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Abstract

We consider a multi-armed bandit setting
where, at the beginning of each round, the
learner receives noisy independent, and pos-
sibly biased, evaluations of the true reward
of each arm and it selects K arms with the
objective of accumulating as much reward
as possible over T rounds. Under the as-
sumption that at each round the true re-
ward of each arm is drawn from a fixed dis-
tribution, we derive different algorithmic ap-
proaches and theoretical guarantees depend-
ing on how the evaluations are generated.
First, we show a O(TQ/ 3) regret in the general
case when the observation functions are a ge-
nearalized linear function of the true rewards.
On the other hand, we show that an improved
O(VT) regret can be derived when the obser-
vation functions are noisy linear functions of
the true rewards. Finally, we report an em-
pirical validation that confirms our theoreti-
cal findings, provides a thorough comparison
to alternative approaches, and further sup-
ports the interest of this setting in practice.

1 INTRODUCTION

Consider an idealized content reviewing task in a large
social media firm, where the objective is to identify
harmful content that violates the platforms’ commu-
nity standards. Given the large volume of content gen-
erated on a daily basis, it may not be possible to ask
human reviewers to provide a thorough assessment of
each piece of content. For this reason, the platform
may automatically assign a badness score for each
piece of content depending on their estimated level
of severity. For example, a hate speech related post
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may be assigned a higher badness score in comparison
to a click bait post. The content with higher bad-
ness score may then be prioritized for human review,
which eventually leads to what we can consider as a
“ground-truth” evaluation of the severity of the con-
tent. The more accurate the badness score is in pre-
dicting the actual severity, the higher the chance that
harmful content is passed for human review and prop-
erly identified. In practice, the badness score may be
obtained by aggregating predictions returned by dif-
ferent automatic systems (e.g., rule-based, ML-based
systems). For instance, the platform could rely on
NLP-based classifiers for hostile speech detection, or
CV-based classifiers for graphic images. As such, it is
crucial to properly calibrate the predictions returned
by each of these classifiers to ensure that the scores
can be compared meaningfully and then return an ag-
gregate and reliable badness score that correctly pri-
oritizes the most harmful content for human review.

The problem sketched before! can be seen as an in-
stance of the multi-armed bandit (MAB) framework,
where each piece of content is an arm and the objective
of the bandit algorithm is to select arms/content with
the higher reward (e.g., severity). The algorithm can
rely on the estimations returned by a set of evaluators
(e.g., a set of classifiers) to decide which arm to pull
at each step (e.g., content to pass to human review).
This setting can be formalized using a number of ex-
isting frameworks, such as MAB with expert advice,
contextual bandit, bandit with side observation, and
contextual bandit with noisy context. We postpone a
thorough discussion about these models to Sect. 3.

In this paper, we consider the case where evaluators
are noisy and possibly biased functions of the true
reward of each arm. In particular, we consider two
alternative settings, where evaluations are generated
according to: 1) a noisy generalized linear function
of the true reward; 2) a noisy linear function of the
true reward. In both cases, we first define an “oracle”
strategy that have prior knowledge of the evaluation

'Similar problems are patient prioritization in hospi-
tals (Déry et al., 2019), credit scoring (Provenzano et al.,
2020), and resume review (Li et al., 2020).
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function, including the noise distribution, and it is de-
signed to maximize the rewards of the arms chosen at
each round given the evaluations provided as input.
We then devise the most suitable MAB strategies to
approach the oracle’s performance over time. In the
first case, we show that one has to rely on an e-greedy
strategy to avoid dependencies between the evalua-
tions observed over time and the decisions taken by the
algorithm. This eventually leads to a regret w.r.t. the
oracle of order O(T?/3) over T rounds. On the other
hand, if the evaluation functions are linear and the
variance of the additive noise is known, we show that
a simple greedy strategy leveraging the specific struc-
ture of the problem is able to recover a O(v/T) regret.
We then validate these results in a number of exper-
iments. We first consider synthetic problems where
we carefully design the MAB instances to support our
theoretical findings and to compare to alternative ap-
proaches. Then we move to problems based on real
data, where our assumptions may not be verified, to
provide a more thorough evaluation of performance
and robustness of our approach. Notably, we study
a problem related to content review prioritization for
integrity in social media platforms.

2 PRELIMINARIES

We consider a multi-armed bandit problem where, at
each round t, the learner is provided with a set of
K; > K > 1 arms (e.g., the content to be reviewed
at time t) characterized by a reward r; ; € R for each
i=1,...,K; (e.g., the badness score). While the true
reward is unknown to the learner, J evaluators return
noisy, possibly biased, evaluations f;, ; for each arm
(e.g., different rule-based and/or ML-classifiers). At
the beginning of each round, the learner receives the
evaluations {f;;}, it returns a set A, C {1,..., K;}
of K arms (i.e., |A;| = K), and it observes their asso-
ciated rewards r; ; for i € A;.2 The learner’s objective
is to accumulate as much reward as possible over T
rounds by selecting the K arms with larger rewards.

Without any further assumption, this problem is not
tractable since the rewards may change arbitrarily over
time and the evaluations may not be predictive of the
true rewards, thus making it impossible for any learner
to achieve a satisfactory performance. Throughout the
paper, we make a series of assumptions to make the
problem solvable. We start from the rewards.

Assumption 1. The rewards r;; of each arm i =
1,....,K; at round t = 1,...,T are drawn i.i.d. from
a common distribution v supported on [0,C] with C

2For the sake of simplicity, we consider that the learner
receives the exact reward ri, but all our results can be
adapted to the case of noisy feedback.

a positive constant. The number of arms K; at each
round t is arbitrary and K < K; < Kpax < 00.

While this assumption simplifies the treatment of
the problem, it does not affect the objective of the
learner, which is to select the top-K arms at each
round, i.e., for the specific realizations {r;.}. For in-
stance, for K = 1, the objective is to return the arm
i} = argmax;—i .. K, 7t We do not assume that the
learner has any prior knowledge of the distribution v.

In general, the evaluators may rely on some contextual
information z;; associated to each arm i (e.g., texts,
images, meta-data related to the piece of content) to
return their evaluation f;; ; and their accuracy in pre-
dicting the true reward r; ; may vary depending on the
evaluator and the specific context x; ;. Nonetheless, we
assume that the learner has no access to the context or
the actual mechanism that generates the evaluations
(e.g., the evaluators may be external services) and we
rather rely on the following model to describe how the
evaluations are generated

fitg=fitrie) ey, 7=1,...,J, (1)

where f; : R — R is the evaluation function, and €;; ;
is a stochastic error. This general formulation can be
seen as the inverse of a calibration function, as it de-
scribes the intrinsic bias of each evaluator j and the
noise associated to the evaluations of the true reward.
See Fig. 1 for a qualitative illustration of this model.
We assume the noise in the evaluations satisfy a rather
mild assumption.?

Assumption 2. Fach error €;+; is generated i.i.d.
from a sub-Gaussian distribution with zero mean and
parameter o;, assumed to be known to the learner.

As far as the evaluation function is concerned, we dis-
tinguish two settings.

Assumption 3 (Generalized linear setting). We as-
sume that each evaluation function is a generalized lin-
ear model w.r.t. the true reward, i.e., f;(r) = g(a;-7),
for all j < J, where « € R and g is a strictly increas-
ing function and twice- differentiable with ||gH o < Ly
and ||gMeo < My, and ¢, := inf, g gz - 0) > 0. The
function g is known to the learner, while the evaluator-
specific parameters o are unknown.

Assumption 4 (Linear setting). We assume that each
evaluation function is linear w.r.t. the true reward,
e, fi(r) =ayr, for all j < J. While the shape of the
function is known to the learner, the evaluator-specific
parameters o are unknown.

3A similar assumption is used in (Yun et al., 2017),
where the covariance matrix of the distribution generating
the noisy features is assumed to be known to the learning.
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Figure 1: As an illustrative example, consider the case
where at each round t each arm is associated to a con-
text xix drawn from a context distribution and there
exists a function generating the true rewards as ri; =
h?(xix ). The distribution is then de ned by the dis-
tribution on rewards r = h’(x) induced by x . We
also denote by jh?(x) = r the conditional distribution
over contexts associated with reward r. Consider then a
neural network h, trained on past context-reward pairs,
that returns an evaluation for arm i characterized by a
context xix as fix = h(Xit). The black crosses in the
plot are the pairs (h®(xit ); h(xit )). The evaluation func-
tion associated to the neural network h is then de ned as
fr(r)= Ex jh2)=r h(x) (green line) and the noise is
the deviation from h(x) and f (r) depending on the speci c
realization of x, i.e., ix = h(xix) fn(r) for r = h?(xi ).
The blue line illustrates the perfectly calibrated case, where
h? itself is used for prediction, in this case fn2(r) = r.

