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Abstract

We study a structured variant of the multi-armed bandit problem specified by a set of Bernoulli
distributions v = (V4 4 )ac.4 pes With means (itqp)ae 4 pes € [0, 1]4%5 and by a given weight matrix
w=(wp b )b,p'eB, Where A is a finite set of arms and B is a finite set of users. The weight matrix w
is such that for any two users b, b’ € B, maxge A |fta,p— fta,b’| <wppr. This formulation is flexible
enough to capture various situations, from highly-structured scenarios (w € {0, 1}3*5) to fully
unstructured setups (w=1). We consider two scenarios depending on whether the learner chooses
only the actions to sample rewards from or both users and actions. We first derive problem-dependent
lower bounds on the regret for this generic graph-structure that involves a structure dependent linear
programming problem. Second, we adapt to this setting the Indexed Minimum Empirical Divergence
(IMED) algorithm introduced by Honda and Takemura (2015), and introduce the IMED-GS™* algorithm.
Interestingly, IMED-GS* does not require computing the solution of the linear programming problem
more than about log(T") times after T" steps, while being provably asymptotically optimal. Also,
unlike existing bandit strategies designed for other popular structures, IMED-GS* does not resort to
an explicit forced exploration scheme and only makes use of local counts of empirical events. We
finally provide numerical illustration of our results that confirm the performance of IMED-GS*.

Keywords: Graph-structured stochastic bandits, regret analysis, asymptotic optimality, Indexed
Minimum Empirical Divergence (IMED) algorithm.

1. Introduction

The multi-armed bandit problem is a popular framework to formalize sequential decision making
problems. It was first introduced in the context of medical trials (Thompson, 1933, 1935) and later
formalized by Robbins (1952). In this paper, we consider a contextual and structured variant of
the problem, specified by a set of distributions v = (1) qc.4 bes With means (ttq b)ac.4,peB, Where
A is a finite set of arms and B is a finite set of users. Such v is called a (bandit) configuration
where each v, = (v4)qc.4 can be seen as a classical multi-armed bandit problem. The streaming



protocol is the following: at each time ¢ > 1, the learner deals with a user b; € 5 and chooses an
arm a; € A, based only on the past. We consider two scenarios: either the sequence of users is
deterministic (uncontrolled scenario) or the learner has the possibility to choose the user (controlled
scenario), see Section 1.1. The learner then receives and observes a reward X; sampled according to
Va, b, conditionally independent from the past. We assume binary rewards: each v, ; is a Bernoulli
distribution Bern (4, 5) with mean /i, 5 € (0, 1) and we denote by D the set of such configurations.
The goal of the learner is then to maximize its expected cumulative reward over 1" rounds, or
equivalently minimize regret given by

R(v,T)=E,

T
max — Xl .
; acA Ha.be t

For this problem one can run, for example, a separate instance of a bandit algorithm for each user b,
but we would like to exploit a known structure among the users (which we detail below).

Unstructured bandits The classical bandit problem (when |B|=1) received increased attention in
the middle of the 20" century. The seminal paper Lai and Robbins (1985) established the first lower
bounds on the cumulative regret, showing that designing a strategy that is optimal uniformly over a
given set of configurations D comes with a price. The study of the lower performance bounds in multi-
armed bandits successfully lead to the development of asymptotically optimal strategies for specific
configuration sets, such as the KL-UCB strategy (Lai, 1987; Cappé et al., 2013; Maillard, 2018) for
exponential families, or alternatively the DMED and IMED strategies from Honda and Takemura (2011,
2015). The lower bounds from Lai and Robbins (1985), later extended by Burnetas and Katehakis
(1997) did not cover all possible configurations, and in particular structured configuration sets were
not handled until Agrawal et al. (1989) and then Graves and Lai (1997) established generic lower
bounds. Here, structure refers to the fact that pulling an arm may reveal information that enables
to refine estimation of other arms. Unfortunately, designing efficient strategies that are provably
optimal remains a challenge for many structures at the cost of a high computational complexity.

Structured configurations Motivated by the growing popularity of bandits in a number of in-
dustrial and societal application domains, the study of structured configuration sets has received
increasing attention over the last few years: The linear bandit problem is one typical illustration
(Abbasi-Yadkori et al., 2011; Srinivas et al., 2010; Durand et al., 2017), for which the linear structure
considerably modifies the achievable lower bound, see Lattimore and Szepesvari (2017). The study
of a unimodal structure naturally appears in the context of wireless communications, and has been
considered in Combes and Proutiere (2014) from a bandit perspective, providing an explicit lower
bound together with a strategy exploiting this structure. Other structures include Lipschitz bandits
(Magureanu et al., 2014), and we refer to the manuscript Magureanu (2018) for other examples, such
as cascading bandits that are useful in the context of recommender systems. Combes et al. (2017)
introduced a generic strategy called 0SSB (Optimal Structured Stochastic Bandit), stepping the path
towards generic multi-armed bandit strategies that are adaptive to a given structure.

Graph-structure In this paper, we consider the following structure: For a given weight matrix
w=(wpp)ppes € [0, 1]3*5 inducing a metric on B, we assume that for any two users b, b’ € B3,
o — v || o = mMaxgea ‘,ua,b—ua’b/ < wy,y- We see the matrix w as an adjacency matrix of a
fully connected weighted graph where each vertex represents a user and each weigh wj, ;y measures
proximity between two users, hence we call this a “graph structure”. The motivation to study such a




structure is two-fold. On the one hand, in view of paving the way to solving generic structured bandits,
the graph structure yields nicely interpretable lower bounds that show how w effectively modifies the
achievable optimal regret and suggests a natural strategy, while being flexible enough to interpolate
between a fully unstructured and a highly structured setup. On the other hand, multi-armed bandits
have been extensively applied to recommender systems: In such systems it is natural to assume
that users may not react arbitrarily differently from each other, but that two users that are "close" in
some sense will also react similarly when presented with the same item (action). Now, the similarity
between any two users may be loosely or accurately known (by studying for instance activities of
users on various social networks and refining this knowledge once in a while): The weight matrix
w enables to summarize such imprecise knowledge. Indeed wy, ;y =0 means that two users behave
identically, while wy, ;v =1 is not informative on the true similarity ||z — /1t || that can be anything
from arbitrarily small to 1. Hence, studying this structure is both motivated by a theoretical challenge
and more applied considerations. To our knowledge this is the first work on graph structure. Other
structured problems such as Clustered bandits (Gentile et al., 2014), Latent bandits (Maillard and
Mannor, 2014), or Spectral bandits (Valko et al., 2014) do not deal with this particular setting.

