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Constant regret for sequence prediction with limited advice

El Mehdi Saad! , Gilles Blanchard!?
Laboratoire de Mathématiques d’Orsay, CNRS, Université Paris-Saclay; Inria

Abstract

We investigate the problem of cumulative regret minimization for individual sequence
prediction with respect to the best expert in a finite family of size K under limited access
to information. We assume that in each round, the learner can predict using a convex
combination of at most p experts for prediction, then they can observe a posteriori the
losses of at most m experts. We assume that the loss function is range-bounded and
exp-concave. In the standard multi-armed bandits setting, when the learner is allowed to
play only one expert per round and observe only its feedback, known optimal regret bounds
are of the order O(VKT). We show that allowing the learner to play one additional expert
per round and observe one additional feedback improves substantially the guarantees on
regret. We provide a strategy combining only p = 2 experts per round for prediction
and observing m > 2 experts’ losses. Its randomized regret (wrt. internal randomization
of the learners’ strategy) is of order O((K/m)log(Ké~')) with probability 1 —d, i.e., is
independent of the horizon T (“constant” or “fast rate” regret) if (p > 2 and m > 3). We
prove that this rate is optimal up to a logarithmic factor in K. In the case p = m = 2, we
provide an upper bound of order O(K?log(Kd~1)), with probability 1 — §. Our strategies
do not require any prior knowledge of the horizon T nor of the confidence parameter 4.
Finally, we show that if the learner is constrained to observe only one expert feedback
per round, the worst-case regret is the “slow rate” Q(v KT), suggesting that synchronous
observation of at least two experts per round is necessary to have a constant regret.

Keywords: Online Learning, Prediction with expert advice, Frugal Learning, Bandits
feedback, Partial monitoring.

1 Introduction

We study the problem of online individual sequence prediction with expert advice, based on
the setting presented by Cesa-Bianchi and Lugosi [2006, Chap. 2], under limited access to
information. In this game, the learner’s aim is to predict an unknown sequence (y1,ya,...)
of an outcome space ). The mismatch between the learner’s predictions (z1, 22, ... ), taking
values in a closed convex subset X of a real vector space, and the target sequence is measured
via a loss function (z,y). The learner’s predictions may only depend on past observations.
Following standard terminology used in prediction games, we will use the word “play” to mean
the prediction output by the learner.

In each round ¢ € [T] (for a non-negative integer n, we denote [n] = {1,...,n}), the
learner has access to K experts predictions (Fi,..., Fk ). The performance of the learner is



compared to that of the best single expert. More precisely, the objective is to have a cumulated
regret as small as possible, where the regret is defined by

T T
Rr =Y (z,y;) — min > U(Fis,y).
=1 0 e

Experts aggregation is a standard problem in machine learning, where the learner observes
the predictions of all experts in each round and plays a convex combination of those. However,
in many practical situations, querying the advice of every expert is unrealistic. Natural
constraints arise, such as the financial cost of consultancy, time limitations in online systems,
or computational budget constraints if each expert is actually the output of a complex
prediction model. One might hope to make predictions in these scenarios while minimizing
the underlying cost. Furthermore, we will distinguish between the constraint on the number of
experts’ advices used for prediction, and the number of feedbacks (losses of individual experts)
observed a posteriori. This difference naturally arises in online settings where the advices are
costly prior to the prediction task but just observing reported experts’ losses after prediction
can be cheaper. If the learner picks one single expert per round, plays the prediction of that
expert and observes the resulting loss, the game is the standard multi-armed bandits problem.
In this paper, we investigate intermediate settings, where the player has a constraint p < K on
the number of experts used for prediction (via convex combination) in each round and several
feedbacks m < K of actively chosen experts to see their losses. In the standard multi-armed
bandit problem, the played arm is necessarily the observed arm, this restriction is known as
the coupling between exploitation and exploration. In our protocol, we consider a generalization
of that restriction through the Inclusion Condition (IC): when m > p, if IC = True, we require
that the set of played experts for prediction at round ¢, denoted S; , is included in the set
of observed experts, denoted C;. More precisely, if IC = True, in each round ¢, the player
first chooses p experts out of K and plays a convex combination of their prediction, then she
observes the feedback (loss) of the individual selected experts, then picks m — p additional
experts to observe their losses. When IC = False, the choice of played and observed experts
is decoupled; this means that the loss incurred by the p experts used for prediction is not
necessarily observed.

A closely related question was considered by Seldin et al. [2014], obtaining O(v/T) regret
bounds for a general loss function (see extended discussion in the next section.) Our emphasis
here is on obtaining constant bounds guarantees on regret (i.e. independent of the time horizon
T). Such “fast" rates, linked to assumptions related to strong convexity of the loss function ¢,
have been the subject of many works in learning (batch and online, in the stochastic setting)
and optimization, but are comparatively under-explored in fixed sequence prediction.

In the literature on the prediction of fixed individual sequences, no assumptions are made
about the distribution of the sequences. The attainability of fast rates (or constant regrets) is
also possible under certain assumptions on the loss function ¢: the full information setting
was studied, mainly by Vovk [1990], Vovk [1998], Vovk [2001], where it was shown that fast
rates are attainable under the mizability assumption on the loss function. The reader can find
an extensive discussion of different assumptions considered in the literature for this problem
in van Erven et al. [2015]. In the present paper, we make the following assumption on the loss
function:



Protocol 1 The Game Protocol (p, m,IC).
Parameters:
p, the number of experts allowed for prediction.
m, the number of experts allowed for observation as feedback.
IC € {False, True}, inclusion condition (if IC = True, we must have p < m).
for each round t =1,2,...,7T do
Choose a subset Sy C [K] such that |S;| = p, and convex combination weights (o );cs,-
Play the convex combination ) ;cg, ;¢ Fji and incur its loss.
if IC = True, then
Choose a subset C; C [K] such that: |C;| = m and S; C C;.
else if IC = False, then
Choose a subset Cy C [K] such that: |C¢| = m.
end if
The environment reveals the losses (£(Fit, yt));cc,-
end for

Assumption 1. There exist B,n > 0, such that

o Exp-concavity: For ally € Y, {(.,y) is n-exp-concave over domain X.
» Range-boundedness: For ally € Y: sup, ycx|l(z,y) — (2, y)] < B.

Remarks. This assumption is satisfied in some usual settings of learning theory such as the
least squares loss with bounded outputs: X =Y = [Tmin, Tmax] and £(z,2') = (x — 2')2. Then
¢ satisfies Assumption 1, with B = (Tmax — Tmin)> and n = 1/(2B).

Remarks. The regret as well as all the algorithms to follow remain unchanged if we replace
€ by l:X — [0,B] defined by {(z,y) := £(z,y) — mingex £(z,y), s0 we can assume without
loss of generality ¢ € [0, B] instead of range-boundedness; the results obtained still hold in the
latter more general case.

Assumption 1 was considered in several previous works tracking fast rates both in batch
and online learning (Koren and Levy, 2015, Mehta, 2017, Gonen and Shalev-Shwartz, 2016,
Mahdavi et al., 2015, van Erven et al., 2015). We introduce a new characterization for the
class of functions satisfying Assumption 1. Let ¢ > 0, define £(c) as the class of functions
f: X = R, such that

1

) < 5@+ 51 - 5o (@) - £ (1)

x4+
2

Vo, o' € X : f(

We introduce this class to highlight the sufficient and minimal property of ¢ required for the
proofs in this paper to work, namely we will only make use of (1) in the proofs of the results
to come.

Lemma 1.1 below relates the class of functions £(.) to the set of functions satisfying
Assumption 1 as well a sufficient condition (Lipschitz and Strongly Convex or LIST condition).



Lemma 1.1. Let y € Y be fixed.

o IfL(.,y) is B-range-bounded and n-exp-concave, then: ((.,y) € € % )
410g(1+%)

o Ifl(.,y) € E(c) and is continuous, then: {(.,y) is c-range-bounded and (4/c)-exp-concave.
o If¢(.,y) is L-Lipschitz and p-strongly convez, then ((.,y) € £(4L%/p).
Figure 1 summarizes bounds on regret for bounded and exp-concave loss functions. We

only consider fixed individual sequences, which corresponds to fully oblivious adversaries (see
Audibert and Bubeck, 2010 for a definition of different types of adversaries).

p=1 p=2

Lower bound | Upper bound | Lower bound | Upper bound (p = 2)

m=1 VKT VKT VKT VKT
1] 2] [Thi 5.2] 2]

IC = True : K2log(K)

m =2 VKT VKT K IC = False : K log(K)
3] 2] [Thm 5.1] [Thm 4.2 and 4.1]
m >3 \/g %Tlog(K) % % log(K)
3] 3] [Thm 5.1] [Thrmn 4.1]

Figure 1: Existing bounds from the literature ([1] = Auer et al., 2002, [2]=Audibert and
Bubeck, 2010, [3]=Seldin et al., 2014) and new bounds presented in this paper. All bounds hold
up to numerical constant factors. Under Assumption 1, all new upper bounds hold with high
probability if we replace the factor log(K) with log(Kd§~ 1), § being the confidence parameter.
Lower bounds are in expectation. When bounds are the same, we omit the distinction between
the settings IC = True and IC = False (coupling between exploration and exploitation, see
Protocol 1).

The remainder of this paper is organized as follows. Section 2 presents some results from
the literature relevant to the studied problem. Section 3 introduces algorithms satisfying
constant regrets in expectation in the case p = 2 and m > 3; that section aims to present a
preliminary view of the intuitions for attaining our objective. Next, we present in Section 4
our main results consisting of algorithms satisfying constant regrets with a high probability
for p,m > 2. Finally, in Section 5, we present lower bounds for all the possible settings.



2 Discussion of related work

Games with limited feedback and (’)(\/T) regret: In the standard setting of multi-armed
bandit problem, the learner has to repeatedly obtain rewards (or incur losses) by choosing
from a fixed set of k actions and gets to see only the reward of the chosen action. Algorithms
such as EXP3-IX [Neu, 2015] or EXP3.P [Auer et al., 2002] achieve the optimal regret of order
(’)(\/ﬁ ) up to a logarithmic factor, with high probability. A more general setting closer to
ours was introduced by Seldin et al. [2014]. Given a budget m € [K], in each round ¢, the
learner plays the prediction of one expert I;, then gets to choose a subset of experts C; such
that I; € C; in order to see their prediction. A careful adaptation of the EXP3 algorithm
to this setting leads to an expected regret of order O(y/(K/m)T), which is optimal up to
logarithmic factor in K.

There are two significant differences between our framework and the setting presented
by Seldin et al. [2014]. First, we allow the player to combine up to p experts out of K in
each round for prediction. Second, we make an additional exp-concavity-type assumption
(Assumption 1) on the loss function. These two differences allow us to achieve constant regrets
bounds (independent of T').

