. We then have the following
relaxation:

1 T-t

X log (sup E. Z Z Z exp {2)\ Z e;vi(e) = ALi(o, O’t)})
x ore{x1} 0:(0,0¢)eF|,t veV(F(0,0¢),%x) i=1

where L;(0,0;) = Yi_; |o; — y4|- The latter quantity can be factorized:

ilog (sup Z Z exp {-ALi(0,04) } E, Z exp{Q)\Tz_:t eivi(e)})

X oie{xl} o:(0,0¢)eF] ¢ veV (F(o,01),x) i=1

< llog (sup > > exp{-AL(0,04)} card(V(F(0,0¢),%)) exp {2)\2(T—t)})
A X ore{xl} o:(0,0¢)eF] ¢
1 .
< )\log( > exp{-Aot -y} > g(Ldim(F(o,04)), T - 1) eXp{—)\Lt_l(O')}) +2XMT -1) .
ope{£l} 0:(0,01)eF] ;e
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This concludes the derivation of the relaxation.

O

Proof of Lemma 6. We first exhibit the proof for the convex loss case. To show admissibility using
the particular randomized strategy ¢; given in the lemma, we need to show that

sup {fE [¢(f,x)] + Relp (Flzy, .. ., a:t)} <Relr (Flzy,...,2-1)
Tt J~qt

The strategy q; proposed by the lemma is such that we first draw x¢.1,...,x7 ~ D and €41, ... €7
Rademacher random variables, and then based on this sample pick f; = fi(x11:7, €+1.7) as in (17).
Hence,

sup{ E [4(f,z¢)] + Relr (Flzy,... ,:rt)}

ze \f~qu

—sup{ E ((fnx)+ E sup|C z &l(f.2:) - Li(f)
e (4T corserl i

< E sup{f(ft,x)Jrsup[C > oel(f, ;) - Lt(f)]}

€
ST Fl it
Tt41:T

where L;(f) = ¥.t_, £(f,x;). Observe that our strategy “matched the randomness” arising from the
relaxation! Now, with f; defined as

T
f¢ = argmin sup {E(g,xt)+sup|:0 > 6if(f7$i)—Lt(f):|}

geF  x1eX feF i=t+1

for any given z¢,1.7, €441:7, We have

i=t+1 geF xt i=t+1

] ‘
sup{aft,xmiup[c S el(fozi) - Lt<f>]}- mfsup{f(g,xm;up CS et(fian) - Lo(h) }

We can conclude that for this choice of ¢,

Ty ~ €t+1:T geF x
t \f~qe ot g t i=t+1

sup{ E [¢(f,z:)]+Relr (]—'|a:1,...,xt)}< E 1nfsup{£(g,a:t)+bup C Z el(f,x;) - Lt(f)
feF

R,_/

= E inf sup E [ﬁ(g,xt)-kiu]}_g[c' Z el(f,xi) - Lt(f)“

6t+1qu]-'ptEA(X)It~pt Pt

T+

T
= E sup inf {xF:p[é(g,xt)]+ E [supC’ > eié(f,xi)—Lt(f)]}

E?i g: peA(X) geF ze~p | feF  i=t+1
In the last step we appealed to the minimax theorem which holds as loss is convex in g and F is a
compact convex set and the term in the expectation is linear in p,, as it is an expectation. The last
expression can be written as

E sup Eﬂfwl)bup[c Y, el(f,x) = Lia(f) +inf E [0(g,2:)] - E(faﬂft)]
€1+1TP€A(X) feF i=t+1 geF xi~p

< E  sup Emt~psup|:0 > oel(f,w) - L (f)+ E [E(f,xt)]—ﬁ(f,xt)]

ST peA(X) feF L i=t+1 Tp~p

Tt

< E E,;.pE, sup[C’ Z el(f,xi)— Ly 1(f)+C’et€(f,xt)]
feF

€t+1:T
1=t+1
Tt4+1:T t

= RelT (.7:|.’171,...,$t_1)

16



Last inequality is by Assumption 1, using which we can replace a draw from supremum over distri-
butions by a draw from the “equivalently bad” fixed distribution D by suffering an extra factor of C'
multiplied to that random instance.