=( 1;:::; 3) 2 RY. We use the standard notation
k k and k k; for the > and the maximum norm
respectively, while for any two vectorsx;y 2 R?, x y 2
R’ denotes the component-wise product.

We consider a setting where the bandit algorithm has
only access to the predictors' evaluations of the true
reward of an arm. This is a very generic scenario that

encompasses the case where evaluations are a func-

tion of a context characterizing an arm. The gener-
ality of our framework allows us to deal with prob-
lems where the context is not directly observable (e.g.,
because it is kept private) or where it di ers across
evaluators. For example, similarly to bandits with ex-
pert advice, evaluators may use very di erent context
sources (e.g., visual information, text, meta data) to
build their predictions, but these are unknown to the
bandit algorithm (e.g., because evaluators are exter-
nal services). The resulting model in Eqg. 1 is then a
calibration function which, in the case evaluations are
function of a context, can be understood as explaining
the connection between the true reward and the eval-
uations after averaging over the stochasticity in the
(non-observable) context information (Fig. 1). Notice
that if the context was available, the evaluations could
be disregarded as the bandit could directly rely on the
context to predict the rewards in the rst place, as in
standard contextual bandit.

We conclude by noticing, despite these additional as-
sumptions, no learner can retrieve the bq§t choice of
top-K arms at each round (i.e., max i « 2 Fiit)s
since the only information available to the learner is
from biased and noisy evaluators (see Lemma 3 in
App. A). As a result, instead of targeting the top-K
arms, in the following we introduce oracle strategies
that leverage the full knowledge of the problem (i.e.,
the evaluation function and the noise distribution) and
use their performance as reference for the learner.

3 RELATED WORK

Before diving into how to solve the problem introduced
in the previous section, we review alternative models
that are related to our setting. Let consider the case
with K =1 (i.e., the learner returns one arm at each
round). The most direct way to model our setting is
MAB with expert advice (Auer et al., 2003), where the
evaluators are experts and evaluationsffi; g are the
experts feedback. In this case, it is possible to derive
algorithms with sublinear regret w.r.t. the best expert
in hindsight (Beygelzimer et al., 2011). While this is a
very general model, where no assumption is imposed
either on the rewards or on the experts feedback (they
could even be generated adversarially), algorithms de-
signed for this setting tend to be over conservative in
practice, as they have to be robust to any sort of data
process. Furthermore, none of the evaluators may be
very accurate (e.g., they all have very large variance)
and targeting the performance of the best among them
may not correspond to a satisfactory performance.

Alternatively, we can frame our problem as a contex-
tual MAB problem (Agrawal and Goyal, 2013; Agar-
wal et al., 2014). We could aggregate all evaluations
for arm i into a context representation

it = (Fie 1 fig oo fiey ) 2 RY: 2)

Unfortunately, there are two major issues using this
model: 1) in general, the reward ri;y may not be a
simple function (e.g., linear) of i;; 2) the contex-
tual features may be noisy realizations of some \true"
features (e.g., due to the noise factor;; in Eq. 1).
In order to deal with the rst issue, we could rely on
Asm. 4, which would lead to a linear contextual prob-
lem. The second issue could be dealt by using the
approach proposed by Yun et al. (2017) for linear con-
textual bandit with noisy features. While the setting
in (Yun et al., 2017) bears some similarities (e.g., the
noise distribution is assumed to be known, they con-
sider a similar notion of relative regret and study a
greedy algorithm), there remain some crucial di er-
ences: 1) they consider unbiased features, which cor-
responds to a very specic instance of Asm. 4 with
i =1, 2) they provide guarantees only for Gaussian
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noise, while the algorithm designed to handle the gen-
eral case has no regret guarantee.

Finally, alternative models of contextual bandit with
non-deterministic features considered the case where
the full distribution of the features is known (Yang
et al., 2020) or part of the features are corrupted (Ga-
jane et al., 2016; Boune ouf, 2021). These settings do
not match the use cases studied in this paper.

4 GENERALIZED LINEAR CASE

We consider the case where the evaluator functions
satisfy the generalized linear model in Asm. 3.

4.1 The Oracle Strategy

We rst de ne an oracle strategy that, beside ; and
0, has prior knowledge about the parameters j. At
each round, the oracle receives as input the evaluations
ffi; g and has to selectK arms. We focus on oracle
strategies O of the following form

1. The oracle O rst aggregates the evaluations into
a reward estimation bY for each armi using a
weighted average scheme. Let;; 2 R’ the vector
collecting all evaluations as in Eq. 2 andw 2 R’ a
weight vector, then we de ne*

by = ®3)

whereg 1! is the inverse of the link function applied
component-wise to it . The choice of the weights is
xed and independent from the actual evaluations,
but it may depend on the evaluation function and
the noise distribution.

2. The oracleO then returns the top-K arms according
to the estimates bY , i.e.,

hw;g *( ir)i;

AP = arg maxtw;g 1( )i ()
The crucial aspect is then to nd the weighting scheme
w that guarantees the best performance for the or-
acle. Leti};:::;ig be the true top-K arms and

AR = fif;:::;iQ g be the estimated top-K arms ac-
cording to the estimated rewardshf; . Ideally, at each
round t, we would like to nd the oracle weights that

minimize the suboptimality gap

®)

“In the linear case for ; =1 (i.e., the link function g
is the identity function) and Gaussian noise, (Yun et al.,
2017) showed the exact posterior overri; given the evalu-
ations ffit; g takes a weighted average form as in Eq. 3.

Since the rewardsrj; as well as the evaluationsfi; g
are random, it is not possible to minimize the previous
expression for any possible realization using a xed set
of weights. Thus, we rather focus on minimizing a
high-probability upper-bound of Eqg. 5.

Lemma 1. Under Asm. 2 and 3, with ; being the pa-
rameter of the generalized linear model for each eval-

rameter of the noise it , let 2 (0;1) be a desired
con dence level, then the oracle strategy designed to
minimize a (1  )-upper bound of Eq. 5 is character-
ized by the weights solving the optimization problem

v v

o b,x
min 2t K3 (Wj 1)2\ + Kt J (Wj j)2

w2 RJ )
j=1 j=1 .
7 (6
0 (6)
=1
where® = In Kma  The previous problem has a

closed-form solutionw* 2 R? such that

+ j

i 2
ik

o ™

The resulting oracle has suboptimality gap w.pl

— . P
In Kme 4 K

k 1k

q _
2K J

(8)

-+

We rst remark that the previous lemma does not use
Asm. 1 and it holds for any realization of the rewards,
where the probability (1 ) is w.r.t. to noise in the
evaluations. We notice that the optimal weight WJ-+
is proportional to the ratio = J-Z, which describes the
amount of \signal" with respect to the noise for evalua-
tor j . Indeed, the oracle gives less weight to evaluators
that are noisy (large ;), while relying more on eval-
uators with strong \signal" (large ;). Indeed, as
increases w.r.t. ;, the evaluations tend to be near de-
terministic and thus more reliable. Interestingly, the
suboptimal gap in Eq. 8 shows that the oracle im-
proves as the numlbeL of evaluators increases (the term
K 1k grows as' J) but 2 does not tend to zero
even whenJ !'1 . While this might be counterintu-
itive (the learner is provided with an in nite number

of independent evaluations), the residual gap is due to
the nonlinear nature of the generalized linear model,
where the zero-mean noise added to the evaluations
may be ampli ed or decreased throughg ! while re-
constructing the unknown parameters ;.

Based on the previous lemma, the oracle strategy for
the generalized linear case is de ned by the weights/*
and we denote byb;, and A the associated reward
estimates and top-K arm selection rule.
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Algorithm 1:  GLM- "-greedy algorithm

Input:  Noise parametersf ;g; ;, condence level
Parameters: exploration level *; number of arms to
pull K'; regularization

SetHo=;,b=0and wy =0

SampleZ; Ber (")

Observe evaluations for each arm (it )i «,

if Zy =1 then

Pull arms in A; obtained by sampling K arms
uniformly in f1;:::;Kg

Observe rewardsri; forall i 2 A

Add sample to dataset
He=He o[ [i2a f( ixirix)g

Update estimators bj; by solving

X
rg(by ) )

o 2H ¢

bt:j =0 (9

Update weights wy; = by =kby Tk
else
| SelectA; =argmax  hwi; it i

4.2 The GLM- "-greedy Algorithm

Building on the oracle strategy de ned in the pre-
vious section, we now consider the learning problem
when the link function g and the noise distribution
are known, but the learner has no knowledge of the
parameters ;. As customary in MAB problems, at
each roundt, the learner observes only the rewards
of the selected arms inA;. The main challenge in
this setting is that a learner leveraging the evaluations
ffitj 0 is directly aected in its choices (i.e., the set
Ay) by the noise j; generated at the beginning of
round t. This is radically di erent from the standard
MAB setting, where the noise (in the reward) follows
the arms played by the learner, which are then inde-
pendent from any noise conditionally on the past (see
App. B). A way to circumvent this dependency is to
rely on an "-greedy strategy, where only the samples
obtained in exploratory steps are actually used to build
an estimator of the unknown parameters ;.> The re-
sulting algorithm is detailed in Alg. 1. The core of
Alg. 1 is a maximum likelihood estimation step where
the algorithm learn the parameter . Coherently with
the evaluation model in Eq. 1, the true rewards ¢ )it
serves as the input for the functionf; (in this case the
GLM model), while the evaluations ( i )it work as
the values we need to t.