Goal The primary goal of this paper is to build a provably optimal strategy for this flexible notion
of structure. To do so, we derive lower bounds and use them to build intuition on how to handle
structure, which enables us to establish a novel bandit strategy, that we prove to be optimal. Although
specialized to this structure, the mechanisms leading to the strategy and introduced in the proof
technique are novel and are of independent interest.

Outline and contributions We formally introduce the graph-structure model in Section 1.2. Graph
structure is simple enough while interpolating between a fully unstructured case and highly-structured
settings such as clustered bandits (see Figure 1): This makes it a convenient setting to study structured
multi-armed bandits. In Section 2, we first establish in Proposition 5 a lower bound on the asymptotic
number of times a sub-optimal couple must be pulled by any consistent strategy (see Definition 3),
together with its corresponding lower bound on the regret (see Corollary 8) involving an optimization
problem. In Section 3, we revisit the Indexed Minimum Empirical Divergence (IMED) strategy from
Honda and Takemura (2011) introduced for unstructured multi-armed bandits, and adapt it to the
graph-structured setting, making use of the lower bounds of Section 2. The resulting strategy is
called IMED-GS in the controlled scenario and IMED-GS; in the uncontrolled scenario. Our analysis
reveals that in view of asymptotic optimality, these strategies may still not optimally exploit the
graph-structure in order to trade-off information gathering and low regret. In order to address this
difficulty, we introduce the modified IMED-GS* strategy for the controlled scenario (and IMED-GS}
in the uncontrolled one). We show in Theorem 11, which is the main result of this paper, that both
IMED-GS* and IMED-GS; are asymptotically optimal consistent strategies. Interestingly, IMED-GS*
does not compute a solution to the optimization problem appearing in the lower bound at each time
step, unlike for instance 0SSB introduced for generic structures, but only about log(7") times after 7"
steps. Also, if forced exploration does not seem to be avoidable for this problem, IMED-GS* does not
make use of an explicit forced exploration scheme but a more implicit one, based on local counters
of empirical events. Up to our knowledge, IMED-GS* is the first strategy with such properties, in the
context of a structure requiring to solve an optimization problem, that is provably asymptotically
optimal. On a broader perspective, we believe the mechanism used in IMED-GS* as well as the
proof techniques could be extended beyond the considered graph-structure, thus opening promising
perspective in order to build structure-adaptive optimal strategies for generic structures. Last, we



provide in Section 4 numerical illustrations on synthetic data. They show that IMED-GS* is also
numerically efficient in practice, both in terms of regret minimization and computation time; this
contrasts with some bandit strategies introduced for other structures (as in Combes et al. (2017),
Lattimore and Szepesvari (2017)), that in practice suffer from a prohibitive burn-in phase.

1.1 Setting

Let us recall that the goal of the learner is to maximize its expected cumulative reward over 7" rounds,
or equivalently minimize regret given by

T
R(V7 T) =E, [Z méti( Haby — Xt] .
=1

As mentioned, for this problem one can run, for example, a separate instance of bandit algorithms for
each user b, but we would like to exploit the graph structure. We consider two typical scenarios.

Uncontrolled scenario The sequence of users (b;):>1 is assumed deterministic and does not
depend on the strategy of the learner. At each time step ¢ > 1, the user b, is revealed to the learner.

Controlled scenario The sequence of users (b;);>1 is strategy-dependent and at each time step
t > 1, the learner has to choose a user b; to deal with, based only on the past.

Both scenarios are motivated by practical considerations: uncontrolled scenario is the most common
setup for recommender systems, while controlled scenario is more natural in case the learner
interacts actively with available users as in advertisement campaigns. In an uncontrolled scenario,
the frequencies of user-arrivals are imposed and may be arbitrary, while in a controlled scenario all
users are available and the learner has to deal with them with similar frequency (even if this means
considering a subset of users). We formalize the notion of frequency in the following definition.

Definition 1 (Log-frequency of a user) A sequence of user (b);>1 has log-frequencies 3 € [0,1]3
if, almost surely, the number of times the learner has dealt with user b€ B is Ny(T) =0 (Tﬁb) L n
this case, almost surely we have

vbe B, lim “BHT)

T—oo  log(T) =P

In an uncontrolled scenario, we assume that the sequence of users (b;);>1 has positive log-frequencies
B e (0, 1]3 , with 8 unknown to the learner. In a controlled scenario, we focus only on strategies
that induce sequences of users with same log-frequencies, hence all equal to 1, independently on the
considered configuration, that is strategies such that, almost surely, N, (7') =©O(T) for all user b€ B.

1.2 Graph Structure

In this section, we introduce the graph structure. We assume that all bandit configurations v belong
to a set of the form:

D, = {y €D : Vb, b e B, max |Na,b — Ha,b/
acA

< Wb,b’} )

1. We say that ur = ©(vr), if the two sequences ur and vy are equivalent.
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where w = (wp ' )ppren € [0, 1]3%B is a weight matrix known to the learner. Intuitively, when the
weights are close to 1, we expect no change to the agnostic situation. But, when the weights are close
to ||ty — 11 || oo ;= Mmax e 4 | Lha,b— Ha b |, We expect significantly lower achievable regret.

Remark 2 For the specific case where wyy = 0, D,, corresponds to user b and b' known to be
perfectly clustered. The weight matrix given in Figure 1 models three smooth clusters of users. Each
cluster is included in a ball of diameter « for the infinite norm || - || sc.