The key step where we needed convexity was to use minimax theorem to swap infimum and supre-
mum inside the expectation. In general the minimax theorem need not hold. In the non-convex
scenario this is the reason we add the extra randomization through ¢;. The non-convex case has
a similar proof except that we have expectation w.r.t. ¢, extra on each round which essentially
convexifies our loss and thus allows us to appeal to the minimax theorem. [

Proof of Lemma 7. Let w € RN be arbitrary. We need to show

max [E. max |w; + 2ex;] < E Emax |w; + Cex; (35)
ze{£1}V €[N z~D € 1€[N]
Let ¢* = argmax |w;| and j* = argmax |w;| be the coordinates with largest and second-largest

K3 (e A
magnitude. If |w;«| — |w;+| > 4, the statement is immediate as the top coordinate stays at the top. It
remains to consider the case when |w;«| — |w;| < 4. In this case first note that,
max E. max|wl + 2em;| < wir| + 2
ze{£1}N €[

On the other hand, since the distribution we consider is symmetric, with probability 1/2 its sign
is negative and with remaining probability positive. Define o+ = sign(z;+), oj+ = sign(z;»),
T;+ = sign(w;+), and 7;+ = sign(w,~). Since each coordinate is drawn i.i.d., using conditional
expectations we have,

E,  max|w; + Cex;| = E; max |w; + Czy
1 K3

Em [|’IUZ* +C.’E7;*| | O* = Ti*] . E$ [|wj* +C£L’j*‘ | Oix F Tix,Ojx = Tj*] + EH’LU,L* +C.Ti*| | Oix F Tix,Ojx F Tj*]

2 4 4
E, [lwie] + Clzi| |0 = 7i-] | By [ i # 7,04 = Tjr] | EfJwie| - Clais| | 03 # Tir, 050 # 7]

B 2 4 4
_ Effwir| + Clzie| |00 = 7] | E[fwje| + Claje|[ 0 = 7j+] | E[Jwir| - Clair| | 0ir # 7ir]

2 4 4
_ |wis| + CE [|2s«| | o4 = Tix ] . |wj<| + CE[|xj«| | oj+ =Tj+] . |wis| = CE[|zs<| | o # Tix]

2 4 4
_ 2|'LU1*| + |U)j*| +3CE [|£L’Z*| | T+ =Ti*:| |’LU1*| -CE [|177* O * T,j*]
- 1 ! 1
 Blwge | + [wye | + 2CE [Jze] | 03¢ = 73]

4

Now since we are in the case when |w;«| — |w;+| < 4 we see that
3|U)Z'>e| + |’LUJ*| +2CE [|.’I,'7I*| | O = Ti*] S 4.|U),L*| +2CE [|1’1*| | O = Ti*] -4
4 - 4

E, e max|w; +Cez;| >
1

On the other hand, as we already argued,

max_E. max|wz + 2em;| < |ws| + 2
ze{£1}N

Hence, as long as
E[|$i*| | O*x = Ti*] -2

>2
2

or, in other words, as long as
C > 6/E[|z| | sign(z;) = sign(w;)] = 6/E[|z]] ,
x

we have that

max [E, max lw; + 2ex;| < By Emax|wZ + Cexy| .
ze{£1}N €[N

This concludes the proof. O
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Lemma 13. Consider the case when X is the ¢ ball and F is the (Y unit ball. Let f* =

argmin (f, R), then for any random vector R,
feF

E sup{(f*yw)+|R+x|w}]SE[infsup{(f,ﬂrH|R+m|m}]+4P(|R|W£4)
R | xeX R| feF =

Proof. Let f* = argmin (f, R). We start by noting that for any f’ € F,
feF

sup{(f's2)+ |R+al_) - sup{(f’,m) +sup<f,R+x>}
reX zeX feF

=supsup {(f',z)+ (f,R+z)}
feF xeX

~sup {sup (' + o)+, R>}

feF \zeX

=sup {|[f"+ fl, + (/. R)}
feF

Hence note that

inf sup {(f', ) + [R+ 2|} = inf sup {[f"+ fl; + (f. R)} (36)
fleF xzeX f'eF feF
> inf {[f" =" - (f" R)} 2 inf {|f" - £ + [ Rle} = |R]
fleF fleF
(37