Playing multiple arms per round was considered in the literature of multiple-play multi-
armed bandits. This problem was investigated under a budget constraint C' by Zhou and
Tomlin [2018] and Xia et al. [2016]. In each round, the player picks m out of K arms, incurs
the sum of their losses. In addition to observing the losses of the played arms, the learner
learns a vector of costs which has to be covered by a pre-defined budget C. Once the budget is
consumed, the game finishes. An extension of the EXP3 algorithm allows deriving a strategy
in the adversarial setting with regret of order O(\/KC'log(K/m)). The cost of each arm is
supposed to be in an interval [cyin, 1], for a positive constant ¢pi,. Hence the total number of
rounds in this game T satisfies T = O(C'/m). Another online problem aims at minimizing the
cumulative regret in an adversarial setting with a small effective range of losses. Gerchinovitz
and Lattimore [2016] have shown the impossibility of regret scaling with the effective range
of losses in the bandit setting, while Thune and Seldin [2018] showed that it is possible to
circumvent this impossibility result if the player is allowed one additional observation per
round. However, it is impossible to achieve a regret dependence on T better than the rate of
order O(\/T) in this setting.

Decoupling exploration and exploitation was considered by Avner et al. [2012]. In each
round, the player plays one arm, then chooses one arm out of K to see its prediction (not
necessarily the played arm as in the canonical multi-armed bandits problem). They devised
algorithms for this setting and showed that the dependence on the number of arms K can be
improved. However, it is impossible to achieve a regret dependence on T better than O(\/T ).

Prediction with limited expert advice was also investigated by Helmbold and Panizza
[1997],Cesa-Bianchi and Lugosi [2006, Chap. 6] and Cesa-Bianchi et al. [2005]. However, in
these problems, known as label efficient prediction, the forecaster has full access to the experts
advice but limited information about the past outcomes of the sequence to be predicted. More
precisely, the outcome g; is not necessarily revealed to the learner. In such a framework, the
optimal regret is of order O (V/T).



Constant regrets in the full information setting: The setting where the learner plays
a combination of all the experts and is allowed to see all their predictions in each round is
known in the literature as experts aggregation problem. It is a well-established framework
[Cesa-Bianchi and Lugosi, 2006] studied earlier by Freund and Schapire [1997], Kivinen and
Warmuth [1999], Vovk [1998]. This setting was investigated under the assumption that the loss
¢ function is n-exp-concave (i.e., the function exp(—nf) is concave). The Weighted Average
Algorithm algorithm [Kivinen and Warmuth, 1999] is known to achieve a constant regret of
order O(log(K)/n). While this result holds for any sequence of target variable and experts,
it requires using a combination of all the experts in each round. In several situations, it is
desirable to query and use the least number possible of experts advice for various reasons
(such as cost or time restrictions). In this paper, we aim at achieving the same bounds (with
high probability) under such constraints.

Fast rates in the batch setting: Another line of works investigated the problem of experts
(or estimators) aggregation in the batch setting with stochastic and i.i.d samples (i.e., each
expert’s predictions are assumed to follow an independent and identical distribution, see
Tsybakov, 2003). There are two distinct phases: a first step where the learner has access to
training data points, then a prediction step where she outputs a combination of experts. The
output in this setting is compared against the best expert. A non-exhaustive list of works
considering this problem includes those of Audibert [2008], Lecué and Mendelson [2009], and
Saad and Blanchard [2021], where the emphasis was put on obtaining O(1/T) “fast” rates
for excess risk with high probability under some convexity assumptions on the loss function.
However, these algorithms are not translatable to the adversarial setting since some of the
previous strategies rely on the early elimination of sub-optimal experts. Saad and Blanchard
[2021] presented a budgeted setting where the learner is constrained to see at most m experts
forecasts per data point and can predict using p experts. This paper is an extension of their
framework in the adversarial setting with a cumulative regret.

Online Convex Optimization with bandit feedback: A different objective is considered
in the online convex optimization framework, where the losses are compared against the best
convex combination of the experts. This problem was studied by Agarwal et al. [2010] and
Shamir [2017] under limited feedback. More precisely, the learner can query the value of the loss
function in two points from the convex envelope of the compact set over which the optimization
is performed. In such a setting, it was shown that for Lipschitz and strongly-convex loss
functions, it is possible to achieve an expected regret bounded by (’)(d2 log(T')), where d is
the dimension of the linear span of experts (which plays a similar role to K in our setting).
Observe that online convex optimization algorithms (eg. as considered in the cited references)
cannot be applied in our setting, where the player is not allowed to play (or observe) an
arbitrary point in the convex envelope of the experts, but rather convex combinations with
support on p (or m) experts. On the other hand, the goal aimed at is different as well, since
we want to minimize the regret with respect to the best expert, not with respect to the best
convex combination of experts (which would not be an attainable goal under the considered
play restrictions).



Why aim at high probability bounds instead of expectation bounds? Consider an
algorithm with internal randomization. From a practical point of view, bounds on its expected
regret do not necessarily translate into a similar guarantee with high probability. In many
applications, such as finance, controlling the fluctuations of risk is very important. From a
mathematical point of view, the “phenomenon" of negative regrets occurs when the player
has a chance of outperforming the benchmark (such as the best-fixed expert in hindsight) for
some rounds. In this case, an algorithm may have optimal expected regret but sub-optimal
deviations. A manifestation of this problem is for the EXP3 algorithm in multi-armed bandit
setting (p = m = 1 in Protocol 1), which has a worst case regret of /KT in expectation, but
the random regret can be linear Q(T") with constant probability (see the exercises of Chapter
11 of Lattimore and Szepesvari, 2020).

3 Main results: Algorithm with upper bounds in expectation

In this section, we introduce a new algorithm with constant bounds on the expected regret,
for the setting: p = 2 and m > 3. The aim of this section is to present some central intuitions,
which are complemented in the next section to achieve stronger guarantees. To ease notation,
we denote for each i € [K] and t € [T]: 4i¢ := U(Fit, yt)-

The high-level idea of Algorithm 2 is common in the literature. It consists in constructing
unbiased estimates of unseen losses, which are fed to the classical exponential weighting (EW)
scheme over the experts. The first novelty introduced here is that the estimates are centered
in a “data-dependent” way, whose goal is to reduce variance. This variance control is essential
in our analysis (see sketch of the proof below) in order to have constant regrets.

Let us denote p; the probability distribution derived by the EW principle using estimated
cumulated losses f}m over the set of experts at round ¢. The second novelty consists in sampling
just two experts I; and J¢, independently at random following p;, and m — 2 additional experts
uniformly at random for exploration. Then, we play the mid-point of the predictions of I; and
J¢ (i.e., predict we predict £ Fy,, + 1 Fj, ;).

The main idea for getting a constant regret bound is to compensate the variance term
introduced by the estimates (¢;+) by the negative second order term in inequality (1) satisfied
by the loss. The following theorem presents a constant bound on the expected regret, with a

sketch of the proof.

Define the following constant

(2)

Theorem 3.1. Suppose Assumption 1 holds. For any input parameter: \ € (0, 72—;{25\), where
X is defined in (2), the expected regret of Algorithm 2 satisfies:

log(K)
A )

E[RT] <

where the expectation is with respect to the learner’s own randomization.



Algorithm 2 Prediction with limited advice (p = 2,m > 3)
Input Parameters: \, m.
Initialize: L;o = 0 for all i € [K].
for each round t =1,2,... do
Let

eXP<—)\IA/i,t71)
Ej exXp (_)\flj,t—l) '

Draw I; and J; according to p; independently.
Play: %th’t + %tht, and incur its loss.
Sample m — 2 experts uniformly at random without replacement from [K]. Denote U;
this set of experts.
Query Cp = Uy U {1y, J;}.
for i € [K] do
Let

Dit =

A

K _ K ,
bip = mﬂ(l EU) lix + (1 - m]l@ € Ut)) Uyt

Update ffz',t = ffi,t—l + gi,t-
end for
end for

Remarks. Comparing this result with the guarantees of the classical exponential weights
averaging (EWA) algorithm, one can notice that in the full information feedback setting
(m = K ), our guarantee is of the same order, up to a numerical constant, as the constant
regret bound for EWA for exp-concave losses. The advantage of our procedure is that it
necessitates sampling only two experts from the EW distribution instead of full averaging. In
the partial feedback case (m < K ), Algorithm 2 guarantees a regret of order O(K log(K)/m),
as one would expect, the factor K/m reflects the proportion of the information available to the
learner. The last bound is tight, up to a logarithmic factor in K (see Theorem 5.1).

Sketch of the proof. Let (F;) denote the natural filtration associated to the process of avail-
able information, (S, Ct, (¢it)tec,), and denote P;_; resp. E;_; the conditional probability
resp. expectation with respect to F;—1 (“past observations”). The loss functions ¢; satisfy
Assumption 1. Therefore, using Lemma 1.1, the expected cumulative loss of Algorithm 2 is
given by

T

> E

t=1

Fii+F Sk L 4
Kt (MQM):| S ZEl2€It7t + §€Jz,t - §(£It7t - 6Jf7t)2]

~
e
[\3\>/|

&Mﬂ

K
ZZE[})” 2_: [pztp]t lt_g_],):|- (3)

t=1i=1

Term 1 Term 2

Observe that by construction of Algorithm 2, the elements in U; were sampled uniformly at
random without replacement from [K]. Moreover, i is independent of I;. Therefore, ¢;; is
an unbiased estimator of ¢;; conditionally to the available information: E;_[¢;¢] = ¢; .



Using the tower rule, Term 1 therefore writes Y, >, E[ﬁi’t&-’t]. Next, we use Lemma E.1 in
the Appendix (by cancellation of consecutive logarithmic terms) with p, = Zfil Dili for
each t € [T]. We have the following upper bound for Term 1 in (3):

L& AR log(K) rTE . 2
Z E[pz’,t gi,t} < min E[&,t} + 5y + AZZE[pi,t (&,t - Mt) ] (4)

=1 i=1 €[k t=1i=1

We use the definition of l@-’t and the tower rule to upper bound the last term in (3):

K . 2
E lz Dit (Ei,t - Mt)
i=1

+ 2R B[ — )]

ok [& )
< E E :A. 0, —
=9 Llez,t( it ,ut)

1K [& )
= ——2FE pit(Cit —
— LEZI:P #(lie — )

Finally, we combine (3), (4) and the bound above to obtain

log(K) AK [ o] s e . )
E[RT] S )\ + )\m _ QE Zpi,t(gi,t — Nt) — )\ Z Z E[pi’tpj’t(gi,t — gj,t) }
i=1 t=14,j=1

Recall that if X and Y are two independent and identically distributed variables, we have
E[(X — Y)?] =2 Var(X). Applying this identity to Term 2 in (3), we have

log(K) 4K 1 K )
< i — it (liy — :
E[Ry] < ==+ (Am — B>EL§1pz,t(€z7t fit)

We conclude using A < 72—[_(25\. O

4 Main results: Algorithms with high probability upper bounds

In this section, we present new algorithms with guarantees that hold with high probability
with respect to the player’s own randomization. As discussed in Section 2, high probability
guarantees are important to assess any algorithm’s goodness due to potential exposure to
negative regrets phenomena and thus the possibility of deviations having larger order than
the expectation.