We now compare the performance of Alg. 1 to the or-

SWhile we study an "-greedy type of algorithm, any
type of exploration method decorrelating the estimation
procedure and the exploration, like an Explore-Then-
Commit strategy, would achieve a similar regret.

acle strategy and de ne the notion of relative regret

X X X
Ry = by b (10)

i2A ¢

where w* 2 R’ is the oracle weight vector, bj; are

the associated reward estimates, and\{ is the oracle
set of top-K arms. This notion of regret, rst intro-

duced by Yun et al. (2017) in noisy contextual bandit,
is comparing the quality of the arms returned by the
algorithm and the oracle according to theestimated re-
wards, for which the oracle is optimal (see App. E for
further discussion). The following theorem shows that
if " is properly tuned, "-greedy has sublinear regret.

Theorem 1. Forany 2 (0;1), T 8 =J !and
set"=T 2, let 2 =E (g( jr)?) and ;mn =
min; ; . Then under Asm. 1, 2, and 3 we have that
with probability at least 1 the regret of Alg. 1 is
bounded as

11

p_—

1+ 3 kgk
P

K2 2

k K Sk ki,

Rr @& 1% —
K ; min

min

where kgk; =maxix 2p0.c79( jX) and

r 1
K In €K max

J+
K

=2 Kk k1 2p

+ K kgkl

2, kK 'k, °

T KOk T ke

k
2k + ko %k .

As expected, the regret of GLM-'-greedy increases
as ®(T273). While this shows that the algorithm is
able to approach the performance of the oracle, it
also illustrates the di culty of this setting, where the
strict decoupling between explorative and exploitative
steps used to guarantee a consistent estimation pro-
cess translates into a higher regret. Interestingly, this
result matches the regret of Yun et al. (2017) for con-
textual bandit with noisy features.

In order to investigate the main terms appearing in
the previous bound, we consider the case where all
evaluators share the same parameters; = ( and

j = oforsome (o; 0) 2 R? (with o 1). Inthis
case, the regret bound of Thm. 1 reduces to

We rst nptice that the bound scales as
maxf K;K J 1g. Similar to the suboptimal-
ity gap for the oracle (see Lemma 1), whenJ !'1
the bound improves but gdoes not decrease down to 0
and rather converges to K. The dependency onk
may be surprising, since forK = Kpnax the regret is
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trivially O at each round (i.e., the algorithm returns
all arms and it cannot make any error in the ranking).
However, this dependency comes from the fact that
in the regret analysis we bound the norm of the
evaluations for the selected jobs, which scales linearly
with K. We believe a more re ned analysis could
alleviate this dependency. Last, the regret depends
inversely on the "signal-to-noise" ratio —%

5 LINEAR CASE

We consider the special case of linear evaluations and
show how this relatively minor change to the problem
has a major impact on how to approach the learning
problem and the regret.

5.1 The Linear Oracle Strategy

Similar to the GLM case, we de ne the oracle strat-
egy that de nes an estimated reward tﬁ = hw; i,

Then the oracle ranks arms according toh and se-

lects the set of top-K AP accordingly. We then op-
timize weights to minimize a high-probability upper
bound to the suboptimality gap ©.

Lemma 2. Under Asm. 2 and 4, with ;, being the
parameter for each evaluatorj =1;:::;J, ; being the
sub-Gaussian parameter of the noise;y; , let 2 (0;1)
be a desired con dence level, then the oracle strategy
designed to minimize a(1  )-upper bound of Eq. 5
is characterized by the weights obtained as the solution
of the optimization problem

y—
;fj X X
min 2t K3 (w; ;)% st wi j=1 (11)
w2 RJ . )
j=1 j=1
where® =In Kmc = The previous problem has a

closed-form solutionw* 2 RY such that

+ — J
W = % el (12)
The resulting oracle has suboptimality gap w.pl
qg___
. 2K In Kot
Tk & (13)

The weights of the oracle have the same expression in
the GLM case in Lemma 1. Nonetheless, the subop-
timality gap is smaller than in Lemma 1 as the linear
structure allows to concentrate the noise of the evalu-
ations, unlike in the GLM setting where the potential
non linearity of g forces us to study the worst-case
scenario. Notably, in the linear case, we see that ad
tends to in nity the suboptimality gap tends to zero.

5.2 Evaluation-Structure-Aware Greedy

Similarly to Sec. 4.2, the learner has no knowledge
of the parameters ; but only knows the noise dis-
tribution and the linear structure of the evaluations.
The main estimation di culty of the general case still
applies to this setting, i.e., using samples obtained by
selecting arms based on the evaluations may introduce
a bias in the estimation process.

Instead of introducing explicit exploration steps to
gather \unbiased" samples, as done in the GLM case,
we exploit a more subtle property for this case. We
notice for any evaluator j, the expected evaluation is
Efiy, =E jrie+t iy = 0 (14)
wheret = E[ri; ] is the expectation of the reward dis-
tribution in Asm. 1. Consider an oracle strategy
that is fed with the parameters ;r, then the opti-
mal weights in Eq. 16 becomew® = w*=r. While

this leads to estimatesg], that are biased w.r.t. the

oracle estimatesh; , the factor 1= is evaluator- and
arm-independent and it does not impact the ranking
returned by this biasedoracle, i.e., & = A; . This in

striking contrast with the GLM where it is not possible

to easily evaluate a vector proportional to because
of the potential non-linear behavior of g.

Building on this evidence, we de ne an algorithm,
the Evaluation-Structure-Aware Greedy (ESAG) in
Alg. 2, that avoids the use of the observed rewards
altogether, thus removing the statistical dependency
between noise and decisions, and rather tries to esti-
mate the expected evaluations in Eq. 14 (see Eq. 15
in Alg. 2) and use them to build estimates, as in the
biased oracle. SinceESAG only relies on the evalu-
ations available at round t, it does not need anyex-
plicit exploration strategy to collect useful informa-
tion, and it executes greedy actions according to the
current weights w; at each round. We can derive the
following regret guarantees®

Theorem 2. Under Asm. 1, 2, and 4 for any 2
(0;1), T 1 with probability at least 1 the regret
of Alg. 2 is bounded by:
" #
% 0 2 p* 0g
r 4%
Rt E (r) (r)k K ﬂgi

whereKy = P—T
erage of the number of arms ovefT steps, S is the
same as in Thm. 1 and

K is the harmonic av-

t=1

" !

J+ Kin

K max

p
+2k ki 2 K

OZ 2k kCIn 2

5While we derive Thm. 2 for a greedy algorithm, similar

results hold for an optimistic exploration strategy.
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Algorithm 2:  The Evaluation-Structure-Aware
Greedy (ESAG ) algorithm for the linear case.
Input: Noise parametersf jg; ;, condence level
Parameters: number of arms to pull K

Setb=0, wo=0and N =0

for t=1;:::;T do

Observe evaluations for each arm (it )i «,
Select Ay =argmax K hw; iy i
Observe rewardsri; forall i 2 A
Update b; as:
b o p Nt K NKe i 15)
t+1 — t (Nt+ Kt)Nt Kt
Update N¢+1 = N¢ + K¢ and w; as
bt+1 'j
Wit +1 B = (16)
T kb W

The most interesting aspect of,tne previous theorem is
that the regret is of order ®(' T), since ESAG does
not pay for the sharp separation between exploration
and exploitation steps as forGLM- "-greedy .

6 EMPIRICAL VALIDATION

In order to study di erent aspects of the settings and
algorithms introduced in the previous sections, we fo-
cus on both synthetic and real data experiments. We
report further results in the supplementary material.