On the other hand note that, f* is the vertex of the ¢; ball (any one which given by argmin |R[7]|

ie[d
with sign opposite as sign of R[] on that vertex). Since the ¢; ball is the convex hull of the 2d
vertices, any vector f € F can be written as f = ah — Sf* some h € F such that |hl|; = 1 and
(h, R) = 0 (which means that % is 0 on the maximal co-ordinate of R specified by f*) and for some
Be[-1,1], € [0,1] s.t. |ah—Bf*|; < 1. Further note that the constraint on «, 3 imposed by
requiring that | ah — 8 f*|; <1 can be written as a + | 5] < 1. Hence,

sup {(f*,z) + |R+ x|} =sup {[ /" + fll, + {f, R)}
zreX feF

= sup  sup sup {I(L=8)f" +ahl, +B(f",R) + a(h, R)}
ac[0.1] hf* |l =1 Be[-11].|ah-Bf ], <1

= sup  sup sup {1 =Bl +elhly +B1R] o}
ac[0.1] hif*, |l =1 Be[-11].|ah-Bf ], <1

= sup sup  {[1-fl+a+ B[R]}

ael0,1] Be[-1,1]:|Bl+a<1

< sup {1-8|+1-|8]+B|R|}

Be[-1,1]

< sup {21-8|+5|R|.}
Be[-1,1]

= sup {21-B|+F|R|.}
Be{-1,1}

=max {|R|,,4-|R|.}
<|R|.+41{|R|, <4}

Hence combining with equation 36 we can conclude that
B [sup (47", o) | < [ s (410) |+ )| 4 E D1 (11 < )
RL z Rl feF = R

=E[inf sup {(f, ) + |R+x|m}] c4P (R <4)
R fe]-' x

18



Proof of Lemma 8. On any round ¢, the algorithm draws €1, ..., e and T4, ..., 27 ~ DV and
plays

ft:argmln (f,Z:cl C Z x1>

i=t+1
‘We shall show that this randomized algorlthm is (almost) admissible w.r.t. the relaxation (with some
small additional term at each step). We define the relaxation as

Z z; - C Z T;
Proceeding just as in the proof of Lemma 6 note that, for our randomized strategy,
Z v, +x-C Z T;

i=t+1
sup {fE [(f,z)] + Relp (Flzq,. .. ,xt)}
~qt
1=t+1 00:|}

b .

In view of Lemma 13 (w1th R= Zl 1z —C ZiTt+1 €;x;) we conclude that

s [afunor ]
Tit41,-.,2T | TEX
}] +4p(

< E [mfsup{ sz C Z T;+x
Tirl,n@T | feF @

Rely (Flzy,...,2) = E [

Tit1,...x7~D

I |

z  \@pp1.7~DVN xtp1.7~DN

Z.’El+.’IJ C Z xT;

i=t+1

N

¢y ~DN

-C Z T+ T

1=t+1

sz Cle

i=t+1 i=t+1

=

= E [sup{ fi,x) C’le+x }]+4P( Csz £4)
T4l XT x i=t+1 i=t+1
where
fi = argmin sup{ -C Z T+ }
feF T i=t+1

Combining with Equation (38) we conclude that

sup {fINE [{(f,z)] + Relr (Flx1,. .. ,xt)}

€T

< E [sup{ft, CZ$Z+SC }]+4P( Cle )
Tt41s--0XT x i=t+1 1=t+1
Now, since
T T
( sz C Z T; 34)£4P(C Z x; 54)34Pym,..4,yr~D (C’ Z Yi 34)
1=t+1 1=t+1 o i=t+1
we have
| B [(7.0))+ Rely <f|z1,...,xt>} 9)
z ~qt
T
< E [sup{ i, x) -C Z T;+T }:|+4ny,+1,...,yT~D (C Z Yi £4)
Tt4lyee T x 1=t+1 1=t+1

(40)