We introduce sampling strategies for three different settings: p =2 and m >3, (p =2,m =
2,IC = False) and (p = 2, m = 2,IC = True), presented in Algorithms 3 and 4; Algorithm 3 is
common to the first two settings. To ease notations, we denote for each i € [K] and t € [T7]:
Uiy = L(Fit,ut).

In Algorithms 3 and 4, we build on the idea presented in Algorithm 2 and construct
estimates of unseen losses, which are fed into an EW scheme from which experts are sampled.
Let p; denotes the resulting estimated EW distribution. The main differences between the
algorithms below and Algorithm 2 are (a) the constructed loss estimates and (b) the sampling
strategy when m = 2 and 1C = True.



Modified loss estimates: We start with the same unbiased loss estimates, with data-
dependent centering, from Algorithm 2, but additionally introduce a negative (or “optimistic”)
bias on the estimated losses, which takes into account an estimated variance. This can be
conceptually compared to the uniform confidence bound (UCB) algorithm in the standard
stochastic bandit setting, which will select “optimistically” arms which have the highest
potential reward given past information (here, loss is a negative reward). In this sense, this
term tends to encourage diversity in expert sampling (i.e. encourage sampling experts with a
possibly higher estimated loss but also larger variance than the best estimated experts so far).
This is used in both Algorithms 3 and 4.

In the case m > 3 or (m = 2,IC = False), there is still at least one free observation left
for exploration decoupled from exploitation. In these settings, Algorithm 3 uses the same
sampling scheme as Algorithm 2, namely sampling independently at random two experts
following p; and playing the central point of the sampled predictions. The remaining “pure
exploration” observations are sampled uniformly at random, with replacement.

Modified sampling scheme: the case (m = 2,IC = True) is more difficult since
there is no “free exploration” observation possible. This is the counterpart of the explo-
ration/exploitation tradeoff of the standard bandit setting, in the framework where we aim
at constant regrets (so that playing combinations of at least two arms is necessary, see next
section). Taking inspiration from the standard bandit setting literature (p = m = 1), intro-
ducing a small uniform exploration component appears necessary for the sampling strategy
for algorithms achieving optimal high probability guarantees (Audibert and Bubeck, 2010,
Auer et al., 2002, Beygelzimer et al., 2011, Bubeck and Cesa-Bianchi, 2012). For example,
EXP3.P mixes the EW sampling rule with a uniform distribution over the arms. On the other
hand, EXP-IX [Neu, 2015] incorporates the exploration component implicitly through a biased
estimate of the losses. However, this uniform exploration costs O(v/KT) on the cumulative
regret. Hence, aiming at constant regret necessitates a more subtle sampling rule.

We introduce a two-step sampling strategy. The first expert, denoted Ay, is sampled
following p;. The second expert, denoted By, is sampled uniformly at random (possibly B;
and A; are identical). The predictions of (A;, B;) are observed after making a prediction. For
the playing strategy, we sample two experts independently (conditionally to A; and B;) at
random, following the restriction of the law p; on {4y, By}, and we play the central point
of the two sampled experts. Therefore, depending on the outcome of the second step, the
algorithm’s prediction can be either one of the two pre-selected experts or the central point of
the two experts. This strategy ensures the necessary uniform exploring component needed in
the adversarial problems.

The possibility of having constant regrets guarantees is due to Property (1), satisfied for
the loss functions ¢ under Assumption 1: Lemma 1.1 suggests that when predicting the central
point of two experts, the learner benefits from the distance between the played predictions.
This remark is exploited in constructing of the distribution p.

To summarize, the playing strategy relies on three essential ideas: the (conditional for
m = 2) independence of the played experts, the centering scheme for the losses estimates, and
the second order term to diversify the played arms.

Remarks. o The proposed algorithm can be implemented in an efficient way, so that after
a one-time computational cost of O(K) for initialization, the computational cost of each
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Algorithm 3 (p =2, m >3) or (p =2, m =2, IC = False)
Input Parameters: A\, m.
Initialize: L;o =0, Vio =0 for all i € [K].
Let m = max{m — 2,1}.
for each round t =1,2,... do
Let

eXP(—/\IA/z‘,t—l + )\2‘7z‘,t—1)
Z]K:l eXP(—Af/ggt—1 + >\2Vj,t—1) '

Sample I; and J; according to p; from [K] independently.
Play: %tht + %th,t, and incur its loss.
Sample m experts without replacement, independently and uniformly at random from
[K]. Denote U; this set of experts.
if m > 3 then
Let Ct = {It, Jt} Ul/{t.
else if m = 2 then
Let Ct = {It} UZ/{t.
end if
Observe: {;; for i € Cy.
for i € [K] do

Dit =

Let
. K . K_
Ei,t = %]l(z € Z/{t) &7,5 + (1 — %]l(l S Ut)) glt,t (6)

. 2

0 = (bt — 1) (7)

Update Ly = Liy—1 + liy and Viy = Viy_1 + diy.

end for
end for

round, including suitably keeping track of the distribution p; and sampling from it, is
O(mlog K) (see Appendiz K for details). Therefore, the computational complezity also
depends mildly on the number of experts K.

o Since our analysis suggests that we can restrict possible plays to mid-points of just two
experts, one could argue that the coupled setting (p = m = 2, I[C=True) looks quite similar
to learning with expert advice with bandit feedback, where the possible arms would be the
K? “bi-experts” that are mid-points of original experts (i,7). One could therefore think of
a more direct approach: simply applying a bandit-type strategy, say EXP3.P or EXP3-1X
(Auer et al., 2002 and Neu, 2015, respectively) to these K? “arms” However, existing
generic results only guarantee a “slow” O(\/T) regret with respect to the best “bi-expert”,
and this cannot be compensated in general by exp-concavity, as the best “bi-expert” may
not be much better than the best expert (if the experts are “correlated”: see proof of lower
bounds in Theorem 5.1 and 5.2). Furthermore, in the playing strategy of EXP3.P and
EXP3-IX, each pair of experts is played Q(v K2T) times, due the uniform exploration
component of their sampling schemes. This will lead regrets scaling with v/T.
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Algorithm 4 (p =2, m = 2, IC = True)
Input Parameters: ).
Initialize: L; o = 0 for all i € [K].
for each round t =1,2,... do
Let

eXP(—Af/i,tﬂ + )\2‘71‘,7&71)
Zszl eXP(—/\ij,t—1 + /\2‘7j,t—1)
Sample one expert from [K], denoted A;, according to p;, and one expert from [K],
denoted By, independently and uniformly at random. Let Cy = { A4, B.}.

for i € C; do
Let

Dit =

eXP(—)\IA/z',t—1 + >\2Vi7t—1>
> jec, eXP(—)\ﬁj,tﬂ + )\2‘7]',1571) .

Draw I; from C} according to §;.
Draw Jy from Cy according to §; independently from I;.
Play: %thyt + %F J.t, and incur its loss.
Observe: {;; for i € Cy.
end for
for i€ [K] do
Let

qit =

A

by =K 1(B; =1) b+ (1-K 1(B;=1)) la,
R . 2
Vip = (fz‘,t - fAt,t)

Update: Liy = Liy1+ l;p and Vip = Vg1 + 9is.

end for
end for

Theorem 4.1. Suppose Assumption 1 holds.
Consider the case (m > 3 and p = 2) or (m = 2 and p = 2 and IC = False). For any

m—1

input parameter \ € (0, WS‘)’ where X is defined in (2), the regret of Algorithm 3 satisfies
with probability at least 1 — 85, with respect to the player’s own randomization

1 NK
< — -
RT_C )\log<)\5>,

where ¢ is a numerical constant.

Theorem 4.2. Suppose Assumption 1 holds.

Consider the case p = m = 2 and IC = True. For any input parameter \ € (0, 352%),
where \ is defined in (2), the regret of Algorithm 4 satisfies with probability at least 1 — 86,

12



with respect to the player’s own randomization

1 K \K
< R i
RT_C<>\+ )\)log<)\6>,

where ¢ is a numerical constant.

Discussion Notice that prior knowledge on the confidence level § is not required by Al-
gorithms 3 and 4. The presented bounds in theorems above are valid for any 6 € (0,1).
Observe that taking A close to m/(128K) X leads to a bound of the order O(K log(K5~1)/m)
in Theorem 4.1, which is minimax optimal up to a log(K) factor (Theorem 5.1). Taking A
close to 1/(352K2) ), leads to a bound of the order O(K?log(K§ 1)) in the special setting
p =m = 2 with IC = True. This bound presents a gap of factor K with the lower bound
presented in Theorem 5.1. We emphasize that in the last setting, the player chooses two
experts to combine their predictions and observes only the feedback of these two experts.
Hence, unlike the setting considered in Theorem 4.1, the player is deprived of additional 'freely
chosen’ experts to explore their losses. This constraint necessitates a more careful playing
strategy, presented in Algorithm 4.

5 Lower bounds

In this section, we provide lower bounds matching the upper bounds in Theorem 4.1, up to a
logarithmic factor in K (except for the case p = m = 2, where we have a gap of factor K).
The techniques of the proof are similar to the ones presented by Auer et al. [1995]. The main
difference comes from the construction of the experts’ distributions.

Theorem 5.1. Let ¢ be the squared loss: {(z,y) = (x —y)? on X =Y =[0,1]. Consider the
game protocol presented in Algorithm 1 with m > 2 and p > 2 and IC € {False, True}. The
expected regret satisfies:

K
infsupE[Rr] > ¢ —,
m

where ¢ is a numerical constant, the infinimum is over all playing strategies and the supremum
is over all individual sequences.

Remarks. The lower bound presented in Theorem 5.1 is valid for any p < K. Algorithms 3
and 4 match it (up to a log factor in K) using only p = 2, suggesting that no significant
improvements can be obtained if we are allowed to predict using more than two experts.

Theorem below is of theoretical interest, it shows that if only one feedback is received per
round, then constant regrets are not achievable.

Theorem 5.2. Let £ be the squared loss: {(z,y) = (x —y)? on X =Y =[0,1]. Consider the
game protocol presented in Algorithm 1 with m =1 and p € [K] and IC € {False, True}, we
have

infsupE[Rr| > ¢ VKT,

where ¢ is a numerical constant, the infinimum is over all playing strategies and the supremum
is over all individual sequences.

13



For the sake of completeness, we state the following lower bound from Seldin et al. [2014].