6.1 Synthetic Data

We rst validate our algorithms on synthetic data. We
considerK; = Kmax = 20 arms where for each arm
we getJ = 10 evaluations. The reward distribution
is a Gaussian distribution centered at 0 and trun-
cated between [020]. We consider both the logistic
case withg(x) = (L+exp( x)) ! and the linear case
where for all evaluatorsf;(x) = ;x. At the begin-
ning of each experiment, we draw the coe cients
and the parameters ; from uniform distributions in
[ 0=2;3 0=2] and [ 0=2;3 ¢=2] respectively. As dis-
cussed in Sect. 4, a critical term characterizing the
problem structure is the ratio ;= ;. We then set
o =1 and consider three di erent values for ¢ such
that o= o 2 f0:1;1;109. Finally, the noise in the
evaluations are generated asi;; N (0; ?) in the
linear case whereas in the GLM case;j is drawn
from a truncated centered gaussian distribution with
variance 2 j2. We average all results over 80 runs and
we report 95% con dence intervals. Additional details
are reported in the supplement.

Oracle performance. Before investigating the per-

formance of the learning algorithms, we compare the
performance of the oracle strategy to a simple average
strategy that de nes by =1=J le fir; and ranks
arms accordingly. We also study how the suboptimal-
ity gap of the oracle changes agd increases for both the
GLM and linear case. As shown in Fig. 2a, in both set-
tings that oracle strategies outperform the simple av-
erage. Furthermore, as predicted by Lemma 1 and 2,
the oracle suboptimality gap decreases ad increases,
but it plateaus to a xed value for GLM, while it tends

to zero for the linear case.

6.1.1 The GLM Case

We consider dierent types of algorithms: GLM- "-

greedy (Alg. 1); GLM- "-greedy-all , it has same
structure as Alg. 1 but uses samples from both explo-
rative and exploitative steps to build the estimator b;

GLM-EvalBasedUCB , it uses all samples to build
an estimator b and leverages a high-probability con-
dence interval on b to derive optimistic weights w

and rank and select arms accordinglyGLM-LinUCB

the algorithm of Abbasi-Yadkori et al. (2011) using

g I( ix) as features; GLM-ESAG , Alg. 2 adapted

for the GLM case; Rand, the fully random strategy;

GLM-Greedy , the greedy strategy using the MLE

estimator b; Exp4.P , the bandit with expert advice

algorithm in Beygelzimer et al. (2011).

Estimation Bias.  As discussed in Sect. 4.2, one of
the critical aspects that motivated the use of an"-
greedy approach and led to the®(T273) is the fact
that whenever the set of arms is chosen according to
the noisy evaluationsff; g, the dependency between
ity and Ay may create a bias when estimating the
parameters ; using the samplesr;; observed after
selectingA. We illustrate this e ect in Fig. 2b, where
we report the error of the estimates b; computed by
GLM- "-greedy and GLM- "-greedy-all  w.r.t. the
true parameters . While the error of the estimator
computed by GLM- "-greedy decreases over time, the
error for GLM- "-greedy-all  has a residual bias due
to the estimation procedure. Similar results can be
shown for all the algorithms (e.g., GLM-ESAG ) that
rely on samples generated by selecting; based on the
evaluationsffi; gand they can be reproduced in the
linear setting as well.

Regret Performance.  We compare the performance
of dierent learning algorithms in terms of relative
regret w.r.t. the oracle de ned in Sec. 4.We remove
from Fig. 2c all algorithms (i.e., RAND , Greedy ,
EXP4.P ) that su er large linear regret to avoid loos-
ing resolution on the other algorithms. While GLM-
ESAG and GLM-LInUCB have better regret, they
both have a linear regret that keeps increasing over
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Table 1: Cumulative badness overT = 2000 steps

[ Alg. | Badness |
Rand 3007618
GLM- "-greedy 534036
GLM- "-greedy-all 53419
GLM-EvalBasedUCB 533283
GLM-LinUCB 309105
GLM-ESAG 533939
GLM-Greedy 533719
Exp4.P 477667
EvalBasedUCB 90768 :2
LinUCB 90332:2
ESAG 90790:5
Greedy 699563

time, while GLM- "-greedy has a sublinear regret’

6.1.2 The Linear Case

We also study the linear case and compare the lin-
ear versions of the algorithms described above. As
illustrated in Fig. 2d, the crucial di erence w.r.t. the
GLM case is that now ESAG has sublinear regret,
whereas other algorithms have linear regret. Interest-
ingly, EvalBasedUCB , despite the bias introduced
by using samples obtained by selecting actions based
on the noisy observation, is able to learn a good strat-
egy and it outperforms LinUCB , but still su ers linear
regret.

6.2 Content Review Prioritization

We now move to a real-world problem to investigate
the performance of our algorithms when their assump-
tions are no longer veri ed.

Data description. ~ We consider a small dataset of
content shared on a large social media rm that has
been reported for violating the platforms' community
standards. In order to ensure that the most harm-
ful content is prioritized for reviewing, the platform
assigns badness score for each piece of content which
increases with the severity of the content. We consider
four di erent classi ers that provide badness estimates
for the sampled content. Each of these classi ers are
trained on the real data and follow di erent modeling
architectures to predict the badness score. Our objec-
tive is to leverage scores from these four classi ers to
identify the most harmful subset of content and ag
them for the platform to review and action them.

Performance. We evaluate the cumulative badness
of the content selected by the algorithms. The higher

"Notice that we have not actively tried to nd problem
parameters that would make the linear regret of GLM-
ESAG and GLM-LIinUCB larger than GLM- "-greedy in
a shorter time. The linear regret of GLM-ESAG is due to
the residual estimation bias illustrated in Fig. 2b.

the score the better. The results are reported in Tab. 2.
We rst notice that all learning algorithms perform sig-

ni cantly better than the random strategy, thus indi-
cating that the GLM and linear assumptions are accu-
rate enough to return meaningful rankings. Nonethe-
less, we notice that GLM-based algorithms do not per-
form as well as linear ones, probably due to the choice
of the logistic function, which, in this case, does not
t data accurately. On the other hand, ESAG is the
algorithm that performs best, followed by EvalBase-
dUCB and LinUCB . Notice that in the case of real
data, we may even expecLinUCB to perform better,
since it relies on somewhat less restrictive assumptions
(no assumption is made on how the features are gener-
ated) and it relies on the true rewards to estimate pa-
rameters (this is also the case folEvalBasedUCB ).
This is in contrast with ESAG that exclusively builds
on the evaluations, which clearly do not respect an ex-
act linear model, to estimate the unknown parameters.
This shows that, even in problems where the assump-
tions do not hold, ESAG is robust enough and it is
competitive w.r.t. a large variety of algorithms.

7 DISCUSSION

We studied a MAB problem where the learner is pro-
vided with noisy and biased evaluations of the true
reward for each arm. We showed that under specic
assumptions it is possible to design learning algorithms
that are able to compete to oracle strategies both in
theory and in practice. The empirical validation on
real data also shows that this model and the associ-
ated algorithms are promising for solving challenging
real-world problems.

Extensions. There is a number of directions that
could be pursued to extend our current results.

Evaluation functions. The GLM and linear assump-
tions are relatively strong. A natural venue of im-
provement is to generalize our results to richer func-
tion spaces, such as Gaussian processes.
Persistent arms. While we assume that the set of
arms is \refreshed" at each round, we can easily
extend our setting to the case where all the arms
that are not selected in A; remain in the pool of
arms available at the next round (e.g., content that
has not been reviewed). All our results naturally
extend to this case, except forESAG , which would
not be able to useK; samples at each round, but
would rather get K new samples corresponding to
the arms replaced at each round.

Heteroschedastic noise.In the model illustrated in
Fig. 1, the noise i is heteroschedastic, where
the variance may depend on the reward valuer.
While our model leverages an upper-bound ; on
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Figure 2: a) Average suboptimality gap
number of evaluators J. b) Estimation error kb

the actual variance, better adapting to the reward-
dependent variance may improve the performance.
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Supplementary Material:
Top K Ranking for Multi-Armed Bandit with Noisy Evaluations

A LOWER BOUND

In this appendix, we prove why no algorithm can compute the topK arms at every time step. More, precisely
we prove the following Lemma.