In view of Lemma 7, Assumption 2 is satisfied by DV with constant C. Further in the proof of
Lemma 6 we already showed that whenever Assumption 2 is satisfied, the randomized strategy
specified by f;" is admissible. More speciﬁcally we showed that

E [sup{ fi,x) sz C Z T+
Tip1,0@T | T

i=t+1

}] <Relr (Flzy,...,24-1)
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and so using this in Equation (39) we conclude that for the randomized strategy in the statement of
the lemma,

sup{f]E [(f,z)] + Relr (Flzq, ... ,xt)}

z ~qt

T
Zyi

i=t+1

< RelT (F|J,‘1, .. .,xt_l) +4 Pth.__,yTND (C

.

Or in other words the randomized strategy proposed is admissible with an additional additive factor

of 4 Py,,,  ..yr~D (C’ |Zz;t+1 yz| < 4) at each time step ¢. Hence by Proposition 1 we have that for
the randomized algorithm specified in the lemma,
<)

T
:| +4 Pyt+17-~7yT"‘D (C
0o t=1

T
Zyi

i=t+1

T
E[Reg;] < Relr (F) 43 Py o (c
t=1

T
Zyi

i=t+1

<« & |

T1,...,xp~DN

T
Z Tt < 4)
t=1

This concludes the proof. O

Proof of Lemma 9. Instead of using C' = 41/2 and drawing uniformly from surface of unit sphere
we can equivalently think of the constant as being 1 and drawing uniformly from surface of sphere

of radius 4\/2. Let |-| stand for the Euclidean norm. To prove (19), first observe that

w+ E [z] -2y
z~p

<supE |w + 2ez 41
reX €

sup E
PEA(X) Ti~p

for any w € B. Further, using Jensen’s inequality

supE |w + 2ex| < sup, /E |w + 2ex|® < sup | [|w]® + E|2ez|* = \/|w|* + 4
reX € reX € xeX €

To prove the lemma, it is then enough to show that for r = 41/2

Eoop |lw+rz| >/ |w]?+4 (42)

for any w, where we omitted e since D is symmetric. This fact can be proved with the following
geometric argument.

We define quadruplets (w + 21, w + 22, w — 21, w — 22) of points on the sphere of radius r. Each
quadruplets will have the property that

|wtz| + w2z + w =z +[w=z|
1 >

for any w. We then argue that the uniform distribution can be decomposed into these quadruplets
such that each point on the sphere occurs in only one quadruplet (except for a measure zero set when
z1 is aligned with —w), thus concluding that (42) holds true.

Jw|? +4 (43)

Figure 1: The two-dimensional construction for the proof of Lemma 9.
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Pick any direction w* perpendicular to w. A quadruplet is defined by perpendicular vectors z; and
29 which have length 7 and which lie in the plane spanned by w, w*. Let 6 be the angle between
—w and z;. Since we are now dealing with a two dimensional plane spanned by w and w*, we may
as well assume that w is aligned with the positive z-axis, as in Figure 1. We write w for
coordinates of the quadruplet are

(w-rcos(0),rsin(0)), (w+rcos(0),—rsin(f)), (w+rsin(f),rcos()), (w-rsin(f),-rcos(d))
For brevity, let s = sin(€), ¢ = cos(é). The desired inequality (43) then reads

Vw? = 8we + 12 + Vw? + 8we + 12 + Vw2 + 8ws + 12 + Vw2 — 8ws + 12 > 4V w? + 4

To prove that this inequality holds, we square both sides, keeping in mind that the terms are non-

negative. The sum of four squares on the left hand side gives 4w? + 47’ For the six cross terms, we

can pass to a lower bound by replacing 2 in each square root by 2¢? or 252, whichever completes

the square. Then observe that
lw +7s|-|w—7rs| + |w+rc| - |w - rc| = 2w - r?
while the other four cross terms
(jw+7s|-|w=re| +|w+7rs|- |w+7re]) + (jw =78 - |w+re| + |w = 78| - |w = 7¢|]) > |w + 78| - 2w + |w = 75| - 2w > 4w”

Doubling the cross terms gives a contribution of 2(6w? — r2), while the sum of squares yielded
4w? + 4r2. The desired inequality is satisfied as long as 16w? + 2r% > 16(w? + 4), or r > 40/2.