In the sequel we assume the following properties on the weights.
Assumption 1 (Metric weight property) The weight matrix w satisfies:
- wpp=0and wyy >0 for allb#V €B,
- why =Wy b and wy y <wp pr +wyr gy for all bbb € B.

This comes without loss of generality, since for the first property, if two users share exactly the
same distribution we can see them as one unique user. For the second property, considering
Db = SUP,e 4 eD, |1a,p— tta,pr| leads to the same set of configuration D, = Dy and it holds
Wp,p =Wl by Wppr < Wp 7 +Wpr . Such a weight matrix w naturally induces a metric on B

H2p

x¥3

0 ()

Figure 1: A cluster structure. Left: weight matrix of three clusters. Right: range of two armed bandit
problems included in clusters with center (11, vo, v3) for various « (the larger « the lighter
and larger the box). The value =0 corresponds to perfect clusters.

1.3 Notations

Let i = maxqeA [tq,p denote the optimal mean for user b and A} = argmax, ¢ 4 jtqp the set of
optimal arms for this user. We define for a couple (a,b) € Ax B its gap A, = pj — fla,p- Thus
a couple is optimal if its gap is equal to zero and sub-optimal if it is positive. We denote by
O*={(a,b) € AXB: g p=p}} the set of optimal couples. Thanks to the chain rule we can rewrite
the regret as follows:

t

Rw,T)= > AgpE,[Nep(T)], whereNa,b(t):ZH{(MS):W)}
a,be AxB s=1

is the number of pulls of arm a and user b up to time ¢.



2. Regret Lower bound

In this subsection, we establish lower bounds on the regret for the structure D,,. In order to obtain
non trivial lower bounds we consider, as in the classical bandit problem, strategies that are consistent
(uniformly good) on D,,,.

Definition 3 (Consistent strategy) A strategy is consistent on D,, if for all configuration v € D,
for all sub-optimal couple (a,b), for all a> 0,

. Na,b(T) .
TligoE”[Nb(T)a] =0

Remark 4 When B = {b}, Ny(T) =T and we recover the usual notion of consistency (Lai and
Robbins, 1985).

Before we provide below the lower bound on the cumulative regret, let us give some intuition: To
that end, we fix a configuration v € D, and a sub-optimal couple (a, b). One key observation is that
if for all ¥’ € B it holds i — f14,5y <wp 1, this means we can form an environment v €D, such that
Fa’ b = o 1 for all couples (a’, ') except (a,b), and such that /i, , satisfies p1f < fiq.p < fha,p +Wp /-
Indeed, in this novel environment, fiq p— fiq p <wp i still holds but (a, b) is now optimal. Hence, we
can transform the sub-optimal couple (a, b) in an optimal one without moving the means of the other
users. Thanks to this remarkable property, and introducing kl(x|u’) to denote the Kullback-Leibler
divergence between two Bernoulli distributions Bern(x) and Bern(y') with the usual conventions,
one can prove then that for all consistent strategy

[ Nopn(T) } S 1
log(Ny(T)) |~ Kl(paplpg)
which is the lower bound that we get without graph structure. This suggests that only the users b’ such

that p1 — fiq i >wyp,pr provide information about the behavior of user b. This justifies to introduce for
each couple (a, b) the fundamental set

liminfE,
T—o00

Bap={b €B: poy < ph—wpp} -

It is also convenient to introduce its frontier, denoted 9B, ; := {b’ EB: oy = i —Whp } Now, in
order to report the lower bounds while avoiding tedious technicalities, we slightly restrict the set D,,,.
To this end, we introduce the set

D, = {Vefw: V(a,b) € A x B, 88@2@} .

This definition is justified since the closure of D,, is indeed D, (we only remove from D,, sets of
empty interior). We can now state the following proposition.

Proposition 5 (Graph-structured lower bounds on pulls) Let us consider a consistent strategy.
Then, for all configuration v € D, almost surely it holds for all sub-optimal couple (a,b) ¢ O,

1
lim Ny (T liminf ————— kl /
A NT) <ooor it oy, 2 Kl
a,b

i — why) Ny (T) = 1. (1)



We then introduce the notion of Pareto-optimality based on the lower bounds given in Proposition 5.

Definition 6 (Pareto-optimality) A strategy is asymptotically Pareto-optimal if for all v € D,,,

1
Ya € A, limsup _ KI( g v
T oo bi(a, b)gEO* log(Ny(T)) b,EZB;L . ( ’

p; — we ) Naw (T) < 1,

with the convention ming = —oo.

Remark 7 This proposition reveals that the set B, = {b’ €B: pay < —Wb,b’} plays a crucial
role in the graph structure. The definition of D, excludes specific situations when there exists b, b/ € B,
ac€ A, wyy =y — oy =Dap+ap— a,b that belong to the close set D... Extending the result to
D,, seems possible but at the price of clarity due to the need to handle degenerate cases.

In order to derive an asymptotic lower bound on the regret from these asymptotic lowers bounds, we
have to characterize the growth of the counts (Ny(-))c -

Corollary 8 (Lower bounds on the regret) Let us consider a consistent strategy and sequences of
users with log-frequencies 3 € (0, 1]8 independently of the considered configuration in D,,. Then,
for all configuration v € D,,

R o s
lim inf > Cr(B,v) ;== min ANgpngp: ne RS 2)
T—oo log(T) (B,v) ab;@ +

s.t. V(CL, b) ¢ O*, Z kl (,U'a,b’ Mz — wa,/) nmb/ 2 Bb } .

VB,

Hence such a strategy is asymptotically optimal if for all v €D,

lim su R(V T)
T Tog(T)

< C5(B,v).

Remark 9 In the previous corollary, log-frequencies 3 may be either strategy dependent or indepen-
dent. In an uncontrolled scenario, 5 is imposed by the setting and does not depend on the followed
strategy, while in a controlled scenario we consider strategies that impose B=15:=(1)pcp.