Theorem 5.3 (Direct consequence of Seldin et al., 2014). Let ¢ be the squared loss: £(xz,y) =
(x —y)? on X =Y = [0,1]. Consider the game protocol presented in Algorithm 1 with
p=1 and m € [K] and IC € {False, True}, we have

K
infsupE[Rr| > ¢ (| —T,
m

where ¢ is a numerical constant, the infinimum is over all playing strategies and the supremum
is over all individual sequences.

6 Discussion and open questions

o In the setting p = m = 2 with coupled exploration-exploitation (IC = True), Algorithm 4
presents a strategy with a bound of order O(K?log(K4é~')), while the lower bound
presented in Theorem 5.1 is of order O(K). It would be of interest to close this gap.

e Previous works on achieving constant regret under a full observation model only assumed
exp-concavity of the loss (see e.g. Cesa-Bianchi and Lugosi, 2006, Chap. 3). In the
limited observation setting, we additionally assume that the loss function is bounded by
a constant B known to the player. It would be of interest to determine if this condition
is necessary. We note, however that loss boundedness is an important ingredient in
applying Bernstein-type inequalities for bounds in high probability.

o In the stochastic (i.i.d. experts and target variables) setting, a variation of the expert
elimination strategy proposed by Saad and Blanchard [2021] (suitably adapted to tackle
cumulative regret) can be shown to have fast rates for regret in an instance-free setting,
as well as suitable instance-dependent performance bounds (i.e., the bound depends on
the average performance of experts and their correlation, eliminating clearly sub-optimal
experts earlier). This a fairly different strategy from the exponential weighting variations
proposed here. In the bandit setting, Seldin and Slivkins [2014] have proposed a strategy
that reaches almost optimal bounds both in the stochastic and the adversarial settings.
It would be interesting to investigate whether such an omnibus strategy exists.

e We have shown that p = 2 is sufficient to get constant regret with respect to the best
expert, using a strong convexity-type assumption on the loss. For p = K, for an exp-
concave loss there exist strategies having constant regret with respect to the best convex
combination of experts (e.g. Cesa-Bianchi and Lugosi, 2006, Theorem. 3.3), albeit with
a O(K) scaling of the regret. It would be interesting to study if “intermediate” situations
exist, for example if it is possible to have constant regret with respect to k-combinations
of experts using only p = O(k) expert predictions.
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Appendix: detailed proofs

A Notation

The following notation pertains to all the considered algorithms, where ¢ is a given training
round and 7' is the game horizon:

B

For any x > 0, let logg (7) = max{0,logy(x)}.

Let Rt denote the cumulative random regret of the player over T rounds.

Let S; denote the set of combined experts to make a prediction at round ¢.

Let C; denote the set of observed experts after making the prediction at round t.

For each i € S, let o+ denote the weight of expert ¢ in the convex combination played
in round ¢.

Let (Ft), denote the natural filtration associated with the process (S, Cy, (£it)icc,),-
Denote the conditional expectation with respect to F; by E[.] = E[.|F].

For each expert i € [K], let N; denote the number of times the prediction of expert i
was observed during the game (over 7" rounds).

For each expert i € [K], let M; denote the number of times the prediction of expert i
was used for prediction during the game (over T rounds): M; := [{t € [T] : i€ S¢}|.

For each expert i € [K], we define ¢;; = ((F; 4, y¢).
Denote by ¢ : X — R such that Vo € [X] : li(x) = l(x, yt).

Notation associated to Algorithms 3 and 4

Let I; and J; denote the experts used for prediction in round t.

Let U, the set of experts queried for exploration (sampled uniformly without replacement
from [K]). In Algorithm 4 let U, = {B}.

Let m = max{1l,m — 2}.

Some preliminary technical results

The following device is standard (it is used for instance for proving Bennett’s inequality).

Lemma B.1. Let X be a random variable with finite variance, such that X <b almost surely
for some b > 0. For any A > 0:

log(Ee)‘X) < AE[X] + ‘p%b)ﬂz[x?].

Where ¢(x) = exp(x) — 1 — x.
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Proof. The function x — x~2¢(x) is non-decreasing on R. As a consequence, if X < b a.s., for
any A > 0 it holds exp(AX) < @XQ + 14 AX, a.s. Taking the expectation, then applying
the inequality log(1 + ¢) < ¢ yields the result. O
Corollary B.2. Let X be a random variable with finite variance, such that X > —b almost

surely for b > 0. For any A € (0, %)
log(Ee™¥) < —AE[X] + \E[X?].

Proof. This corollary is a direct consequence of applying Lemma B.1 to the variable —X < b,
then using the fact that Vo < 1: ¢(z) < 22 O

We now introduce some technical lemmas used in the proofs. Let us start by reminding
the following standard result (see Theorem 1.1.4 Niculescu and Persson, 2006).

Lemma B.3. A continuous function f : X — R, where X is a convex set, is conver if and
only if: for any x,2' € X:

F(E55) < 35@ + 356,

Lemmas below give some bounds for some functions.

Lemma B.4. e We have for any x € R

2
1+ % < cosh(z) < exp(x?/2).
o Let ¢ > 0. We have for any x € [0, ¢]

log(1 + ¢) .

log(1 4+ x) >
c

Proof. The first and third result is a direct consequence of Taylor’s expansion. The second
result follows simply by concavity of x — log(1 + x). O

Lemma B.5. We have for any z,y > 0

x
log; (x) — < log5 (y)-
Proof. Let x,y > 0, we have

x
logy(y) = logy(z) — logy (y>
x
Z IOg z)——,
2(z) ;
where we used the fact that logy(t) < ¢ for any ¢ > 0. To conclude we use the inequality

(a)s —b < (a—b)s.

valid for any a € R and b > 0. O
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C Proof of Lemma 1.1

Let y € Y. In this proof, we will denote £(.) instead of £(.,y) so as to ease notation.

C.1 First claim

By exp-concavity of £, we have for any z,2’ € X

et} + g esp{-ni(a) < espf —ne(TEE) .

Multiplying both sides by exp{%n@(x) + %nﬁ(x’)}, we have

- n?(£(x) — £(x"))? < exp{”g(x) + gé(:c’) — nﬁ(x J; x') },

2 2
where we used the first result of Lemma B.4 to lower bound the left hand side.

Introducing the logarithm and using the second result of Lemma B.4, we obtain

232
2 log(l + %)
n2 B2
We conclude that

P (Ux) = ) < 5l) + L) - nﬁ(x 3 x)

where

C.2 Second claim

Let ¢ > 0, we denote £(c) the set of functions f : X — R, such that for any z,2’ € X:

1

F(EEE) < @)+ 57— 5o () — S ()

Lemma C.1. For any ¢ > 0, we have for any f € £(c)

sup |f(z) — f(z")| <e.

r,x' €X

Proof. Put Ayy = f(2') — f(x), and A* = sup, ycx Ager. We first prove that A* < 3c.
Assume this is not the case and let z,2’ € X be such that A, > 3c. Let z := %(az +2').
Using f € £(c), we obtain

1 1

(f(l‘,) - f(.’E)) - *(f(ﬂf/) - f(q:))Z = 7Axx’ - %Aix’ < _A:cx’a

AIZ:f(Z)—f(CC)S %2 2
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where the last inequality holds because A, > 3c. Hence A,, > 3¢ and in turn, if x; :=
2(z + 2), reiterating the above argument we get A,,, > 3c and in particular f(z1) < f(2).
Also, we have A,,» = A, + Ay > 3e, therefore putting z := %(:c’ + z), again by the same
token we get f(x]) < f(z). This is a contradiction, since z = 5(x1 + ), thus Assumption 1
implies that f(z) < max(f(x1), f(z})).

Since A* is finite, m := inf,cyx f(z) is finite. For any & > 0, let 2. be such that
f(z:) < m+e. For any 2’ € X, putting again 2 := (z +2’), it must be the case that
Ay, > —e, and using again the above display it must hold —e < A,_, < %A%x/ — iAisx,
This implies A,_,» < ¢+ G(e) for any 2’ € X, with G(g) = O(e). Since A* < e+supcy Ay o,
we conclude to A* < ¢ by letting € — 0. O

N[

Lemma C.2. For any ¢ > 0, we have for any continuous function f € E(c): f is (4/c)-exp-
concave.

Proof. Fix ¢ > 0 and f € £(c). Let 2,2’ € X. Let us prove that

ool ) el L0} B

Recall that since f € £(c), inequality (8) gives

~—

S U@ = @) < 21w + 21 - f<x T )

c? c

We introduce the exp function on both sides of the inequality and use the first result of
Lemma B.4 to lower bound the left hand side. We have

oaf2u- {20 - vl 2 ol -5(52)

which proves (9). We conclude using the characterization provided by Lemma B.3. O

C.3 Third claim

Lemma C.3. Let f : X — R be a L-Lipschitz and p-strongly convex function, then f €

E(4L2/p).

Proof. By strong convexity of f, we have for any z,2’ € X

N L L :
F(555) < 57w + 556 - Bl -

Moreover, f(.) is L-Lipschitz, hence: |f(x) — f(2')] < L||x — 2'||. Therefore

F(T55) < 350 + 356 — @) — 5@
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D Concentration inequality for martingales

We recall Bennett’s inequality:

Theorem D.1. Let Z,Zy,...,Z, be i.i.d random variables with values in [—B, B] and let
0 > 0. Then with probability at least 1 —§ in (Zy,...,Zy) we have

. \/2 Var(Z] log(2/6) , QBl(;)g(Q/(S)'

Z;
1

1 n
nx
1=

'E[Z] -

We recall Freedman’s inequality (the exposition here is lifted from Fan et al., 2015). Let
(&, Fi)i>1 be a (super)martingale difference sequence. Define S, := Y1 & (then (S, Fyp) is
a (super)martingale), and (S), := > E[¢2|Fi_1] the quadratic characteristic of S.

Theorem D.2 (Freedman’s inequality). Assume & < B for all i > 1, where B is a constant.
Then for all t,v > 0:

2
P[Sk Z t and <S>k‘ S ’()2 fO’I" some k Z ].:| S eXp(—M) . (10)

The following direct consequence also appears in [Kakade and Tewari, 2008, Lemma 3|
for fixed k. Here we give a version that holds uniformly in k. See also [Gaillard et al., 2014,
Theorem 12] for a related result.

Corollary D.3. Assume & < B for alli > 1, where B is a constant. Then for all 6 € (0,1/3),
with probability at least 1 — 30 it holds

VEk > 1:S) < 24/(S),£(5, k) + 4Be(5, k),
where £(6, k) :=log d~! + 2log(1 + logg ((S),/B?)).

If |&| < B for alli > 1, observe that £(6,k) <logé~! + O(loglog k).