O

Proof of Lemma 10. By Lemma 9, Assumption 2 is satisfied by distribution D with constant C' =
44/2. Hence by Lemma 7 we can conclude that for the randomized algorithm which at round ¢
freshly draws 441, ...,27 ~ D and picks

)

(we dropped the €’s as the distribution is symmetric to start with) the expected regret is bounded as
Z Tt ] <4V2T
2
We claim that the strategy specified in the lemma that chooses
~ Y @+ VIS
\/”_ Sl gy + VIS L ]+ 1

is the same as choosing f;". To see this let us start by defining

—sz+4\/_ Z Ti— T

i=t+1

fi = argmin sup )+
feF  xeX

T1,...,x7~D

E[Regr]<4vV2 E [

Ty=— Zx1+4\/_2x,

1=t+1

Now note that

—le+4\/_ Z T;i—T

i=t+1

)

fi = argmin sup )+
feF  zeX

= argmin sup {(f, ) + |7, - wl\z}
feF  xeX

= argmin sup{(f,x) +/ || - ng}

feF  xeX

—argmin sup {(f.2)+V/Jaul” -2 (@1.2) + 13

feF  mfz|,<1

= argmin sup {(f,:ﬂ)-i—\/Hi’tHQ_Q(i't,ZE)-ﬁ-]_}

feF  wfzy=1

21



However this argmin calculation is identical to the one in the proof of Proposition 4 (with C' = 1 and
T —t = 0) and the solution is given by

-Yi %xl+4\/_zz t+1 Li
\/H— i AVEET e + 1

Thus we conclude the proof. O

Proof of Lemma 11. We shall start by showing that the relaxation is admissible for the game where
we pick prediction g, and the adversary then directly picks the gradient 9¢(gy, y;). To this end note
that

inf sup  {00(Gs,y:) - 9 + Rely (FlOUG1,y1),---, 000G, y:))}
Gt 35(?3’“%)

=inf sup {8€(yt,yt) yt+E[sup2L Z 6 f[t] Z@E(yz,yz) flé ]]}

Ut af(@tyyt) € | feF 1=t+1
T
<inf sup {rt g + B [sup2L Z €f[t] - Lioi(f) —1re- f[t]]}
Gt ree[-L,L] € L feF i=t+1

Let us use the notation L;_1(f) = X'21 d€(3s,:) - f[i] for the present proof. The supremum over
ry € [-L, L] is achieved at the endpoints since the expression is convex in r;. Therefore, the last
expression is equal to

T
inf  sup {Tt'ﬂt+EeSUP[2L > Eif[t]—Lt1(f)—Tt'f[t]]}

9t rie{-L,L} feF i=t+1

= inf sup E |:7't 9 + E. sup [QL > e f[t] Ltl(f)—rt-f[t]]]

9t preA({-L,L}) Te~Pt feF i=t+1
= sup inf E [rt ¢ + Ecsup [QL > ef[t] - Liea(f) —?"t'f[t]“
pteA({-L,L}) Gt Tt~Pt feF i=t+1
where the last step is due to the minimax theorem. The last quantity is equal to

sup E[ E [inf E [n]-@t+sup(2L > Qf[t]‘L“(f)_”'f[t])H

pieA({-L,L}) € LT¢~pt L §¢ Tt~Dt feF i=t+1

< sup E[ E [sup(QL i €& f[t] - Lii(f)+( E [Tt]—Tt)‘f[t])H

pieA({-L,L}) € [re~pt | feF i=t+1 Te~pt

T
< sup E [Essup[ﬂL Z eif[t]—Lt_l(f)+(r,'5—rt)-f[t]“

pteA({~L,L}) r¢,r;~pt feF i=t+1
T
= sup E [EE sup |:2L Z EZf[t] _Lt—l(f) +€t(r2 _Tt)f[t]:H
pteA({=L,L}) m¢,7 ~p+ feF i=t+1