Like other structured bandit problems (as in Combes et al. (2017), Lattimore and Szepesvari (2017))
this lower bound is characterized by a problem-dependent constant C;(/3, v) solution to an optimiza-
tion problem. In the agnostic case we recover the lower bound of the classical multi-armed bandit
problem. Indeed, let us introduce for a € [0, 1] the weight matrix w, where all the weights are equal
to a (except for the zero diagonal). w,, is the same weight matrix as in Figure 1 but only for one
cluster. Then when there is no structure (w=wy ), we obtain the explicit constant

N=%p 3 o 3)

beB  acA: (a7b)¢0* kl(/"tayb“’bb)

7



that corresponds to solving |B| bandit problems in parallel (independently the ones from the
others). Thus the graph structure allows to interpolate smoothly between |B| independent ban-
dit problems and a unique one when all the users share the same distributions. In order to il-
lustrate the gain of information due to the graph structure we plot in Figure 2 the expectation
E,u(D.,) (C5. (18,v)/Cy, (18,v)] of the ratio between the constant in the structured case (2) and
that in the agnostlc case (3), Where U(D,,,) denotes the uniform distribution over D, , a €0, 1].

walC ooy
02 04 06 08 10
| |

0.0 0.2 0.4 0.6 0.8 1.0

Figure 2: Plot of a — K, y(p, )[C5, (18,v)/C}, (15,v)] where w, is a matrix where all the
weights are equal to « (except for the zero dlagonal) and v is sampled uniformly at random
in D, .

3. IMED type strategies for Graph-structured Bandits

In this section, we present for both the controlled and uncontrolled scenarios, two strategies: IMED-GS*
that matches the asymptotic lower bound of Corollary 8 and IMED-GS with a lower computational
complexity but weaker guaranty. Both are inspired by the Indexed Minimum Empirical Divergence
(IMED) proposed by Honda and Takemura (2011). The general idea behind this algorithm is to
enforce, via a well chosen index, the constraints (1) that appears in the optimization problem (2) of
the asymptotic lower bound. These constraints intuitively serve as tests to assert whether or not a
couple is optimal.

3.1 IMED type strategies for the controlled scenario

We consider the controlled scenario where the sequence of users (b;);>1 is strategy-dependent and at
each time step t > 1, the learner has to choose a user b; and an arm a;, based only on the past.

3.1.1 THE IMED-GS STRATEGY.

t
Z {(as,bs)=(a,b)} X s if Nqp(t) >0, 0 otherwise, the empirical mean

We denote by fiq (t) =

of the rewards from couple ( b) Guided by the lower bound (1) we generalize the IMED index to



take into account the graph structure as follows. For a couple (a, b) and at time ¢ we define

1og(Na(t)) if (a,b) € O*(t)
Iop(t) = { > KUy (8)] /15 (8) — wopr) Now (t) +log(Nay ()  otherwise ;@
b'eBg ()

where (i () =maxXac A fla,b(t) is the current best mean for user b, the current set of optimal couple is

O () = {(0.0) € Ax B fuslt) = (0}

and the current set of informative users for an empirical sub-optimal couple (a, b) is

~

me(t) = {b/ € B: Na,b’ (t) >0 and ﬂa7b/(t) < ﬂg(t) — wb’b/} .

This quantity can be seen as a transportation cost for “moving”” a sub-optimal couple to an optimal
one, plus exploration terms (the logarithms of the numbers of pulls). When an optimal couple is
considered, the transportation cost is null and only the exploration part remains. Note that, as stated
in Honda and Takemura (2011), I, 4(¢) is an index in the weaker sense since it is not determined only
by samples from the couple (a, b) but also uses empirical means of current optimal arms. We define
IMED-GS (Indexed Minimum Empirical Divergence for Graph Structure) to be the strategy consisting
of pulling a couple with minimum index in Algorithm 1. It works well in practice, see Section 4, and
has a low computational complexity (proportional to the number of couples). However, it is known
for other structures, see Lattimore and Szepesvari (2017), that such greedy strategy does not exploit
optimally the structure of the problem. Indeed, at a high level, pulling an apparently sub-optimal
couple (a, b) allows to gather information not only about this particular couple but also about other
couples due to the structure. In order to attain optimality one needs to find couples that provide the
best trade-off between information and low regret. This is exactly what is done in the optimization
problem (2).

3.1.2 THE IMED-GS* STRATEGY

In order to address this difficulty we first, thanks to the (weak) indexes, decide whether we need to
exploit or explore. In the second case, in order to explore optimally according to the graph structure
we solve the optimization problem (2) parametrized by the current estimates of the means and then
track the optimal numbers of pulls given by the solution of this problem. More precisely at each
round we choose but not immediately pull a couple with minimum index

(ay,b,) € argmin I,(t).
(a,b)eAXB

Exploitation: If this couple is currently optimal, (a,,b,) € @*(t), we exploit, that is pull this couple.
Exploration: Else we explore arm a1 =a,. To this end, let n°P'(¢) be a solution of the empirical

2. This notion refers to the generic proof technique used to derive regret lower bounds. It involves a change-of-measure
argument, from the initial configuration in which the couple is sub-optimal to another one chosen to make it optimal.



version of (2) with § = 1, that is

n°'(t) € argmin { Z (ﬂg(t) — ﬂmb(t)) Nab %)
ner}*P (a,b)EAXB
st W(a,b) & OF(1),Bap() £ 0 > Kl(jiqw ()] f55(t) — wop) nap > 1}.
b EB, (1)