Lemma 3. Let consider the linear case in Asm. 4 and parameter; = Ky, K =1, j=1forallj =1;:::;J
and a noise distributed asN (0; j) with ; = o forall j = 1;:::;J. The learner A receives as input the
evaluationsfix; = rix + i; and we denote byA(ffiy; g) the arm returned by A. For all arms i K: the

reward r; is sampled from a Bernoulli distribution Ber(1=2). At every step, lets dene |/ = fi K jri =1g
the set of optimal arms. Then any learnerA has a xed non-zero probability to return the wrong ranking at each

step, i.e., h )
|
8t;8A;9 > 0;Pgerif ,, g Alffiyy 9)62( : (17)

Proof. We reason by contradiction and assume that there exists a deterministic algorithmA and a time stept
such that h i

8> 0 Poerit o, g Alffiy 9627 : (18)

Now given the rewards i )i «, the distribution of the evaluations (fy;j ); is distributed as N ((rit)j 3; ols)
for eachi. Now, let's consider the set of sub optimal arms,l, = fi K jri; = 0g because the rewards are
independent then with probability at least % the setl;” and |, are both non-empty. For an indexio Kj, let
X012 RKt J and X 10 2 RKt J pe two random variables distributed sampled from the same distributions as
the (fiej )ij § 17 = fiogl, =fi ogand (fiyj )ij 1, = fiog;17 = fi og respectively. We then have that:

P X% =X% >0 (19)
This is a direct consequence of the independence of the noise and rewards. Indeed,
P X% =X%0 =p 8(i;j)2fL ;Kg f LidgXpt= Xi° (20)
Y
= PG = X0 (21)

iij

independent. Therefore, the probability of those randﬁm variables being equal is:
0

i1
7 2 2
. . 1 +1 X lfizigg  + X lfigieg
0;1 _ 1,0 _
P Xi;j - Xi;j T o 2 eXp@ 2 2 Adx> 0 (22)
0 1 0
Lets note > Osuchthat P XJ*'= X;° for all i then we have that: P X0t = x 10 Kid > 0. This
’ ’ i
implies that there exists a o such that Pger; , g AXP) 2 17X 01 = X012 = figgil, =i o 0> 0,
thanks to Eq. (1h8) but then on this event we have that: ' o '
i i
o Pger: it A(Xo;l) 2 It?;XO;l = Xl;o;'{? = fiogly =1 0o = Pger; it 9 A(xl;o): iO;lt? = fiogly =10 o
23
h _ i (23)
Pger;t it g A(X 1'0) = lo (24)
h i

Paerit g AX™0) 627 2 (25)
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thanks to Eq. 18. This is not possible therefore by contradiction we have the result. O

Lem. 3 shows that there exists a instance of the problem studied in this paper where it is not possible to retrieve
systematically the K actions maximiziing the reward (ri: )i k,). Therefore de ning the regret with respect to
the true top K actions.

B NOISE CORRELATION ISSUE

The standard result on GLM are based theorems with the same structure as the following proposition (Filippi
et al., 2010):

Proposition 1. Let (Fx)x o be a ltration, (my)x o be anRY-valued stochastic process adapted t(F i )«, ( )k
be a real-valued martingale di erence process adapted t¢Fy)x. Assume that  is conditionnally sub-Gaussian
in the sense that there exists som& > 0 such that for any 0k 1

2R2
2

E(exp( k)jFk 1) exp a.s (26)

P P
Consider the martingale ; = _, M 1 k and the procesM, =, _; m 1mL 1- Assume that with probability
one the smallest ofMy is lower bounded by some positive constanty, and that kmyk, ¢y, holds a.s. for any
k 0. The following hold true: Let

= P 3+2log(l+2c%= o)
For any x 2 RY, 0< e 1, t max(d;2), with probability at least 1,
i i R P 2log(t) log(1= )kxkwm, 27)

Further, for any 0< < minfl;d=eg, t maxf d;2g, with probability at least 1

Kiky + R P Sdioglog(d=) (28)

In our setting, we can not use the type of results presented above because estimators like ridge regression or
maximum likelihood estimation rely on the assumption that the noise associated to the data is zero-mean.
However, in our setting the learnef takes a decisionA; based on the noisy evaluations (i ); and this introduces

a statistical dependence that biases the distribution of the noise a ecting the evaluations. For simplicity, assume

K =1 then the action a; is a function of the noise in the observations (i:) and, in general, we have that
E( aj ) 60 for all evaluators j  J (where (it ) is the noise in the evaluationf;; ) although for any xed

non random actiona Ky, E( aj ) = 0.

More formally, let consider the GLM setting of Sec. 4 assumingK = 1 and a MLE estimator using all the
data Hy := f(fatj )j:ra;t O to estimate the parameter . Let also assume that the actiona; is chosen as
a; = argmax;hwg; i where for anyt, w; is a vector adapted to the -algebra (H:; 1). For each evaluator |
we compute the MLE, b; as the solution to

K1
(faiti  9(bjrie))rice =0 (29)

=1

with a; is the arm selected by the algorithm andr,, ;: is the associated reward observed at the end of the round.
In order to evaluate the accuracy of this estimator b;, following the proof of Filippi et al. (2010) or (Li et al.,
2017), we eventually need to control the term
P t
=1 Fail ait

G p——; (30)
1=1 ra;l

8Notice that the following discussion holds also for any non-learning algorithm, e.g., an oracle algorithm.
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where 5 is the noise associated with the evaluatiorj for arm & at round |. One may be tempted to apply

Prop. 1 with m¢ 1 = rax and = 4. . The issue is thata, = argmax;hw; 1;9 ()i wherew; is a

measurable function for of the past (in addition, note that this action selection process is used in most optimistic
algorithms for GLM). As a result,

E(a‘;t;j th 1;(ri;t)i Kt)go; (31)

Equation 31 can be further simpli ed when g is the identity function, J =1, ; =0, ;j = andw; 6 0 then
Equation 31 reduces to

E( ar;tj th 1;(ri;t)i K1): E iit 1fi:argmax Wi i;lngt 1 ; (32)

thus showing that ., .t is no longer a zero-mean variable. A way to address this issue would be to take a union
bound over all the arms chosen over timea;;:::;a:;:::;ar. Unfortunagely, this would lead to take a union
bound over KT elements, which would eventually lead to an additional’ T factor in Prop 1 and ultimately a
linear regret bound. We further con rm this e ect in several empirical validations, where algorithms relying on
data generated based on the evaluations introduce a bias in the estimation of the parameters.

C GENERALIZED LINEAR MODEL

In this section, we present how to de ned the oracle and the analysis of the regret in the case of a GLM model.

C.1 Oracle in the GLM Model (Proof of Lemma 1)

We consider an oracleO with access to the link function g, the parameters ( ;); ; of the evaluation function,
and the parameters (;); ; of the noise distribution. Given the vector i; 2 R’ obtained by aggregating all the
evaluations (fi;. ); for each armi Ky, we recall that an oracle de nes a set of weights\{;j); ; and predicts
the reward of armi as

re = twig ()i (33)

We aim at minimizing the gap between reward of the true top-K armsi?;:::;iZ and the reward of the estimated
top-K arms i9;:::;iQ according to the estimated rewardsr O
X X

(a) = Fiz;t Mot (34)
1=1 I=1

By leveraging the de nition of estimated top-K arms, we can rewrite the previous expression as

X X o X o X o X o X
(a) = Fizt b2y + b ¢ b||0;t + bllo;'[ Fiot
I=1 I=1 I=1 I=1 I=1 I=1
Fizst ?;t + b||O;t I’ilo;t
I=1 I=1 I=1 I=1
0 . 0
= Fiet e ¥ ot o
1=1 =1
X
2 max Bl it
[ I k =1 |—{Z—}
(b)
Using the GLM model of Asm. 3, we have that for anyi = 1;:::; K¢, the estimated reward can be written as
X

bY = wog 90 i)t i) (35)
j=1
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We can then measure the deviation between true reward and estimated reward as

X h [ X
(b= Wi g (g )t i) 9 e i) + w1 (36)
j=1 j=1
X X
Cgl Wij g it Wi 1 rpe; (37)
j=1 j=1
. . . P K P K 1 :
where in the rst equality we introduce the term st W= o Wig (g( jrix)) and in the second step

we leverage the fact thatg ! is Cq L.Lipschitz. The last expression above contains two random realizations,
i.e., iy andry, thus preventing from computing a xed set of weights to minimize the performance gap &).
Furthermore, while we assume the oracle to have prior knowledge about the parameters, we would like to avoid
leveraging any knowledge on the true rewzgds MG+ ). In order to remove any dependency on the rewards, we
impose a constrain on the weights, such that sz1 w; j =1, thus removing the last term, and thus the rewards,
in the previous expression. We can then focus on minimizing a high-probability upper bound ofd)

X X
(8 2c¢,' max Wi ] (38)

where we leverage the fact that the noise;y; are sub-Gaussian therj g i E( it J)is also sub-Gaussian with

the same parameter and by Jansen inequality its mean i€(j iy j) E( %t;j )= . Therefore for any time t
and any setU f 1; ;K:gof sizeK , we have by Cherno inequality, for any x > 0
0 1 I
X X . . . X2
P@ Wi owg o EGwoug ) XA 2exp P 5 (39)
u2uj=1 2K j:]_(Wj j)

Therefore we have taking a union over all the set of siz& ,

0 1 0 1
X X , , , X X X o .