Proof. By standard calculations, it holds that if ¢ > v/2logd—! 4+ 2Blogd~', then 2(1]2’&7_2;]3” >
log 6. Therefore (10) implies that for any v > 0 and ¢ € (0, 1), it holds

IP’[EIk >1:8,>1/202logd—! +2Blogd~! and (9), < 1}2] < 4. (11)

Denote v]2- :=2/B2% §; := (jV1)724, j > 0, and define the non-decreasing sequence of stopping
times 71 = 1 and 7; := min {k: >1:(S), > 1)]2} for 7 > 0. Define the events for j > 0:

Aj = {Hk: >1:8) > /207 logd; ' +2Blogd; ! and (S), < UJ?},

Al = {Elkz with 7j_1 <k <755, > 24/(5),€(0,k) + 4Be(6, k:)}

From the definition of vf,éj, we have j = logQ(vjz-/B2) for j > 1. For j > 1, 7j_1 < k < 7
implies v? | = v?/? < (8) < ’UJQ», and further

log 5;1 =logd ! 4 2log log2(v]2-/BQ) <e(d,k).
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Therefore it holds A’ C A;. Furthermore, for j = 0, we have v} = B% §y = §. Further, if
k < 19 it implies <S> < 32 and therefore (4, k) = log 1. Thus provided logé~—! > 1 i.e.
0 < 1/e, it holds

Af C {Elk: with k < 19 : Sk 24310550_1}

Q{Ekzl:SkZ\/Qvolog6 1+2310g5 L and () <w

Therefore, since by (11) it holds P[4;] < §; for all j > 0:

(=) )
—
|
BN
=]

P{Hkgn:SkZZ ()0, k)+4Be§k:] [UA’

j>0

<PlUA1 <6> (jV1)72 <36

>0 >0

O]

Corollary D.4. Assume & < b for all i > 1, where b is a constant. Let (1;); denote an
Fi-measurable sequence, such that for any k > 1: (S)p < Zle vi. Then for all ¢ > 0 and
0 € (0,1/3), with probability at least 1 — 3§ it holds

k
241
Vk21:8 -2 u < (i +4) <1og(51) + glog;(?’;f"c))b
=1

Proof. Let ¢ > 0 and fix ¢ € (0,1/3), we have using Corollary D.3: with probability at least
1 — 36, it holds for any k > 1

k
C
Sk—ggui§2 (S)e(0, k) + 4be(8, k) — Zuz

( Sy, + 2 2 e k)) 1 4be(6, k) — S(S),

b
be(d (S)

Cc

>b (log 5~ +210g( +logf (S)/1))) — o= ()

<( 1)p(10g571 + 21ogF (S)u/87)) = 57(Sh

The result follows by upper-bounding the function x — logg () — x/y, for x,5 > 0 using
Lemma B.5. O

E Additional technical results

The following lemma is a consequence of Corollary B.2, the chaining rule (i.e cancellation
in the sum of logarithmic terms) and Fubini’s theorem. Let (hi)ic[ryic[x] be a Fi-adapted
process.
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For each i € [K] and t € [T] we define: H;; := St_, hys, we use the convention that
Hio=0. Let t € [T] and A > 0, we define the sequence (p; )ic[x]:

exp{_)\ﬁi,tfl}

A

pi,t = N . (12)
ZJK=1 eXp{—)\Hj,t—l}
For each t € [T, define:
A K A
Zy = Zexp{—)\HLt} (13)
i=1
M, :=log(Z) — By 1 [log(Z)]. (14)

Lemma E.1. Let b > 0 and (i"i,t)teﬂT}],ie[[K}] be a sequence of numbers taking values in an
interval of length b. For each i € [K] and t € [T, let By_1[his] = his. Let (u)ier be a

sequence such that oy is Fi_1-measurable and:

Vi € [K],t € [T],

hiy — at‘ <b.

Then for any X € (0,1/b), for allt € [T] we have:

1
Zzpzt hiy < Ieﬂln tht og + ZMt+>\ZsztEt 1{( zt_at)2]a

t=11i=1 t=11i=1

where the sequence (Pi)ie[r)ic[x] i defined by (12) and (My) is defined by (14).

Proof. Let t € [T, we denote by p; the probability distribution on [K] defined by the weights
(ﬁi,t)ie[[K]]- We apply Corollary B.2 to the random variable X; := h;; — o, where I is drawn
from [K] following py: for any A\ € (0,1/b),

10g<§ﬁi,teXp{—A(iLi,t_(lt)}) < /\szt( Zt—at) + )2 szt< zt—at)Q,
i=1

i=1

Rearranging terms we obtain:

Ko 1
> Pig hig < o — X 10g<<2pztexp{ Ahzt}) eXp{)\Oét}> + )\szt( it — Oét)2

i=1 =1

1
——)\log<2pztexp{ Ahzt}>+/\2pzt( t—Oét)2

=1
2

= (log(Zt) —log (Zt—l)) + A Zﬁz‘,t (]A%',t - at) ;
i=1

where Z; is defined by (13). Taking the conditional expectation with respect to F;_1 gives
us 1 A N K X )
;pi,thi,t < —X(th [log(Ztﬂ — log (th)) +A ;pi,tth [(hi’t - at) ]
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Summing over ¢ € [T we obtain:

T K 1 7
A log(Z)  los(Zr
Zzpz,t hit < ) L. <)\ ) +

> =

-1 T K R )
STM A D pi B |:(hi,t - Oét) } -
t=1

t=11i=1

Finally observe that Zy = K and that:

1 A 1 .
Y log (ZT) =3 log <z£: exp{—)\Hiyt}>

< min H;;.

€[ K]

F A preliminary result for the proof of Theorem 4.1 and 4.2

In this section we present two key results for the proof of Theorem 4.1 and 4.2. Lemma F.5
provides a bound for the cases (p = 2,m > 3) and (p = 2,m = 2,1C = False). Lemma F.6
presents a similar bound for the particular case (p = 2,m = 2,IC = True). We decided to
separate these two settings because each one requires a different condition on A.

We consider the notation of Algorithms 3 and 4. In Algorithm 3 (m > 3), we take A; = ;.
Recall that m = max{1,m — 2} (as defined in Section A).

Lemma F.1. For any k > 1,

Et—l |:(gi,t - eAt,t)k:| = (g)k_lEt_l {(ﬁm — €At7t)k},

where m = max{1l,m — 2}.

Proof. Suppose that m > 3. Consider the notation of Algorithm 3. Let k > 1, we have

. k K . K . k
IEt—l [(ﬁi,t - gAt,t) } = Et—l [(m—Q]lO € Ut)gz‘,t + <1 - mﬂ(l € ut))gAt,t - EAt,t) ]

K K . g
e [(m_zﬂ“ Ut i €U 1

- () Bt cwl

m — 2

= (K)klEt—l [(fz‘,t - EAt7t)ki|7

m— 2

where we used the fact that U; and A; are independent conditionally to J;_1.
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Suppose that m = 2. Consider the notation of Algorithm 4. Let k > 1, we have

Ei {(é@t —¢ At,t)k] =Ey [(&,t —La) k]
= By 1 [(K1(By = i)lig + (1= K1(By = 0))0a,s — Ca,0)"]
= KM [1(Br =) (b — €a, )]
= KMy (6 — £a)"].

Introduce the notation

fly = Z ﬁz;tfi,t, (15)
z‘e[[K]]

fAt =3 Z pztpjt bir — L )27 (16)

Zje[[K]]

where (p; ;) is defined in (12). For each ¢ € [T7, let

7, = iexp{—)\ﬁm + AQVM}
=1
Mt = log (Zt) - Et—l {ZAt}, (17)

where IA/M = 22:1 l@-,t and Vi,t = 22:1 ;. ¢, in agreement with the notation used in Algorithms 3
and 4, and in Section E.

Lemma F.2. Let \ € (O, 27%5\), where X is defined in (2) and 7 = max{m — 2,1}. For each
i€ [K], te[T], let flm = lﬁi,t — A0i . We have
T log 11)\K

T
i < min hig+ <> M+
tz::l i€[K] = N Z

Z&,

where fi; is defined in (15), &, is defined in (16) and M, is defined in (17).

Proof. Let hiy = Et_l[ili’t] =Vl — AE;_1[0; ], we apply Lemma E.1 to the sequence (ﬁlt)zt
We take oy = fiy, which is an F;_j-measurable process. For each i € [K] and ¢ > 0, we have

T K T 1
ZZﬁi,thi,t <ZI&1II(1]] hiy + og )\ZMt+)\ZsztEt 1{( zt_,ut) } (18)

t=1i=1

Now, let us develop a lower bound on the left hand side of the inequality above. Recall that in
Algorithm 3, we take A; = I, then A; ~ p;. In Algorithm 4, Lemma G.1 shows that A; ~ p;.
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Fix t € [T], we have:
K K
> Pighie =Y pia(liy — NEe_1[04])
i=1 ‘

K
= Zﬁz’,tfz‘,t - A Zﬁi,tEtfl [(@',t - EAt,t)Q}
i=1

x

K K (& ) K )
= pi tlit — A= pit(li e — [ —A—=E;_1|(¢ —
;Zl:P,t it m<i§:1:p,t( ) ) I 1[( Aot — fit) }
A K .
= fit — 2A =&, (19)
m

N 2
where we used in the second line the definition 9;; = (Ei’t —Lla,t) , Lemma F.1 with k =2 in
the third line, and the fact that A; is distributed following $ in the third and fourth line.

Next, we develop an upper bound on the last term of the right hand side of (18). We have

i; o (hia = )] s2igmt{m (= )] + R[]} @)

Fix t € [T]. Let us bound each of the terms in the right hand side of the inequality above
K . 9 )
sz 1 {( it — Mt) ] <> 2Py (Et—l {(&‘,t - eAt,t) } +Ei1 [(ﬁAt,t — fu) D
i=1
K K
=2E; |:(€At,t — ﬂt)2] + 2% > bisEe [(@,t — fAt,tﬂ
=1

. KX
=26+ 2% Zﬁi,t{(fz’,t — fu)® + By [(fAt,t - ﬂt)Q] }
i—1
GK A Z

(21)

where we used Lemma F.1 for the second line. Moreover, using the same Lemma F.1 with
k = 4, we have

sztEt 1[ m} szt( ) Et—l[(ﬁz‘,t—ﬁAht)ﬂ
< <Z> BZZﬁ@tEt—l{(fi,t —EAt,t)ﬂ

_» (Iﬂi) SB;f:. (22)

We plug the bounds obtained from (21) and (22) into inequality (19), and obtain

ZZ}M E— 1{( zt_,Ut> ] <2<6K 2/\2 K )ié (23)

t=1i=1 m
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Recall that by definition (2), A < &. Hence, A < 22X gives
2
AQ{%BQ <4,
m

we plug this bound into (23) and obtain

ZZPHE 1{( it — i) ] §2022Tj§}. (24)
i=1 t=1

Next, we plug the bounds obtained in (19) and (24) into (18) to obtain

T T T
. 1 log(K 22)\K
hit+ — E M; + g
ielK] = LY = K A

O]

Lemma F.3. Let A € (O, %5\), where X is defined in (2) and m = max{1,m — 2}. Consider
the martingale difference sequence (My),e[) defined in (17). We have

o Vte[T]:|M]|<3\EB.
° ZleE[Mg] < 5%)\2 Z?:l ét-

Proof. Observe that the sequence (My, Ft),c(qy is @ martingale difference. For any t € [T7,
we have

M, = E[log(ZtH) |.7:t} — log(Zt)

Z, 7,
Zi Zy

K K
= log <Zﬁi’t exp{—)\lﬁivt + AQZA}i’t}) — Et—l |}Og (Zﬁivt eXp{—Aéi,t + A26i7t}>] s

i=1 =1

where we used the fact that Z;_ is F;_j-measurable in the second line.