The current optimal numbers of pulls given by

NJR(t) = nghy (1) ipeig Ly(t). (6)
We then track
bis1 €  argmax N;ffb(t) — Ng, (1) (7

b€Ba, b, (t)U{b, }

Asymptotically, we expect that all the sub-optimal couples are pulled roughly log(7") times. There-
fore, for all sub-optimal couple (a,b), the index I,(7") should be of order log(7"). Thus we
asymptotically recover in the definition of N;I;:() the optimal number of pulls of couple (a, b), that
is nl , log(T") as suggested in Corollary 8. Filially we pull the selected couple (@41, by+1). In order
to ensure optimality, however, such a direct tracking of the current optimal number of pulls is still
a bit too aggressive and we need to force exploration in some exploration rounds. We proceed as
follows: when we explore arm a, we automatically pull a couple (a,, b) if its number of pulls Nat) b
is lower than the logarithm of the number of time we decided to explore this arm. See Algorithm 2
for details. This does not hurt the asymptotic optimally because we expect to explore a sub-optimal
arm not more than log(7") times. On the bright side, this is still different than the traditional forced
exploration. Indeed, only few rounds are dedicated to exploration thanks to the first selection with
the indexes and among them only a logarithmic number will consist of pure exploration: Thus, we
expect an overall log log(T") rounds of forced exploration. Note also that all the quantities involved in
this forced exploration use empirical counters. Putting all together we end up with strategy IMED-GS*
described in Algorithm 2.

Comparison with other strategies IMED-GS* combines ideas from IMED introduced by Honda and
Takemura (2011) and from 0SSB by Combes et al. (2017). More precisely, it generalizes the index
from IMED to the graph structure. From 0SSB it borrows the tracking of the optimal counts given
by the asymptotic lower bound (see also Lattimore and Szepesvari (2017)) and the way to force
exploration sparingly. The main difference with 0SSB is that IMED-GS* leverages the indexes to deal
with the exploitation-exploration trade-off. In particular IMED-GS*does not need to solve at each
round the optimization problem (2). This greatly improves the computational complexity. Also, note
that 0SSB requires choosing a tuning parameter that must be positive to ensure theoretical guarantees
but that must be set equal to 0 to work well in practice. This is not the case for IMED-GS* that requires
no parameter tuning and that works well both in theory and in practice (see Section 4).

3.2 IMED type strategies for the uncontrolled scenario

In this section, an uncontrolled scenario is considered where the sequence of users (b;):>1 is assumed
deterministic and does not depend on the strategy of the learner. We adapt the two previous strategies
IMED-GS and IMED-GS* to this scenario.

10



Algorithm 1 IMED-GS (controlled scenario) Algorithm 2 IMED-GS* (controlled scenario)

Require: Weight matrix (wpp )b/ eB- Require: Weight matrix (wp.p)p.1reB-
fort =1...7 do Vae A, cqycf 1
Pull (a+1,bi41) € argmin I, (%) for Fort =1...T do
(a,b)€AXB Choose b,) € in I,,(t
end for (2, b) (2?2\136 »(0)

if (a,,b,) € O*(t) then

Choose (at41,be41) = (a4,b,)
else

Seta;+1 = q,

if cq,,, = ¢l then

at41
+ +
Cat+1<_2cat+1 '
Choose by 1 € argmin N, 5(t)
else beB

Choose by1€ argmax N» (t)=Na, ., 5(t)
end if b€Ba, b, (HU{b, }
Cayyr < Capyy T1
end if

Pull (at+1, bt+1)
end for

IMED-GS; strategy At time step ¢ > 1 the choice of user b; is no longer strategy-dependent but is
imposed by the sequence of users (b;);>1 which is assumed to be deterministic in the uncontrolled
scenario. The learner only chooses an arm to pull a; knowing user b;. We define IMED-GSs to be the
strategy consisting of pulling an arm with minimum index in Algorithm 3 of Appendix C. IMED-GS»
suffers the same advantages and shortcomings as IMED-GS. It does not exploit optimally the structure
of the problem but it works well in practice, see Section 4, and has a low computational complexity.

IMED-GS; strategy In order to explore optimally according to the graph structure in the uncontrolled
scenario, we also track the optimal numbers of pulls. 5 may be at first glance different from 1.
This requires some normalizations. First, for all time step ¢ > 1, n°"'(¢) now denotes a solution of
the empirical version of (2) with 8 = (3,(t))ses Where 3y (t) =log(Ny(t)) /log(t) estimates log-
frequency /3 of user b€ B. Second, we have to consider normalized indexes I, (t) =1, 5(t)/ By(t)
for couples (a,b) € A x B in order to have E,b(T) ~ log(T) as in the controlled scenario. An
additional difficulty is that at a given time step ¢ > 1, while the indexes indicate to explore, the current
tracked user (see Equation 7) given is likely to be different from user b; with whom the learner deals.
This difficulty is easy to circumvent by postponing and prioritizing the exploration until the learner
deals with the tracked user. Priority in exploration phases is given to first delayed forced-exploration
and delayed exploration based on solving optimization problem (2), then exploration based on current
indexes (see Algorithm 4 in Appendix C). IMED-GS}; corresponds essentially to IMED-GS* with some
delays due to the fact that the tracked and the current users may be different. This has no impact on
the optimality of IMED-GS5 since log-frequencies of users are enforced to be positive.

3.3 Asymptotic optimality of IMED type strategies

In order to prove the asymptotic optimality of IMED-GS* we introduce the following mild assumptions
on the configuration considered.

11



Definition 10 (Non-peculiar configuration) A configuration v €D, is non-peculiar if the optimiza-
tion problem (2) admits a unique solution and each user b admits a unique optimal arm aj.

In Theorem 11 we state the main result of this paper, namely, the asymptotic optimality of IMED-GS*
and IMED-GS5. We prove this result for IMED-GS* in Appendix E and adapt this proof in Appendix G
for IMED-GS3. Please refer to Proposition 20 (Appendix D) for more refined finite-time upper bounds.
As a byproduct of this analysis we deduce the Pareto-optimality of IMED-GS and IMED-GS; stated in
Proposition 12 and proved in Appendix G.