P@ max Wi BGW g ) xA P@ Wi ug B EGw ug ) XA (40)
SR Ujuj=K u2Uj=1 |
X X2 |

2exp P (41)
Uijuj=K 2 jaw ) |
, !

=2 Kt exp p X (42)

K K27 (wy )2

Therefore for any 2 (0; 1) we have that with probability at least 1

V 1 V
u ! u
XX X 2 Kt X 2eK
_max Wil i b BOWT i 1) KF 2 (w )2 —*— KF 2K (w j)?In eKmaX (43)
[ e I K 1=1 j:]_ j:l j:]_
using the standard inequality *f(‘ eﬁ‘ : and K Kmax . Therefore,
Y U U
2K X Ke KX 2K X Kmxe KU X
(a) KE™ w22 K& K wij KE ™ w2 2 Kmx® [ KE (W, )2 (44)
i i i i
Cg j=1 Cg j=1 Cg j=1 Cg j=1

Finally, this leads to the optimization problem in Eq. 12. By plugging the optimal solution back into the
optimization problem, we also obtain the stated upper bound on the suboptimality gap.
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C.2 Regret of -greedy Algorithm for GLM Model (Proof of Thm. 1)

We now move on proving the regret upper bound of Thm. 1. The rst step is to bound the norm of the noisy
evaluations at every step. That is the object of the following lemma.

s I
X p_ 26K max T
W, m2Kkk 23+ K SIS 42KIkek
i2A ¢
wherek ki =max; ; j andkgky =maxj jyx20.c1J9( jX)j
Proof. Foratimet T and set of sizeK A; f 1; ;Kig and an evaluatorj J the sum of features can be
decomposed as,
| | | |
X X X s 2 X Sz X "2
i = a( jrit)+ it 2 g( jrig) +2 it (45)
i2A ¢ i2A ¢ i2A ¢ i2A ¢ Ii2A1
X $ 2
2K 2kgk? +2 it (46)
i2A ¢

P
Therefore, we just need to bound = ;,, it , to nish the proof. But thanks to the subGaussian assumption
on the noise , we have that:

s
X r—m 1
it 4K JImax ?+2Kmax ; log = (47)
' oy ! pd ]

P . . . :
because the vector ,, it iSK max; j sub-Gaussian. The last step is to take a union bound over steps T
and subset of sizeK . O

The rst step to analyze the regret of Alg. 1 is to decompose the regret according to the steps where the algorithm
selected a totally random set of arms or when it played greedy. Noting, as in Alg. 1Z; the Bernoulli random
variable used by the algorithm to distinguish between exploratory and exploitative steps, the regret is

X . X X _ X . X X )
Rt = Zihw™ ti it I+ 1 Zy)hw™; izt it | (48)
t=1 i2A * i2A ¢ t=1 i2A1+ i2A ¢
| {z o {z
=Rt;1 =Rr7;2

In the following, we bound each termR+t.; and Rr.».

Bounding Ry.;. The term we analyze is the regret due to the random steps in the algorithm. Centering the
variable Z; we get that Rr.1 scales as:

X , X X _ X L X X _
RT;l = (Zt )hN ; ti it I+ hw™; ti it |
t=1 i2A } i2A ¢ t=1 i2A ) i2A ¢
0 1

X N X X ) . X X

(Zt )hN ; t;i it I+ T kw k@ it o + it 2A (49)
=t i2A | i2A ¢ i2 ¢ i2A ¢
X X X

(Z¢  )hw'; ti il +2 Tkw'k

t=1 i2A ¢ i2A ¢
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thanks to Lemma 4. Now, the rst term can be bounded thanks to a standard Azuma-Hoe ding inequality as
for every timet T, Z; is independent from the evaluations ( it ); and the set of armsA; hence considering the
Itration ( F); being the history up until time t, we have,

s
X X X AT
8t T; (Z¢ Yt ti iti 4 kwtk 2TIn — wpatleastl =2 (50)
t=1 i2A t+ i2A ¢
Putting everything toghether we have that for any 2 (0;1),
s — !
Rt 4 kw'k 2T In all + T (51)

with probability at least 1 =2.

Bounding Rrt.2. Next, we bound the regret coming due to the estimation error in the exploitative steps, that
is to say whenZ; = 0. We begin by using the greedy behavior of the algorithm to enough to study the error
kw; w*k to bound Rr.p,

2 3
X . X _ X X _ . X _
Rt;2 1 Zzy 4hw Wt ; il + hwe; iit g+ vy wh it iS (52)

t=1 i2a } i2A } i2A i2A ¢

But becauseA; is the maximizer of the estimated reward with respect tow; we have that

* +
X X
@z wg ist it 0: (53)
i2A f i12A ¢
Furthermore, using Lemma 4 we have that with probability at least 1 =4
8 » 4 o* +9
< X X =
max. w' o ow; oo W W it kw*  wiks: (54)
' i2A * i2A ¢ !

As a result, the remaining step to obtain a bound on the regret is to build a concentration inequality for the
weights wy w.r.t. w* and properly tune the exploration factor .

We start by studying the concentration of the MLE estimator by 2 R’ to the true parameter 2 R’. Thanks
to the random choice ofA; in the explorative steps, all the data in H; are i.i.d. and we can directly apply the
standard concentration inequality for MLE in GLM (Li et al., 2017).

Lemma 5. For any 2 (0;1) with probability at least1 =8forallj J andt T:

_ q
_ _ P ks i 3log 1+ 2L +log &T
jb; il o= G p——p——— : (55)
Cg [Z1=1  i2a Tl
In other words,
_ q
P k k+k ki 3log 1+ 25 +]og 3T
kb r Ky t =max ¢ = Gp——i-p—— (56)
J Cq Lz,=1  i2a, (i

We leverage Lem. 5 to concentratekw?  w; k. But rst, recall that w; is given by:

1 1

by and w* =

M KT b kK T K
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where =diag( g; ;1). Therefore, the error betweenw* and w; can be written as:
+ — 2 (bt ) 2 1 1
kwe wike = gt K T bk k T K 7
1 1 2 (b )
2 1
k Thikk k T K , k Ibk , (58)
Proposition 2.  For any time t T, assuming thatkb kq t and k kj 8 ; then:
q PJ—l
k 2 (b )k 4t jaw =4 KTk 2 (59)
hoi; 2 by Py ftisw "k 11y g gke
j=1 E
Proof. Using the de nition of 2 we have,
r
, P, T
k (bt Y ko 1= i
— = 60
hbt, 2 btl P J bfl ( )
r=1 ‘IT
However, we have that for anyj J:
by = Z+(by  )*+2(by ) P+2(by )
P24 ]
2
7‘ whenj jj 8
using that kb kq t. In addition, using again that kb ki th
®o(by )2 X2
i
j y j %4 (61)
j:]_ ] j=1 I
O

Using the same reasonning as in Prop. 2, we can show the following which bound the second term in Equation 57.

Proposition 3. For any time t T, assuming thatkby ky trandk k; 8 then:
!
k 1 kK k ! bk? 2 4.k 2 ke+ (k %k k 2 k 62
k 1 bk? k 1 K2 k 1 15 « g gk 1 K2 (62)

Therefore, using Prop. 2 and Prop. 3 on the event that the con dence intervals in Lem. 5 holds then with
probability at least 1  =4:

4.k 2 k+ k %kk 2 k k kg 2
kwe W' ko +4
k b1y s gkk bk k1 15 g s ke

(63)

In order to complete the proof of the regret upper bound, we need to control how fast the con dence intervals
width  decreases witht.