The loss function #(.,y) is B-range-bounded for any y. Let cpin and ¢q, denote the lower
and upper bounds, respectively, for the values of ¢ (¢max — ¢min < B). Therefore, for any

i € [K], iy € [emin — 5B, cmax + 5 B| and 4, € [0, (5)2B?]. Therefore

K n K K?
exp <)\cmax — m)\B) < exp(—)\ﬁu + /\Q@i,t) < exp (—/\cmin + A%B + 2/\2m2B2> .

Hence

KB KB K2B?
ACmax — /\7 < log (sz t eXP{ )\e T A2 U; t}) < —ACmin + A— + 22
i=1 m m2

Recall that M; is a centered variable and A < 128%. Therefore
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K
| M| < 4/\%3. (25)

Now, let us bound the quadratic characteristic of (M;),. We have
E;— 1[ } Var;_1 (log(Zt>)
= Var;_1 (log(Zt> — log (Zt_1)>, (26)
where we used the fact that Zt_l is F;_1-measurable.

Furthermore we have

o

@
Il
,_.

Zt exp (—)\IA/M + )\217“)

o

N
Il
i

eXp<_)\fJi,t71 + AQVi,t) eXP(—MZ',t + >\2'0i,t)

.

s
Il
—

DirZi1 eXP(—MZ’,t + )\Zﬁi,t)

Hence
Zy

~

Zi1

MN EMW

Dit GXP<—AZi,t + )\277i,t)

R K _ . K?_
plteXp<)\(fAt,t + %]l(l S ut)(&-,t — €At,t)) + >\2ﬁ]l(l € Z/{t)(&-,t — EAz,t)2>

=1

K K K?
= eXp >\€At, Zﬁ it €XP (—Amﬂ(i S Z/{t)(giﬂg — fAt,t) + )\QW]I(Z. € L{t)(éi’t — EAt,t)2>

K K2
= eXp(—)\gAht)EAg exp (—)\m]l(A; € Z/{t) (EA;,t — ZAt,t) + )\QW]I(A; € Z/{t)(EA’t,t — gAt,tF)] 7
(27)

where A} is a random variable, independent of A, such that for each ¢ € [K], P(A4} = i) = p; 4,
and E A, I8 the expectation with respect to the random variable A}. So as to ease notation,

denote
2

D, := %11@4; EU)(ary — L, t) — A%H(A; € Us)(Lary —Lans)”
We take the logarithm of both sides of inequality (27), we have
log(Zt) — 108;(271) =My, + 10g(EA; [eXP(—)\Dt)])-
We inject the equality above in (26). We obtain
By [M2] = Vary 1 (=Ma, i + log(Ea[exp(~AD)] ) )
< 2Vary_1(Ma,+) + 2 Var,_; (log (IEAQ [exp(—ADt)]))
< 2Var,_y(Ma, ) + 2B [1og2 (E A [exp(—wt)})] (28)
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Observe that

K

K2
\wty:|Amn(A;eut)(zA;,t—£At,t) NS LA € U) (Lay — Ca)’| <

Cﬂ\»—l

where we used \ € (O, 128%).

1

The function x ~ log?(x) is convex on [e~!, e]. Hence, using Jensen’s inequality, we have

Ei( 1 {log2 (IEA{5 [exp(—)\Dt)])} S Ei By {10g2(exp(—)\Dt))}
= E 1By [V D] (29)

From (28) and (29), we conclude that

By [M2] < 2)* Var, 1(€a,1) + 2B 1 Eyy [\ D7
< 20%, + 2B, 1By [N2D}). (30)

where we used Var;_1(£a, ) = ft. Furthermore:

)\2K2 2 K4/\4 4
Ei1E [A Dﬂ < 2E 1By | S5 1(A € Uy) (EA;,t —ﬁAt,t) + (A, e Uy) (EA;,t —ﬁAht) ]

NK?2  \K4
< 2( + BQ>Et—1EA; []1 (A} € Up)(Cary — gAt,t)2:|

mQ
< 3)\;K2Et 1Eq { (AL € Us)(Cays — ﬁAt,t)Q}
2K2
<32 L By (Bt [1(A) € U)]Ev (0 — 4]
= 3)‘2~I§21~{ lez bje(lis = i)’
i,j
_ 3%)\2& (31)

where we used the independence of U; and A; conditionally to F;_1.

We plug (31) into (30). Therefore, it holds

ZIEt M) < Z(wgt +32A2§)

t=1
KT
SE;
O

The following lemma provides a bound with high probability on the quantity f/i,T — )\‘A/i,T,
for each i € [K].
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Lemma F.4. For anyi € [K] and X € (0, %), with X\ defined in (2) and m = max{1, m—2}.
We have for any § € (0,1/3), with probability at least 1 — 60:

. X 791 i
o < ] .
Lim = AVir < Lir + = lOg<KB)\5>

Proof. Let i € [K]. Recall that we have for any ¢ € [T7]

A

K_
E@t — gi,t = <m]l(l S Ut) — 1) (&'715 — gAt,t)
~ K .
Uig —Ca, 0= —1(i € Up)(lig — La, 1)

m

We introduce the following notation
Vit = Ei—1 {(Ei,t - EAt,t)zl

We have

T T 2

" N o K .

Lim—ANVr = L7+ E (&,t — &;,t) - A E (m) 1(i € Up)(Cip — Ca,1)?
t=1 t=1

T KT
=LiT+ Z(&,t - fi,t) - >\2 = Z Vit
=1 mi

Term 21
K T T K 2
A it — A ) 1G eU) Wiy —la, 1) 32
FAgn v AN () 16 €Ut~ a? (32)
Term 22

Bounding Term 21: Observe that (@” — i +)¢ is a martingale difference with respect to
the filtration F, bounded in absolute value by %B . Let us bound its quadratic characteristic.
Recall that A; and U; are independent conditionally to F;_1. We have

T A T e 2
> Ei {(&',t - Ei,t)ﬂ => Eiq [(1 - —1(ie Ut)) (Ui — EAz,t)2‘|
=1 =1 m
= ;Et,1 [(1 — %]l(l € Z/{t)> ]Etl [(f@t — gAt,t)ﬂ
KZ )
< = ;Et—l [(&‘,t —la,t) }
KX
= = Vigt-

A

Next, we apply Corollary D.4 to the sequence (¢ — i t)ecpry: We take c = AKB/(4m) < 1,
with probability at least 1 — 34, it holds

) K 720 n
;(zi,t—zi,t) —A%;m < A1og(KBM). (33)
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Bounding Term 22: Define the sequence (Q)¢cpry as follows:

K? . K
Qt = —A—51(i € Us)(lix — Capi)® + A —viy.
m m

Notice that (@) is a martingale difference sequence with respect to the filtration F, and

bounded in absolute value by 2\ K;? : ic. We have

ZIEt 1[Q7] <)\22Et 1[ 1(i € Uy)(liy fAt,t)“]

K432 T

< )\2 ZEt 1[L(2 € Up)Ep—q [(fz‘,t - €At,t)2}

K3)\2B2 T

p Vit
m3

)

t=1

Next, we apply Corollary D.4 to this sequence. We take ¢ = 1, we have with probability at
least 1 — 34:

ZQt )\—Zuzt < 36)\—B2 log(67")

9
< —Blog(6 ). 4
< 33 Blog(67") (34)

Conclusion: To conclude, we inject bounds obtain in (33) and (34) into (32).

We provide a key lemma that will be used in the proof of Theorem 4.1 and 4.2.

Lemma F.5. Let A € (0, 98K )\), where \ is defined in (2). Consider Algorithm 3 with inputs
(A\,m). We have with probability at least 1 — 9§

where m = max{1l,m — 1} and c is a numerical constant.

T ~
A 1 m
< min Lz +c 11
;5 =dmhTres °g<BA5>

Proof. For each i € [K] and t € [T], let iLiyt = @i,t — M and hyy = By {ﬁ”} Using
Lemma F.2, we have

T T T .
E it — E §t min hzt + % E M, + log(K) i (11/\K ) Z 3
t=1 =

ie[K] { = A m
T T N T
RO | AL . log(K)
<min Y hip+ > M-S &+ ; (35)
1€[K] 1 A 1 8 =1 A
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where we used the fact that A € ( » TO8K /\)

In order to conclude, we only need bounds on the terms min;cxj s, flm and %Zle M;.
Recall that Lemma F.3 shows that (M;) is a martingale difference sequence and provides
a bound on its conditional variance. Hence, applying Corollary D.4 to this sequence with
¢ = 3B\/40, with probability at least 1 — 34, it holds

1 & 324K 7024
- 5 < 27 (log 6 + 2log ).
A; 40A2KZ VeSS <Og " <32A2>)

We conclude that

d A 2 K 1

Next, to bound the term min;c[x] Z?zl IA%,: we use Lemma F.4. We have with probability at
least 1 — 60

T

min iALLt = min IA/LT — )\‘A/i,T
i€[K] ie[K]
721 m
< L; —1 — . 37
lrerﬁln]1 T+ \ og<B)\5) ( )

Finally, we inject (36) and (37) into (35) and use A € ( T ) We obtain that with
probability at least 1 — 96

T .
. m
Zut 2 226 < i L e o[ ).

\M

where ¢ is a numerical constant. O

The following Lemma is specific to the case m = p = 2 and IC = True in Algorithm 4.

Lemma F.6. Let )\ € (O, 352K2), where X is defined in (2). Consider Algorithm 4 with input
A. We have with probability at least 1 — 96

T

1 1
S }: Li 21
2t 32K & < D, T+C)\Og(B)\5)

where ¢ is a numerical constant.

Proof. For each i € [K] and t € [T], let ﬁi,t = Ai,t — Ay and hip = Ei VL”} Using
Lemma F.2, we have

ZT:A Z§ mln h + < ZM logK) 11)\K—£ ZTzé
t:1Mt 32K t S it t K 2 t

T

1 PR
Szrerﬁlll(l]] hthr)\ZMt ﬁ;£t+

log(K)
A )

(38)
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where we used the fact that A € (0, 352%)

The remainder of the proof is similar to the proof of Lemma F.5.