Theorem 11 (Asymptotic optimality) Both IMED-GS* and IMED-GS% are consistent strategies. Fur-
ther, they are asymptotically optimal on the set of non-peculiar configurations, that is, for all v € D,,
non-peculiar, under IMED-GS™ the sequence of users has log-frequencies 15 and we have

lim su R, T)
T—>oop lOg(T)

< Ci(1s,v),

and, under IMED-GS}, assuming a sequence of users with log-frequencies (3 € (0, 1]8, we have

. R(v,T)
T—o00 IOg(T)

< C5(Bv).

Proposition 12 (Asymptotic Pareto-optimality) Both IMED-GS and IMED-GSs are consistent strate-
gies. Further, they are asymptotically Pareto-optimal on the set of non-peculiar configurations, that
is, under IMED-GS or IMED-GSs, for all v € D,, non-peculiar,

1
Ya € A, limsup min

_ kl s — ANy (T) < 1.
Tne b (a,) O IOg(Nb(T)) Z (//Ja,b ‘:ub wb,b) a,b ( )

b'EBqp

Discussion Removing forced exploration remains the most challenging task for structured bandit
problems. In the context of this structure, forced exploration would have been to use criteria like "if
Nop(T) < éqp(T) log(T), then pull couple (a,b)" for some constants ¢, ,(7") that depends on the
minimization problem coming from the lower bound and where ¢, ,(7") log(7") can be interpreted
as an estimator of the theoretical asymptotic lower bound on the numbers of pulls of couple (a, b).
In stark contrast, in IMED-GS* there is no forced exploration in choosing the arm to explore and, in
choosing the user to explore, the used criteria is more intrinsic as it reads "if Ny 5(T") < éq (1) 1o(T),
then pull couple (a, b)", where 1,(T') ~log(T) but really depends on (Ng (7)) (a,5)¢c+- Thus, the
used criteria are not asymptotic, and do not dependent on the time ¢ but on the current numbers
of pull of sub-optimal arms. Since theoretical asymptotic lower bounds on the numbers of pulls
are significantly larger than the current numbers of pulls in finite horizon (see Figure 3), IMED-GS*
strategy is also expected to behave better than strategies based on usual (conservative) forced
exploration. Although entirely removing forced exploration would be nicer, in IMED-GS*, forced
exploration is only done in a sparing way.

4. Numerical experiments

In this section, we compare empirically the following strategies introduced beforehand: IMED-GS and
IMED-GS* described respectively in Algorithms 1,2, IMED-GSg and IMED-GS; described respectively

12



in Algorithms 3,4 and the baseline IMED by Honda and Takemura (2011) that does not exploit the
structure. We compare these strategies on two setups, each with |5| =10 users and | A| =5 arms.
For the uncontrolled scenario we consider the round-robin sequence of users. As expected the
strategies leveraging the graph structure perform better than the baseline IMED that does not exploit
it. Furthermore, the plots suggest that IMED-GS and IMED-GS* (respectively IMED-GSg and IMED-GS%)
perform similarly in practice.

Fixed configuration Figure 3: Left — For these experiments we investigate these strategies on
a fixed configuration. The weight matrix w and the configuration v € D,, are given in Appendix L.
This enables us to plot also the asymptotic lower bound on the regret for reference: We plot
the unstructured lower bound (LB_agnostic) in dashed red line, and the structured lower bound
(LB_struct) in dashed blue line.

Random configurations  Figure 3: Right — In these experiments we average regrets over random
configurations. We proceed as follows: At each run we sample uniformly at random a weight matrix
w and then sample uniformly at random a configuration v € D,,,.

B IMED_GS R o IMED_GS A‘/ ,}»-""‘"—_—
— IMED_GS" - ® ] | — MeDas' r L
[=] === LB_stuct — — IMED -
S | — mép [ P ’V
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o @ g o
8 © z Y
. =
@ o | ]
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- ]
=
! ] 8_
& M .1
— ! o -
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Figure 3: Regret approximated over 1000 runs. Top: controlled scenario. Bottom: uncontrolled
scenario, (by)¢>1 is the round-robin sequence of users. Left: Fixed configuration. Right:
Random configurations.

Additional experiments in Appendix I confirm that both IMED-GS and IMED-GS* induce sequences of
users with log-frequencies all equal to 1.
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Appendix A. Notations and reminders

For v € D,,, we define

‘ . |ty — 15— wopr| prap 1= 1
e min , —=, .
4 4 4

(a,0)20* b B
Fa, b — My —wp, 5 70

Then, there exists «,, : R} — R such that lin% ay,(¢) = 0 and such that for all 0 < € < ¢, for all
E—r
(a,b) ¢ O* forall b € B,

KI(pta,br |1 — wo,pr
fab F Hp—why = (u1’+|ljf (e) 7 )<k1(Ma b e |y —wp,p £2) < (14w (€) K (pa b [ 15 —wb b1 ) -

We also introduce the following constant of interest

—1 log(1—jiq p—c1) —3
EV — 6e max <1 _ log(l - ,Uza,,b _;V)> (1 _ e<1w>kl(ﬂa,b|ﬂa,b5u)> '

acAbEB log(1 — ptap
Lastly, for all couple (a,b) € A x B, for all n > 1, we consider the stopping times
Tap = Inf {t>1: Ngp(t)=n}
and define

fg b= fab(Tap) -

Appendix B. Proof related to the regret lower bound (Section 2)

In this section we regroup the proofs related to the lower bounds.

B.1 Almost sure asymptotic lower bounds under consistent strategies

In this section we prove Proposition 5.