By passing to the worst-case choice of r;,7; (which is achieved at the endpoints because of convex-
ity), we obtain a further upper bound

r T
sup  Ecsup|2L )’ eif[t]—Lt_l(f)+et(r£—rt)-f[t]]
r¢,rye{L,~L} feF L i=t+1

T
< sup Ecsup|2L Z € f[t] = Li-1(f) + 2€4my - f[t]]
rie{L,~L} feF L i=t+1

T
= sup Ecsup|2L) e f[t] - Ltl(f)]
ree{L-Ly  feF|l iz

= RelT (~7:|a€(@17yl)7 v 765(%—17%—1))
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Thus we see that the relaxation is admissible. Now the corresponding prediction is given by

T t-1
Uy = argmin  sup : {rtgj + I([:: [Sup {QL Z e fli] - Z (Y, yi) fli] - th[t]}]}

] ree[-L,L feF i=t+1

=argmin  sup ]{rty+16E[sup{2L i e f Z@ﬁ(y“yz) [i] —reft ]}]}

] rie[-L,L feF i=t+1

g rie{-L,L} feF 1=t+1

The last step holds because of convexity of the term inside the supremum over r; is convex in r; and
so the suprema is attained at the endpoints of the interval. The g; above is attained when both terms
of the supremum are equalized, that is for g is the prediction that satisfies :

i =B [su{ 3 @il 57 Dot 71} s 3 sl 3 Rttt - 10}

feF li=t+1 feF li=t+1

Finally since the relaxation is admissible we can conclude that the regret of the algorithm is bounded
as

T
Regr <Relp (F)=2L E |:sup > etf[t]] .
e | feF ¢=1
This concludes the proof. O

Proof of Lemma 12. The proof is similar to that of Lemma 11, with a few more twists. We want to
establish admissibility of the relaxation given in (21) w.r.t. the randomized strategy q; we provided.
To this end note that

sup{ E [E(yt,yt)]+E|:sup{2L Z e f[i] Lt(f)}]}

Yt Ge~qt € eF i=t+1

:sup{6 [£(9:(¢€), yt)]+}E|:sup{2L Z €[] Lt(f)}]}

Yt € eF i=t+1
<n«:[sup{e<yt<e> yt)+5“p{2L S e f[] Lt(f)}}]
€ feF i=t+1

by Jensen’s inequality, with the usual notation L;(f) = X¢_, ¢(f[i],y:). Further, by convexity of
the loss, we may pass to the upper bound

E[sup{aé(yxe) yt)yt<e>+§up{2L S e f[] Lt_1<f>—az(yt(exyt)f[t]}}]

SIGE[s;p{EE (7 yt(G)]"'iu}_p{QL Zléz = Lia(f) - ]E[Tt flt ]]}}]

where 7 is a {+L}-valued random variable with the mean 94(¢;(¢), y:). With the help of Jensen’s
inequality, and passing to the worst-case r; (observe that this is legal for any given €), we have an
upper bound

E{sup{ E  [rea(o]l+ E [SUP{QLieif[i]_Lt1(f)_”'f[t]}]}l

el yt |re~0(9e(e),ye) re~0L(Ge(€),yt) LfeF i=t+1
T
sE[ sup {n-yt<e)+sup{2L 5 eifm—Lt_l(f)—n-f[t]}}] (44)
€ Lree{+L} feF i=t+1

Now the strategy we defined is

gt(€) = argmin  sup {Tt yt(e)+sup{2L Z eif[i] Ze(f )= Tt- f[t]}}

Gt ree{xL} i=t+1
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which can be re-written as

yxe):(sup{i ifli) - = Lea(h) + 1t J}—sup{i ifli) - = Lea(h) - 11t J})

feF li=t+1 i=t+1

By this choice of g;(¢€), plugging back in Equation (44) we see that
Sup{ E [f(yt,yt)]HE[SUp{M >, efli] Lt(f)}]}

Yt Je~qt € eF 1=t+1
<E[ sup {rt-gjt(e)+sup{2L Z ezf[%] —Ltl(f)—rt'f[t]}}]
€ Lrie{«L} feF i=t+1