Lemma F.3 provides the following bound with probability at least 1 — 39
liM S Y& < 320, <1 > (39)
) TR ==X \Bae )

Moreover, Lemma F.4 provides the following bound with probability at least 1 — 64

T
721 1
i > i = i Lir + = log(ma)‘ (40)

Finally, we inject (39) and (40) into (38). We obtain that with probability at least 1 — 9§

T A 1 1
;ﬂt z; <Zm1n Lit+c )\IOg(B/\é)
where ¢ is a numerical constant. O

G On the sampling strategy in the case m = p = 2,I1C = True

Let p denote a distribution over [K]. Let £ = {A, B} denote a random set of elements in [K],
such that A is sampled from [K] following p and B is sampled independently and uniformly

at random from [K] (possibly A = B and € is a singleton). Therefore, we have for each
u,v € [K], such that u # v:

Py + Dy
B(e = {u,0)) = PEP

and

Du
P(E = {u}) = 2

Finally, let pg denote the restriction of the distribution p on £, conditional to £. Let X denote
a random variable following pg

. ) . Di
VieE pe(X=1)=p(X =il) = =——.
> jee Pj
Let I and J denote two random variables on [K] sampled conditionally to £, independently
following pg (with replacement).

In this section, we prove two results: the marginal distribution of I on [K] is identical to
p, and a bound on the probabilities of the joint unconditional distribution of (I, .J).

Lemma G.1. For eachi € [K],
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Proof. Fix i € [K]. Let K denote the set of subsets of [K], constituted of at most two
elements.

For any subset a € I, define

Da = Zpi-

i€a
We have

PI=i)=> PI=iE=a)
aclkl
=PI =i ={HPE={}+ Y PU=il€={u,i}) P = {u,i})
ue[K]\{i}
Pi Pi  DPutPi
= Z
welkhp P TP K
_Pi  Pigp_
=% + K(K 1)

Lemma G.2. For eachi,j € [K],
. . 1
P(I =1, =]) 2 -Pipj.

Proof. Fix i,j € [K]. Let K denote the set of subsets of [K], constituted of at most two
elements.

Suppose that ¢ = j. We have

PI=iJ=i)=> PI=iJ=i&=a)

acll

=Y P =iJ=ilf=a)PE=a)
acll

=Y P =il€ = a)’P(& = a),
acll

where we used the fact that I and J are independent conditionally to £ and that I and J
follow the same distribution. We use Jensen’s inequality:

2
P(I=i,J=1i)> (Z P(I =i|€ = a)P(€ = a))

aell
2
g pZ .
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Now suppose that i # j. We have

P(I=i,J=35) =P =4,J=4&={ij})
=PI =il€ ={i,jHP(J = j|€ = {i, j}HP(E = {i, j})
__ Di p; Di+Dj
pi+pipi+p; K
_ bipj
o

H Proof of Theorems 4.1 and 4.2

We consider the notation of Algorithms 3 and 4. Let 7;;; = P(I; =4, J; = j|Fi—1). Introduce
(fiy and & are the same quantities as in the previous section):

fi = > Pirlis,

i€[K]
A 1 7
o= Y A (i — )
z‘je[[K]]
Z DitPje (Lip — L )2
zJE[[K]]

We have, using (8) with ¢ = 1/ (implied by Assumption 1, see Lemma 1.1):

Fi,+F S 1 A
Ze ( Iy Jt S ( Elt,t + 5£Jt7t - i(eft,t B eJtvt)2>
t=1
1Z 1 & S Ay
/ N
§ZUt+§ZUt—327KZt Zwt—zzw
t=1 t=1 tzl =
Term 1
T A L A&
mA A
+Y it o> &= 7D
— 32K t=1 4 t=1
Term 2

where

Upi=Lr— ;. Upi=Lye— s Wei= (0 — g4)° = D

Section H.1 below is common to Theorem 4.1 and 4.2. In Section H.2, we distinguish between
the case where (p = m = 2,IC = True) and (p = 2,m > 3) or (p = 2,m = 2,1C = False).

H.1 Bounding Term 1

Recall that in Algorithm 3 we have by definition of I;, conditionally to F;_1: Iy ~ py.
Furthermore, in Algorithm 4, using Lemma G.1, conditionally to F;_1, we have: I; ~ p;.
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Hence, (Ut)te[[T]] is a martingale difference sequence bounded in absolute value by B. Moreover,
we have for all ¢t € [T]

E[U3Fiq] =&

Next we apply the high probability bound provided by Corollary D.4 to the sequence (Ut).e[7y,
with ¢ = mBM/(32K). We have with probability at least 1 — 38

T ~ T

m K K
E U — E <770 — |. 41
' RK T~ (mBm) (41)

mA

Recall that in Algorithm 3 and 4, I; and J; have the same marginal distribution. Therefore,
with probability at least 1 — 34, (41) holds with Uy replaced by Uj.

Similarly, the sequence ((—\/ 2)Wi)sery is a martingale difference bounded in absolute value

by AB2. For any t € [T7],

22 A2 2\2B2
TE[WIR] < SB[ — 0001 Fi] < S

Next, we apply Corollary D.4 to the sequence ((—\/ 2)Wi)iepr): We take ¢ = 1, we have with
probability 1 — 34:

w\y\
..My\

T
Z 72AB?log(6™ 1)

< 72Blog(671). (42)

Using (41) and (42), we conclude that with probability 1 — 9§

K K
Term 1 < 7772— log( — ) (43)
mA mBAd

H.2 Bounding Term 2

We divide this part of the proof into two section (depending on the expression of the joint
distribution 7).

H.2.1 Case (p=2and m > 3) or (p =2, m =2 and IC = False)

Recall that conditionally to F;_1, the played experts I; and J; are sampled independently
according to p; from [K]. Therefore for any i,j € [K], 7 = DiDjr and 0y = &.

Hence, Term 2 satisfies the following bound

T T
Term 2 < Zﬂt— §Z£t
t=1

t=1
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Using the first claim of Lemma F.5, we have if A € (0, 12@}( 5\)

Term 2 < zIen[[lfr(l]] Lit+c X 10g<Bn;5) (44)

where ¢ is a numerical constant. The conclusion of the theorem follows by combining the
upper bounds obtained in (43) and (44).

H.2.2 Case m =p =2 and IC = True:

Using Lemma G.1 we have I; ~ p;. Furthermore, using Lemma G.2 we have that for any
i,j € [K], any t € [T]:

1
ﬂ—zy t 2> sz tp] t-

Therefore o, > %ét, and we have the following bound on Term 2:

T 35\ T .
T 2 < ; — ——
erm _;Mt 32Kzft

t=1
Using the second claim of Lemma F.6, we have if A € (0, 73525‘ KQ)

T T

1 1
Lir+ec <1 . 45
; 3232 s g Lir ey Og(wa) (45)

The conclusion of the theorem follows by combining the upper bounds obtained in (43) and
(45).

I Proofs of lower bounds, Theorem 5.1 and Theorem 5.2

The proofs of Theorem 5.1 and Theorem 5.2 are presented in four steps. The only difference
between the proofs is in the last step. Thus the first three steps are common to both proofs.

We adapt the main steps of Auer et al. [1995] to our setting. The gist of the proof is the
following. We construct a distribution with very correlated experts. In this situation, going
from a weighted average of experts to a single expert with the largest weight does not change
the prediction risk much. Then, we use some classical arguments in deriving lower bounds for
the expected regret using information theory results.

Let T > 0 be fixed, we consider that the loss function is the squared loss and we focus on
the particular setting where the target variables (Y;) are identically 0.

First step: Specifying the distributions. We start by considering a deterministic
forecaster. We denote by P; the joint distribution of expert predictions, where all experts are
identical and distributed as one and the same Bernoulli variable with parameter 1/2, except
the optimal expert ¢ who has distribution B(% — e) but is still strongly correlated to the
others.
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More precisely, let (Up)yc[r] be a sequence of independent random variables distributed
according the uniform distribution on [0,1]. We consider that in each round the expert
predictions have the following joint distribution P;:

. Forj#i By =1(U; < 3).

- Fu=1(Ui<t—e).
Recall that in this setting we have for any k, j € [K] \ {i}
B[ Fr] =

Ei[FiFjil =5 —e

N DN =

Finally, we denote by Py the joint distribution where all experts are equal to the same
Bernoulli(1/2) variables, i.e., experts predictions are defined by F;; = 1(U; < 1/2), i € [K].

Second step: Strategy Reduction. Suppose that the player follows a deterministic
strategy A. In each round ¢, given F;_1, this strategy selects a subsets S; of [K] of size m
and a sequence of non-negative weights (e ¢)ies,, such that Y, a;+ = 1, and plays the convex
combination ) g, ;¢ Fj¢.

For such a strategy A, we associate a strategy fl, such that in each round, we run the
strategy A except that we play only the expert with the largest weight 7; € ArgMax;cg, a .

Let us analyse the difference of the cumulative loss between the strategies .4 and A. Let
l¢(A) denote the loss of the strategy A at round t. We have

( > (i :j)Fj,t)2 .

JESt

—E;

E[1(4) — b(A)] = E, [( Z aj,tFj,t>2

JES

A

If i ¢ S; then we have E;[l;(A) — I;(A)] = 0.
If i € S; and 2; = i, we have (let j € [K] such that j # i)
Ei[1(A) = b(A)] = B:[(1 = ai) Fiy + i Fi)’| — Bil By
1 1 1 1
= (1 — ai7t)2§ + azz,t (2 — 6) + 20&1‘7,5(1 — am) (2 — 6) - 5 +e€

=€(1— ozi,t)2
> 0.
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If i € S; and i; # i, we have (let j € [K] such that j # i)
Ei[1(A) = b(A)] = B:[(1 = ai) Fiy + i Fin)’| = Bl F]

1 1 1 1
= (1 — C)[Z'7t)2§ + Oé%t <2 — 6) + 20&1"1/(1 — OZLt) <2 — 6) — 5

— en? .
= €q;; — 2eqy
3

Z *167

where we used the fact that a;; € [0,1/2], since ; # i.

To summarize, in the worst case, the excess loss between A and Ais —%e. Hence, we have
the following lower bound on the expected regret between the two strategies:

Re(A) = Re(A) > —%Te. (46)

Third step: Information theoretic tools. Let us introduce the following notation:
assume the player follows a deterministic strategy A, and let Z; = (Cy, }(Fj)icc,) denote the
information disclosed to the player at time ¢t. Denote Z! = (Z1,...,Z;) the entire information
available to the player since the start. The quantities Z;, Z* are considered as random variables,

whose distribution is determined by the underlying experts distribution, and the player strategy
A.

Lemma I.1. Let F(ZT) be any fized function of the player observations, taking values in
[0, B]. Then for any i € [K] and any player strategy A,

E[F(27)] <E[F(27)] + \/IEO Jlog(1 — 2¢)1,

where N; = Y.L 1{i € Cy}.