Lemma 6. Forany 2 (0;1) and > 0 we have with probability at leastl =4,

q _
2C4|n 8T kki In1+2C +n 8 + " k k
8t2 ——pma T F q (64)
g tK 2 C2 2tin &

where forallj J, 2=E, (r?
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Proof. First, thanks to a standard Hoe ding inequality we have that with probability at least 1 =4,
0 1 s
X X X X 8T
8t T; 2 E@ rgA  C? 2tln —
I tZ,=1i2A; I tZ,=1i2A;
P P 2 2 2 2 H i
And E | 7 21 i2a,fii = K “where “:=E; (r<). Therefore, using the de nition of

q p_
kki In1+2 +ln 83 +° Kk k
f - (65)

g tK 2 C2 2tin &

O
._ 8hn(&)c* 1 . . .
As a consequence, fot 0 = St 0] pP= . Therefore, using Lem. 6 with probability at least
K
1 =4
P5 a 2T 8TJ P—
X X 2k ki In 1+ +In &= + kk
t P
_ - tKk 2
t= o+1 t= F;)Ji S S | (66)
3 2Tk k 2T 8TJ p—
——  In 1+ +In == + kk
g K 2
We can nally bound Rr.; with probability at least 1~ =2 by:
p S !
24 2Tk kg 2T 8TJ p— k 2 ke+k 2%k k 2 k
Rt + —p— n 1+ — +In — + k k
Tt Cg K 2 k 1 1fj j 8[gk2k 1 k2
I (67)
k kg 2
+ 1
k 1§ j 8 gke
— 128k ki (In(1+ 2-)+in (811))+ k k?  8In(&L)cC*
where = max M PR 2 T 2 2
Finally, the regret is bounded with probability at least 1 by:
I
r H
R 4 oT | 4T DT s 128 ki In 1+ 2L +In 2L+ k k* 8In & C*
T kK 1 K n — max minj;Jsojjsz 2 ’ K 5 2
P o= ' ! 2 2 2 2! (68)
L 24 2Tk ki n 1+ 2 4 872 +|07k K k ke+k “k k k+ k kg
4pj P P
o K 2 k 1 kk ' Kk Kk 1 ke

Remark. Compared to the bound reported in Thm. 1, we corrected an error in the analysis which removed the
dependency on the normkgk; and replaceed it with the upper bound on the distribution of the reward C. In
addition, here we report a bound depends on mip ;. ;6o j i j? however because of the conditioriy i 8 .g it
is possible to present a regret upper bound that scales inversly with mgx ;j but at the cost of a much bigger
problem-dependent quantity S. Fortunately, the di erence between the bound report in Thm 1 and the one in
Equation 68 has no impact on the discussion around the depency od. Simplifying the bound in Equation 68,
we get that the regret is bounded with high probability by,

p___ ( )!
1+ J 1k k) Sk kg k kg c4

p— + max - ) 5

¢ K ming; 0 J jJ°K K 2

Rr @& T2 (69)

2 2 2 2
. _ 1 _ 1 . — (k ka+k  Zk)k k kK lk
when choosing = +=, =J " and setting S := TR + T QZ
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D LINEAR MODEL

In this section, we show how the de nition of the oracle changes with the linear setting and the proof of Thm. 2,
that is to the regret of Alg. 2

D.1 Oracle in the Linear Model (Proof of Lem. 2)

Just as in Section C.1, we consider an oracle that has access to the parameters}; ; but also knows the noise
( j); 3 for each evaluation functions. Given a vector of evalutations ;; for somet T andi Ky, an orcale
is de ned through a set of weights v;); ; and predicts the reward, ri‘?t = hw; i;i. Following the reasonning
in Section C.1, the di erence between the true topK arms,ij; ;i , and the top K according to the oracle,
i?; ;iR is bounbed by

X
firg Tiew 2, Max B0x  Tia (70)
=1 Y =1

Again following the same reasonning as in App. C.1, the di erence between the estimated reward and the actual
reward for any armi K is bounded by
0 1 0 1
X X X X
e B @ w A W C@ w g 1A Wy (71)
j=1 j=1 j=1 j=1

The main di erence compared to the proof of Lem. 1 is that thanks to the linear strucutre contorlling the noise
can be done direclty without usingany Lipschitz property. Therefore, in order to remove the dependency on the
reward, we focus on weightsw such that hw; i = 1. Hence using Cherno inequality the error is bounded for
any 2 (0;1) by

v

ﬁ X

K W]-2 J-2In
i=1

Kmaxe

(72)

with probability at least 1 . This conlcudes the proof of Lem. 1

D.2 Regret of ESAG (Proof of Thm. 2)

The rst step to analyze the regret of Alg. 2 is to compute an upper bound on the deviation of the estimatorb;.

Lemma 7. Forany 2 (0;1)andt T, the error betweenb; and E, (r) is bounded with probability at least
1 =4hy,

q_ ——
C 2l W Py

kl In 8TJ
kb E; (r) k #::4'7%1?+qu;1+ 4 p—— (73)
1=1 Ki 1=1 K =1 K
Pt 1PK|

Proof. Foranyt T, b= —'%1" but using the strucuture of the evaluations ;; for everyj J,
=1 !
!

1 X 1Xi X 11X
by = P+4— irig + it (74)
1= Ki =1 i=1 =1 i=1

But the rst term converges toward ;E; (r) because at every time step the reward are independtly sampled
from the distribution  (see Assumption 1). More precisely, with probability at least 1 =8, foranyt T and
i J

q___
1 X 1Xi C 2In T
P rig B (r) ﬂj% (75)

1= Kijop iz =1 Ki
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In addition, the second term in Eq. (74) can be bounded with probability at least 1 =8 by

q p q p
1 X1 4 Jmax 2 LMK +2 mag 2 LK In 82
Pt i P4
=1 K12 = q 1= Ki (76)
Ak "T KkoIn g2
= + g P
t lK - t lK
=1 ™I 1=1 NI
Finally, to nish the proof, we simply need to note that
X1X 1 X1X
kbt Er (I’) K Pﬁ Fi| Er (I’) + Pﬁ il (77)
=1 ™M=t i=1 L q
1 XX Mk "T Kk oIn g
k k l t_l o ri;' Er (r) + L1 + q Pﬁ (78)
=1 ™ =1 i=1 _ K - K
I=1 I=1
O

Once ESAG has computed the weigthsb; it then computes a set of weights thanks to this estimator and based
on the shape of the optimal weigths of the oracle. That is to say the weightsv used by the algorithm are:
2 bt

= 79
Wi Kk 1 btk% ( )

The optimal weights for the parameter E; (r) is Ewi(r) Therefore, in the following we bound the error
between the weightsw; and the rescaled optimal Weightsawi}r). Following the same reasonning as in Prop. 2
and Prop. 3, we can show the following proposition
Proposition 4. For anyt T let's assumeE, (r)k k; 8 t with [ dened in Eq. (74). Then for any
2 (0; 1) with probability at least1 =4
!
W 4t B Dk 2 ket fk kk ? k4t K ke ’

W +
CE (), E (0K I Lig stk T KE (N2 kT 1

(80)
(i | 8 Lgke

Thanks to Lemma 7 and Prop. 4, we can now analyze the regret dESAG . Recall the regret is de ned as follows,

X X X
Rt = hw*; i A (81)
t=1 j2a ; i2A ¢
where A{ =argmaxhw*; i1i and A; is the set of jobs selected by the learner at time.

However, the setA; is only de ned as the arg max of some values, it is invariant by multiplicating the weights
w* by some constant independent of the arms. In particular, we have that for any timet T

+

A{ =arg m}fax hw*; i =arg m'fax —_— it (82)
! ' ! E, (I‘) ’
Hence the regret can rewritten as,
0 1
X X + X +
w W
RT = EI’ (r) @ 71 it 7: it A
t=1 i2A [* Er (r) i2A ¢ Er (r)
0 1
X X + X X X +
= Er (r) @ LA We; it + hwe; i hwe; i + Wi WA

E (r E- () "
t=1 i2a ¥ o (0 i2a ¥ i2A i2A o (N
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But forany t T, because of the greedy arm selection process BSAG :

X X )
hwe; g hwe; g 0 (83)
i2A ] i2A ¢

But using Lem. 4 with probability at least 1 =4

8* + * +9
< + X + X = +
w w w
max = ——— W oy W ————; it K——  wks: (84)
B0, E (0, © 0 B (0
Thanks to Lem.7 and that for all t nl, K K thgrefore for t to = 1+
6 8 6 .
4K 1 C2|n T 412k k; 4 +In 8T max £ (r)zm;rl1,; X J_2,1 ,
’ 4L E (Nk 2 k+k %kk 2 kK L ks °
w W t r () 2 + 4t k Ka (85)
Er (r) Er (r)3k 1 k2 1 k2 Er (12 k 1 kp
But using the de nition of |:
s s 1
X 160T p_ 8TJ X 1
L C 2In —— +4k ky J+2k kg In —=
t=to+1 t=to+1 f:11K|
s —— S —— !5 —¢ T 11
16T p— 8TJ T ., %
C 2In =0 +4k ky J+2k kg In Kt-l t (86)
T
s S 1's
16T (L T TIn(T
c 2im T Lakk "Te2kk, I BV n(T)
Kt
whereKt := P—L s the average number of arms presented over th& steps,Kt K. Therefore the
t=tg%
regret is bounded Withl_ﬁ)robability at least 1
( ) s
2 212 64 16LS 1 TIn(T)
R —— 1+ — max - ; + ———max 1 87
T kT k K Er (r)2minj; ;o ]2 Er (r) Er (r) Ky &7)
k 2 k K lky 2 G P 49—
whereS = k kot ke gt o3 iz andL=C 2In 16JT 48k k; J+4k k; In &2
2

E REGRET ANALYSIS

In Section 2, the regret has been de ned as the di erence between the topc arms according to the oracle and
the K arms selected by a learner, see Equation 10. However one may argue that a more interesting notion of
regret is to compare the actions of the oracle to the action of the learner with respect to the true reward of each
arm. That is to say, to de ne the notion of absoluteregret,