Let us consider a consistent strategy on D,,. Let v € D,, and let us consider (a,b) ¢ O*. We show
that almost surely Tlim Ny(T') = o0 implies
—00

i f— N, & kl Ny — / 2 1
i gy, Mo T~
a,b
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where B, = {V/ € B: (a,b') ¢ O* and pqp < g — wpp -
Proof Let us consider v € D,,, a maximal confusing distribution for the sub-optimal couple (a, b)
such that a is the unique optimal arm of user b for v, defined as follows:

- Va/ 7é a, b/ S B, ﬁa/’b/ = /_,La/’b/

-V ¢ Bap,  Fapr = Hab
-V € Bap,  Flap = pf —why €

Our assumption on D, C D,, ensures that g9 > 0.

where 0 < € < gg = [r)peig }M; — Wy — Pap |-

Note that ¢ is chosen in such a way that for all ¥/, b” € B, max ’ﬁ%b/ — g | < wiy pr. Indeed we
a

have:

- fOf b/, b// c Ba’b : ﬁmb/ — ﬁa,b” = Wb,b’ — wb,b” < wb/,b”
/ . ~ ~

- for b,, b’ Qé Ba,b : Hay — Ha | = |Hab! — Hab” < Wy b’

-for b’ € Byyp and " ¢ By, we have figy — flgpr = [ — Wh iy + € — [lq,p. Since in this case
V € By itimplies pqp < pf — wpy and since b” ¢ By p © fiq 0 = p1f — wpp + 0. Therefore on
one hand we get

fh — Whp + € = Hapr = fay — Habr = —Wy b s

and on the other hand

Wy — Whp + € — fapr < py — why +€ — (1 — Wy +€0) =€ — €0+ Whpr — Wy < Wy b -

Actually, we can choose 0 < € < €, so that :

\US Bab, kl(ﬂa,b’ma,b’) <1+ O‘V(g))kl(ua,b”l‘; - Wb,b’)'

We refer to Appendix A for the definitions of £, and «,,(+). Note that c,, (-) is such that lin% ay,(e) =0.
e—

Let 0 < ¢ < 1.We will show that almost surely T}im Ny(T) = 400 implies
— 00

li f———— Naw (T)KI( / /
17[&101; log Nb blezB: ab ,uab |Mab)
b

We start with the following inequality

P, | liminf ————— Z Ny (T)KI(p, 10 | 1

lim Ny(T) =
i T ¥) <6 g, NelT) = o0

< liminf P, Ny (T)KIttqpr | Frary lim N,(T) =
< limin long b/ezB:b a b (D)Ko, |ftay) < e, lim Np(T') = o0

Let us consider an horizon 7' > 1 and let us introduce the event

Op = Z Ny (T)KI(prapr |Fiap ) < clog(Ny(T)), lim Ny(T) = oo
VB, T—o0
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We want to provide an upper bound on P, (27) to ensure Tlim P,(Qr) = 0. We start by taking
—00

advantage of the following lemma.

Lemma 13 (Change of measure) For every event ) and random variable Z both measurable with

respect to v and U,

dv
P,(QNE) =E; {dﬁ(lﬁ)ﬂ{mE}] < Ep[e”Tgy]

d
where E = {log (;@p)) < Z} and v = ((at, bt), Xt)1=1.1 is the sequence of pulled couples
v

and rewards.

Let o € (0, 1) and let us introduce the event

dv
= {1og (20 ) < (1~ ) log(Ni(1) }.
Then we can decompose the probability as follows
P, (Qr) =P, (Qr N Er) + Py (Qr N ES) < Ex[No(T)' Ty ] + Pu(Qr N EF)

Now, we control successively B[Ny (T)'~“Isq,3] and P, (Q7 N ES) and show that they both tend
to 0 as T" tends to oo.

B.1.1 Ey[Ny(T)' ;] TENDS TO 0 WHEN 7' TENDS TO INFINITY

We first provide an upper bound on I, } as follows, denoting ¢’ = ¢/K1(ttq b/ | fla,p )

Qr C {Na,b(T> <d 10g<Nb(T)), Th—r};o Nb(T) = OO}

= N(T) < 1og(Ny(T)) + Y | Narp(T), lim Ny(T) = oo
a'#a
Thus, we have
log( Ny (T Ny (T
og (N ( ))+Z ,b( )

lar) < LNy @)>1, N(m)so0)— No(T)
a'#a

Considering f, : # > 1+ log(x)/x®, we have f, < e !/a. Then, the dominated convergence

theorem ensures o (Ni(T))
0g({Vp
By [H{Nb(T)>1, Nb(T)%oo}W] =o(1).

Furthermore, since the considered strategy is assumed consistent we know that for a’ # a, since a’ is
a sub-optimal arm for user b and configuration v,

therefore we get
E; [Nb(T)lia]I{QT}] =o(1).
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B.1.2 P,(Qr N E%) TENDS TO 0 WHEN 7T TENDS TO INFINITY

For each time t = 1,...,T, the reward X; is sampled independently from the past and according to
Va, b,- Hence the likelihood ratio rewrites

T
dV dyat bt
dv () Pl dvg, b, (X2)
d (1 — prgp)'"
where, for all (a,b) € A x Band for all x € {0, 1}, we have : Vab () = /izb( /ia,b)l ‘
ab Iu’a,b(]‘ - Ma,b) -

Thus, since for all b’ ¢ Bqp, ftap = [la,p, the log-likelihood ratio is

log( ) 3y Z]I{ahbt ab/)}log<dy (X)).

b'eB,, t=1

Let us introduce, for (a,b) € A x B, X7’ = X;n, where 7/, = min{t > 1 s.t. Ngp(t) =n}.

Note that the random variables 7.}, are predictable stoppmg times, since {Tgb = t} is measurable

with respect to the filtration generated by ((a1, b1), X1, ..., (az—1, bs—1), X¢—1). Hence we can rewrite
the event Ep

T
d’/ab
Br=1 2 2 M =@} g5,  (X0) < (1= a) log(Ny(T))
VEB,p t=1

and, since Qp = Z Na,b’(T)kKMa,b"/ja,b’) < ClOg(Nb(T>) , lim Nb(T) = o0 p, we have
b/EBa,b T—o00

QrNE; C {H(nb’)b’e&l,b c > nykl(pey | ey ) < clog(Ny(T)), Th_{r;o Ny(T) = o0

=T
dya7b, n
and % 2 (X2y) > (1- ) log(Ny(T)) .
b eB, p n=1.n, 4Va,b/

dv,
For V' € B, and n > 1, let us consider 7], = dVa b (X;I w)- Then Zj; is positive and bounded by

Va b/

1
By = ——————, with mean E, [Z]})] = Kl(ftq,1/ |flq,) - Furthermore, the random variables
fay (1 = flay)’

Z};, for b/ € By and n > 1, are independent. Thus, it holds

1—a

QrNES: C ma Zi; — E, [ Z)] ——— — 1| clog(Np(T)), Np(T)— 00,

PEECY ms 3 3Bz > (1) oD NlT)
GBabeL 1nb/

where

Nap =1 (np)ves,, : Y nykl(payfiay) < clog(T)
bEB,,
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In the following, we apply Doob’s maximal inequality. For b’ € B,; and A > 0, let us introduce the
super-martingale

: u B
o _ k k /
M? = exp ()\ ;le (Z — E[Z)]) — nA? T;b > .