In the case where |Cy| = 1 for all t, the following sharper bound holds:

E[F(27)] <B[F(27)] + \/EO ] log(1 — 4¢2)-1

Proof. Fix i € [K]. Denote Q; the distribution of Z7 induced by expert distribution P; and
a fixed player strategy A (omitted from the notation for simplicity). For any function G
bounded by R, it is well-known that it holds [Exp[G(X)] — Ex~g[G(X)]| < 2R|P — Q|| 1y,
where ||-||;y, denotes the total variation distance. Hence, by shifting F' by —B/2, we get

E[F(27)] ~ Eo[F(27)] < BIG: - Qollyy < By 5KL(Qo]Q1),

by Pinsker’s inequality, where KL(.) denotes the Kullback-Leibler divergence.

Next, we will compute the quantity KL(Qp|/Q;). The chain rule for relative entropy
(Theorem 2.5.3 in Cover, 1999) gives:

T

KL(Qol|Q) = Y_KL(Qo{ 22" fllQi{z]2''}), (47)

t=1
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where

2 zt—l
KL(@0f 02 V012 ) = 3 ol s o 2

3 QO{Zt—l,Ct}Qo{zt|Ct}log<m>.

s.t. ZECt
The last line holds because Qq¢{2¢|2/ 71} = Qo{2¢|2 71, Ci }Qa{Ct|z! 71}, and it holds Qp{Cy|2z! 1} =
Qi{C; ]ztfl} since the strategy’s play only depends on past observations; also Qe { 2 |zt1, C} =

Qe{2t|Ct} since the observed experts’ losses at round ¢ are independent of the past given the

choice of C;. Furthermore, if i ¢ Cy, one has Qo{z|C:} = Qi{z:|C:}.
On the other hand, if z; is such that i € C, then:

o under Q since all experts are identical and equal to the same Ber(1/2) variable (and Y;
is identically 0), Qo(2¢|C;) only charges the two points with all observed losses equal to
0 (denote this ug) or all equal to 1 (denote this u1), each with probability 1/2;

o under Q, it holds Qi(w|Cy) = § — € and Q;(up|Cy) > L. In fact, if |Cy| > 2, then
Qi(uo|Cy) = 4 (since with probablhty e under QQ;, we observe a state that is neither uo nor
u1, namely when all observed experts err but F;), and if |Cy| = 1, then Q;(uo|Cy) = 5 lie
(since F; alone is observed then).

Therefore, in general

KL(Qu{Z|2' "} |Qi{z12''}) < (zect)(élog(l/;/fe)+ 1og<£>)

—_

< —Py(i € Cy)log(1 — 2¢) "

[\)

In the case where |C;| = 1 for all ¢, we get the sharper bound

KL(Qo{Zi|2" Q{212 }) = Poli € )5 1og<1/12/f )+ ;10g<1/12/i )

= 5]?0(2 € Ct)log(l —4e )

Plugging this into (47), we obtain

KL(Qo||Qi) < —3Eo[N;]log(1 — 2€), resp. KL(Qo||Q;) < —3Eo[N;]log(1 — 4€?), if || = 1
for all ¢, leading to the claims.

O]

Fourth step for Theorem 5.1: lower bounding the regret of A in the case |Cy| > 2.
Recall #; denotes the single expert played by the “reduced” strategy A. At round ¢, the
expected loss for the player playing A is given by

Bill] = (5 - c)Pi(ii=i) + 5Bi(i 1) = 5 - e Bi(i =),
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For each j € [K] let M; := Y1, ]1{@ :j}. Hence

T
ZEi [lt,it} = g — € E;[Mj],

t=1

and the regret with respect to the optimal arm ¢ under P; is
Ei[Rr(A)] = (T - Ei[M). (48)

We can apply Lemma 1.1 to F'(Z!) = M;: since we assume the player follows a deterministic
strategy, M; is a function of the information Z* available to the player, bounded by 7. Thus
it holds:

E;[M;] < Bo[M. \/IEO Ni]log(1 — 2¢)7. (49)

Observe that Zfil M; =T and Zi:l N; = mT. Hence

K
SOE[M) < Z VEo[N;]log(1 — 2¢)~"
=1

'MN

o
Il
—

<E

ZMZ-] J ZEO i|log(1 —2¢)~"
i=1
— T4+ T3VmKe,
where we used the fact that for € € (0,1/4) : —log(1 — 2¢) < 4e. Let P, = + S K P; the

adversary choosing uniformly at random among the expert distributions IP; at the start of the
game (i.e. choosing at random the optimal expert). From the above and (48) we deduce

sl alerd)= (1) )

Using inequality (46), we obtain

B R (A) 2 (7 (5 - ) —rh ) T(210 . T?)’

if K > 5. Choosing ¢ = ﬁ%, we get

E.[Rr(A)] > 10~

3=

Recall that this lower bound was derived for deterministic players. Generalizing this bound
to random players follows simply by applying Fubini’s theorem. Also since the bound is in
expectation over expert predictions drawn according to P,, for any strategy A there exists at
least one deterministic sequence of expert forecasts with regret larger than its expectation.
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Fourth step for Theorem 5.2: lower bounding the regret of A in the case |C;| = 1.
The only difference between the proof in this case and the proof in the previous case is the
bound given by Lemma I.1. The regret with respect to the optimal arm ¢ under P; is

Ei[Rr(A)| = e(T ~ EiMi). (50)

We can apply Lemma 1.1 to F(Z!) = M;: since we assume the player follows a deterministic
strategy, M; is a function of the information Z* available to the player, bounded by T'. Thus
it holds:

Ei[M;] < Eo[M. \/EO N log(1 — 42) !

Observe that -5 | M; = T and K| N; = T. Hence

ZE <ZIE0 1+ Z\/EO Ni]log(1 — 4€2)~!

TK |1
<E0lZM]+J ZED log1—2e2)
i=1
— T+ T3V2Ke,
where we used the fact that for € € (0,1/4) : —log(1 — 4¢?) < 8% Let P, = £ S K | P; the

adversary choosing uniformly at random among the expert distributions IP; at the start of the
game (i.e. choosing at random the optimal expert). From the above and (50) we deduce

E.[Rr(A)] > Il(iﬂﬂ (Rr(A)] > e(T(l = ]1() ~ T2 2?)
=1

Using inequality (46), we obtain

1 1 3 €2 1 Te2

if K > 5. Choosing € = 3—10 %, we get

E.[Rr(A)] > 107° VKT.

The generalization for the random players follows directly using the same argument as in
the fourth step of the proof of Theorem 5.1.

J Proof of Theorem 5.3

Let ¢ be the squared loss: I(z,y) = (r —y)? on X =Y = [0, 1]. Consider the game protocol
presented in Algorithm 1 with p = 1 and m € [K]. Suppose that the target variable y is
identically equal to 0 (y; = 0 for all ¢ € [T]). Suppose that at each round ¢ € [T7], for each
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expert ¢ € [K], the prediction F;; follows a Bernoulli distribution of a parameter denoted ¢; ;.

We have
T T

E[Rr| =) E[F ] — E[F,
(Rl = 3CBlFi ~ min SUEIF)
The game protocol presented in Algorithm 1 reduces to the K-armed bandit game with m
feedbacks in each round, analysed in Seldin et al. [2014].

Theorem below presented in Seldin et al. [2014] (the full version including appendices) as
Theorem 2, provides a lower bound for the regret.

Theorem J 1 (Seldin et al. [2014]). For the K-armed bandit game with mT observed rewards

and T >
. K
inf sup E[Rr| > 0.03/ —T,
\ m

— 16 m’
where the infinimum is over all playing strategies and the supremum is over all individual
sequences.

The result stated in Theorem 5.3 is a direct consequence of the Theorem J.1 and the
setting described above.

K Some implementation details and algorithmic complexity

We discuss here some details of the implementation of Algorithms 2, 3, 4, more specifically
concerning the cost of keeping track of the distribution p; and of sampling from it at each
round. We concentrate on Algorithm 3 for simplicity, but the arguments below apply to all
algorithms.

We start with a fundamental observation. While the definitions (6), (7) for /;; and ®;,
were written in order to emphasize the unbiased character of the loss estimates, the algorithm
is unchanged if we use instead the shifted “pseudo-loss” estimates

_ . K
Uip =Vliy —Llp ¢ = %]1(2 e U)(liy — 1, 1), (51)

and further observe that it holds 0;; = lZQt Using the above pseudo-losses in place of the
estimated losses does not change the sampling distribution p;, since all estimated losses are
shifted by the same quantity ¢y, ;, which gets cancelled through the normalization in the
definition (5) of the EW distribution p;.

Observe that the pseudo-loss estimates th (as well as the corresponding variance estimates
;) are equal to zero for all i € U;. Therefore, to keep track of the cumulative pseudo-loss
estimates L;; = > k<t lik, only [Uy| = max{m — 2,1} of them have to be updated at each
round.

In order to keep track and sample efficiently from p;, we propose the following construction.
Let T be a balanced binary tree of depth [logy(K)], with K leaves, such that each leaf i € T
is identified to an expert index. Furthermore, assume that each internal node u of T stores the
partial sum Sy = > ,cor, exp(—)\iv,t + )\21707,5), where T, is the subtree of T rooted at node
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u. Then, by the above considerations, it holds that Sy = D¢ > cor, Dut = Dipt(9Ty), where
D, is a factor depending only on ¢ but not on the node u. Note also that D; = Sy, where
() denotes the root note of T'. It is then possible to sample efficiently I; ~ p; in a standard
manner, as follows:

1. Generate U ~ Unif[0, 1], and put Z = SpU. Let v = 0.
2. If v is a leaf of T', stop and output v.

3. Let vieft, Uright denote the two descendent nodes of v.
4. If Z < Sy, then let v < v and go to step 2.

5. Otherwise, i.e. Z > Sy, ., let v <= vignt, £ < Z — Sy, and go to step 2.

It easy to check that the above sampling returns a random sample from the probability
pt. (Namely, each time that step 2 is reached, conditionally to past steps Z is uniformly
distributed in the interval [0, S,], and therefore the left or right descendent of u is picked with
probability p(0Tu,,|0Ty) resp. Pr(0Tu,,,, [0Ty); the chain rule yields the claim.) Obviously,
the computing complexity of the above is O(log K') (the depth of the tree).

Furthermore, to update the quantities stored at the nodes of T at each round, since only
the estimated cumulative pseudo-losses of experts i € U; have their value modified, it is
sufficient to do the following for each i € U;:

1. Let v be the leaf representing i. Update S, < 5, exp(—)\llt + /\26i,t).

2. Go up the tree to the root and sequentially update all ancestors w of v according to

Sw = Suyer, + Sw

right *

Again, the computing complexity of this update operation is O(log K).

All in all, the computational cost of the initialization of the tree is O(K), but then at each
round the computational cost of the sampling and update operations is O(mlog(K)).
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