=E|inf sup {Tt'QtJrSUp{QL i Eif[i]—Ltl(f)—Tt'f[t]}}]

€ L 9¢ ree{£L} feF i=t+1

=E[inf sup E,p, {rt 9 + sup {QL Z € fli] — Li-1(f) —rt-f[t]}}]

€ L 9t preA({zxL}) feF i=t+1
The expression inside the supremum is linear in p,, as it is an expectation. Also note that the term

is convex in §;, and the domain §; € [~supcx |f[t]],5up e |f[t]|] is a bounded interval (hence,
compact). We conclude that we can use the minimax theorem, yielding

E[ sup inf E |:7't - §J¢ + sup {QL i € fli] = Lioa(f) =1 f[ﬂ}:”

€ |pteA({xL}) §¢ Te~pt feF i=t+1

i T
=E| sup {inf E [re-9:]+ E [SUP{QL > Eifm—Lt—l(f)—rt‘f[t]}]}]

€ LpeeA({£L}) \ §¢ Te~pt re~pe | feF i=t+1

i T
=K sup { E [sup{inf E [ry-g:]+2L > eif[z']—Lt_l(f)—rt-f[t]}]}]

€ L pteA({£L}) \re~pe L feF | §¢ re~pr i=t+1

[ T
<E| s {E [p{ E [r Sl +20 Y eif[i]—Lt-l(f)—n-f[t]}]}]
€ | preA({£L}) \re~pte | feF \re~pe ietrl

In the last step, we replaced the infimum over ¢; with f[t], only increasing the quantity. Introducing
an i.i.d. copy r; of 14,

T
:]E[ sup { E [sup{2L Z eif[i]—Lt_l(f)-k( E [rt]—rt)j[t]}]}:l
€ LpteA({=L}) \re~pe | feF i=t+1 Tt~Pt

sE[ up { E [sup{%iez-f[i]—Lt—l(f)+(ri—?"t)~f[t]}]}]

€ | preA({£L}) | re,ri~pe LfeF i=t+1
Introducing the random sign ¢; and passing to the supremum over 7, 7;, yields the upper bound

T
n«:[ sup {Ert,T;,NptE[sup{zL 5 eifm—LH(f)+(r;—m-f[t]}]}]

€ LpieA({£L}) € LfeF i=t+1

[sup {2L S efli] - Lea(f) + e () f[t]}m

<E sup
feF i=t+1

€| ry,rie{£L} \€t

(e
S]§l sup {E[SHP{L 2, <ifli] "Lt () e f[t]}m

re,rpe{+L} feF i=t+1

€ | rerje{L} et LfeF i=t+1

+El sup {E[sup{L ET: fz‘fm_;Ltﬂf%etrt.f[t]””

In the above we split the term in the supremum as the sum of two terms one involving 7; and other
7} (other terms are equally split by dividing by 2), yielding

E[ sup {E[sup{QL i & f[i] - Lio(f) +2 e rt-f[t]}]}]

€ Lree{+L} \et L feF i=t+1
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The above step used the fact that the first term only involved 7} and second only 7; and further ¢,
and —¢; have the same distribution. Now finally noting that irrespective of whether r; in the above
supremum is L or —L, since it is multiplied by €; we obtain an upper bound

T
E [SUP {2L >eifli]- Lt—l(f)}]
€ | feF i=t

We conclude that the relaxation

T
Relr (Pl <E[sup {21 37 efli)- 1)
€ LfeF i=t+1
is admissible and further the randomized strategy where on each round we first draw €’s and then set

X Z 41 1 z L1 1
0= (s {  arti- 3 1ea(n s 30} -sup{ 8 st naon- i)

feF li=t+1 feF li=t+1

: z o1 1 , I L1 1
- (mf { S efli]+ L () + f[t]} inf { S eifli]+ = Loa () - fm})
feF U i=t+1 2L 2 feF U i=t+1 2L 2
is an admissible strategy. Hence, the expected regret under the strategy is bounded as
T
E[Reg;] <Relr (F)=2L E [Sup e f[i]]
€ | feFi=1

which concludes the proof. O

25