X X X
R30S = Fit Fit (88)
t=1 j2A N i2A ¢

The two notions of regret, that is to say the relative and absoluteregret are related,
abs X X + 1 1 i X + 1 1 ;
Rr RY™= w59 “( i) 9 (9 rie)i bw™ ;9 “( i) 9 ~(9(  rix))i (89)
t=1 jonA I+ i2A ¢

However controlling the deviation here is not possible through standard concentration inequalities. Indeed the
set of arms,A; is computed by taking the argmax over the noise therefore (. )izA: are not centered anymore,

see App. B. Nonetheless, one can still provide some guarantees on the regiR$®s.
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Theorem 3. Foreveryt T let ( ()i k, be the ordered set of arms with respect to the oracl®, that is
to sayw?;g Y )i hw?’g Y v@)i 0 hw?g }( ¢ («k,)i let's now de ne the gap between the tojx
according the oracle and the rest of the arms, x = tw*;g *( (k)t) 9 *( (k+1 +)i. For any weightsw 2 R’
such that:

8i K hwt  w;g X )i ZK (90)

Then the topK arms, A :=argmax hw; ;i is exactly the ranking of the oracle, that is to sayA = A{ .

Proof. Foranarmi 2A;,

tK
4
3tk

wiig 2 )i hwhig Pl = hwhig H( o)

hw?g *( (ke ))i +

hwiig ' sy )i+ tZ;K > Wi g (ke )i

Therefore A{ A . On the other hand for any i 62 A , we have that:

tK
4

hwig *( gl —5- < Wi H(on)

hw? g (k)i

hwi;g ()i h w?g 1 ke )i +

Therefore, the setA{ A but because both are of siz&k , we have that A = A{. O

The main implication of Thm. 3 is that we can now provide a bound on the abso-

lute gregret of GLM- "-greedy . Indeed, thanks tg the bound of Lem. 5, for t
- 2
< zczp 2n() 2 3 P ki kg In(1+ ZL)+n (81) =
max K2 ; AT — _, the error between the estimated weightsw;
. t tK

and the optimal oracle weightsw* is bounded by ¢ =4, therefore the absolute regret of Alg. 1 is bounded by

80 q— 12 p_ q 22
. 2 2c? 2|nﬂA 32 Kk ktkk In1+2L 4p BT 2
R2  C max : . 91
T > "K 2 "K Zming 1 % , (©1)
s
4 4T
+ — 2TIn — +'"T 92
K Tk (92)
n )
Choosing " = min T ™ ;min; + 2 pﬁ yields an absolute regret of R3S =
pi t t;
G T — L—— . Therefore, when min 1 T ' the absolute regret and relative

tK

regret of Alg. 1 scales similarly with a relative and absolute regret of order®(T?23).

F ADDITIONAL EXPERIMENTS

In this section, we present in details the algorithms used in Sec. 6, the experimental protocol and additionnal
experimental results.

F.1 Baseline Algorithms

In Sec. 6, we compare our algorithmsGLM- "-greedy (Alg. 1) and ESAG (Alg. 2), to di erent baselines.
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Algorithm 3:  GLM- "-greedy-ALL SAMPLES algorithm

Input:  Noise parametersf ;g; ;, condence level
Parameters: exploration level "; number of arms to pull K ; regularization
SetHo=;,b=0and wo =0

SampleZ; Ber (")
Observe evaluations for each arm ( it )i «,

if Zy =1 then
Pull arms in A obtained by sampling K arms uniformly in f1;:::;Kg
Observe rewardsri; forall i 2 A

else

| SelectA; =argmax  twe;g (i)
Add sample to dataset Hy = Hy 1 [ [i2a, f( it ;rit)g
Update estimators bj; by solving X
r(g(by r) i) by =0 (93)

i 2H ¢

Update weights wy; = by =( 7)kb 12

Algorithm 4:  GLM-EvalBasedUCB  algorithm

Input: Noise parametersf jg; ;, condence level
SetHo=;,b=0and wy =0

Observe evaluatipns fgr each arm ( it )i
Ept 15 . 1( ()I,t )I Kt
. i;|
Compute by = —P- P41 and
1=1 i2a W
p — q p
. % + (t 1K szl 2In(2=)
t = Pt 1P - (94)
1=1 ion Tl
if kbtko £ then
. 2
Compute weights w; = W
else
2
Compute > 0 solving i=1: >0 W = ﬁlt[
- 2 Ey2 2 1 2 - ’€
Compute e = |, £ oda+( ¢) b and wy = ———=—
k  1€kp
Select Ay =argmax K hwi;g *( it )i and observe rewardsri; forall i 2 A,

GLM- "-greedy-ALL (Alg. 3). This algorithm is the s Alg. 1 and illustrate the problem with the noise
correlation of App. B. This algorithm thus updates its own MLE estimator at every time step instead of step
with a random exploration.

GLM-EvalBasedUCB (Alg. 4). This algorithm does not rely on an"-greedy type of exploration but on an
optimistic approach. Similar to other algorithms, it rst computes an MLE estimator of using all samples
collected over time. Then it build a \con dence" set around the estimated b and it computes weightsw; as those
resulting from a worst-case choice of a parametee in terms of error. Notice that the con dence sets are not
theoretically justi ed because they are designed by ignoring the correlation between decisions and evaluations.
As such, this algorithm has not theoretical guarantee and it should be considered as a heuristic. We provide
further details in Sect. F.2.

RAND (Alg. 5). This baseline algorithm is simply selecting one random evaluators every step and computing
a ranking of the arms based on this random evaluators.

GLM-Greedy. This algorithm is a variant of GLM- "-Greedy-ALL  with " =0.
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Algorithm 5:  Rand algorithm

Parameters: number of arms to pull K
for t=1;:::;T do
Randomly selectj J
Observe evaluations for each arm (it )i «,

SelectA; =argmax X g ( it )

F.2 Derivation of GLM-EvalBasedUCB

Here, we breiy present how we derive theGLM-EvalBasedUCB  algorithm. This algorithm takes a optimistic
approachw.r.t. the set of plausible values and compute a set of weightsv; as the set of oracle weights but for
a dierent value of . The rst step is to compute an estimator e; such that:
X
~ =ar max min we 95
k gzZRJ:k"t 2k Fw2R wzi=l I (95)
where £ is the width of the con dence intervals de ned in Eq. (73) Solving the minimization problem in the
previous equation implies that e; is solution to the following equivalent optimization problem,
mn k ! zkk=min k 1 (*+ Eukd 96
k2 Mks E 27 juk 1 et cuke (96)
t 1

P, ,P
) . g 1( i) oo .
with by = —P P " the average features observed until timet. Eq. (96) is a convex problem and

T

=1 i2A |
using KKT conditions, we distinguish two di erent situations:
1. Ifkrk  E thenming, gy, e k 1 zk3 = 0 thus the problem is ill-de ned and the weights are also not

de ned (A necessary condition for this condition to be ful lled is that k k E@+ 1+( F)?)
1

2. If k" k > E then the solution is such thatu = E (15 +( £)?Diag( ?) 2 n where (> 0is
solution to?®: '
X] N "2 1
4 = 97)
i1 50 t F+( F)2 (£)2
Overall, e; is de ned as:
. 1
ee= Iy () s+ ( £)°Diag( ?) z2 A (98)

2

that is to say the weights used by the algorithm isw; = ——
2

F.3 Additional Synthetic Experiments

We report here the regret and estimation bias for the in the logisitic and linear setting for the three di erent
regimes of—g 2 f0:1; 1; 10g as reported in Section 6. For both the linear and logistic case we chood¢ = 10
and K; = 60. For GLM- "-Greedy and GLM- "-greedy-ALL SAMPLES , we use dierent values of " 2
f0:AT 173;0:1T '72g. The rewards are sampled from a centered unit variance normal distribution truncated
between [Q 20].

Logistic and Linear Experiments. As highlighted in Section 6, for a small ratio -2, the algorithms GLM- "-
greedy-ALL SAMPLES or GLM-EvalBasedUCB that use all samples su er from a linear regret compared
to our algorithm Alg. 1 for " = O(T *73). In addition, we observe that as the ratio -2 increases the correlation

e ect highlighted in App. B becomes less and less relevant andsLM- EvalBasedUCB performs particularly

well.

P °A solution  always exist when there is at least one evaluator j such that ; > 0 because the functionf : 7!
2

j<1: (>0 % is strictly non-increasing over R* and for =0, we have f (0) = k*k?®=( £)*> ( ) 2 and
15 .

lim . +1 f( ) =0 so by continuity there exists a unique solution > 0.
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