Then noting that

2 Bz?/ 2 Bgl
Y. ANy ] XA Ny 3~ max Bb2,
b'eBap < b'€Bab < \2 b EBy b
ClOg(T) Z nb/kl(ﬂa,b’“ja,b’) h 8 min kl(ﬂa,b"/ja,b’) 7
v eBa b'€Ba,b

we obtain
2
—a )_)\2 maxb/eB?b Bb] )] .
8 min,, K arm 47
b eB b b
ap @b Ta , Np(T)— o0

s
QrNE; C max H MY >T
(né)ENa,b b’EB b b

C {Elb’ € B,p: max MY > Ny(T)", Nb(T)—>oo} ,

NXMmax

maxyep, Bg/ c I
8minb/65a b kl(lu'a,b’|ﬁa,b/) ’Ba b| .
£l b

n

o clog(T) o l-a 32
where npax = o (ko) and v = |A\(= 1)—A
bEB, ’ ’

order to have v > 0, we impose:
-0<a<l—c (thisimpliesl_Ta—1>0)

1-— maxp/ B?,
—)\Gargmax{)\’( a —1)—\? P Clan b } > 0.
c

N>0 Sminbxega’b S
Thus for A > 0, we have

P,(QrNE:) <> Py< max M? > Ny(T)", Nb(T)—>oo> (Union bound)

N<Nmax

b'EBqp
< ) PUN(T) < A, Ny(T)—00) +]P’V< max MY > A>
N<Mmax
b'EBap
. E,[M{] T
< |Bap| Pu(No(T)Y < A, Np(T)—00) + Z — 1 (Doob’s maximal inequality)
b'eBay
|Ba,b

= ‘Ba’b’PV(Nb(T)’Y < A, Nb(T)—>OO) +

A

Furthermore, we have

T—o0

i BT < A, N(T) o) < By limsup (NA(T)" < 4), N(T) %)
— 00

< P;(limsupr(T) < 00, Nb(T)—>oo> =0.

T—o0

Thus we have shown

B,
VA >0, limsupP,(QpNES) < [Bay|
T—o00 A

)
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that is P, (Qr N E) = o(1).

B.2 Asymptotic lower bounds on the regret

Here, we explain how we obtain the lower bounds on the regret given in Corollary 8.
Proof [Proof of Corollary 8.] Let us consider a consistent strategy on D, and let v € D,,. Let
(Tk)ken be a sub-sequence such that

. . .R(T,v) . R(Ty,v)
lim inf = lim ———=>.
T—o0 10g<T) k—o0 log(Tk)

We assume that this limit is finite otherwise the result is straightforward. This implies in particular
that for all (a,b) ¢ O*

lim sup Ey [Nap(T)]
By Cantor’s diagonal argument there exists an extraction of (7} )xren denoted by (77,)ken such that
for all (a,b) ¢ O, there exist N, , ¢ O* such that

E, [Na,b (Tl::)]

< +00.

li =Ngyp.
Wiheo  log(T)) ab
Hence we get
. . . R(T,v)
1 f = NopAayp -
it Ty 2 Newhao
(a,b)gO*

But thanks to Proposition 5 we have for all (a, b) ¢ O*, since user b has a log-frequency [,

Z KI(pta,p |15 — wopr ) Nay

b'EBa,b
EV [N(z b (T]é)]
= dim 3 K — wn) SR
k—o0 b’eZBa,b “ log(17)
E, N,y (T! log(Ny(T!
> lim inf K1t |t — ww)w x lim mfw > 6.
k—o0 VEBy, lOg(Nb(Tk)) k—o0 log(Tk)
Therefore we obtain the lower bound
. . .R(pT) )
1 f ’ >Cx(B,v) = A
B gy 2 )= by 2 mesbes
st V(a,b) £0": > Kl(tap|us — oy )nay = Bs-

VB,
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Appendix C. Algorithms for the uncontrolled scenario

We regroup in this section the algorithms IMED-GS2 and IMED-GS3 for the uncontrolled scenario.

Algorithm 3 IMED-GSo

Algorithm 4 IMED-GS}

Require: Weight
(Wb, )bt eB-
fort =1...T do _

Pull atq41 € argmin Ia,bt+1 (t)
ac A

end for

matrix Require: Weight matrix (wa,/ )[,J,/ cB-

Va € A, cq,cf + 1
Vb € B, E(b) + 0, FE(b) « 0
for Fort =1...T' do

Choose @; € argmin ’Iva,bt+1 (t)
acA

if (@;,b,41) € O*(t) then
Choose asy1 = ay
else

ChOOSC (Qt)bt) S argmin Ta,b(t)
(a,b)€EAXB
if (a,,b,) ¢ O*(t) then

if cq, = c; then

ca & 25
Choose b; € argmin N, j(t)
beB

FE(b;) + a,

else
Choose b; € argmax Nifil,b(t) —Nayy (1)

b€By, b, (HU{b, }

E() < a,

end if

cat+1 A Cat+1 + 1

end if

Priority rule in exploration phases:

if FE(b;1+1) # 0 then
Choose a;+1 =FE(bs11) (delayed forced-exploration)
FE(bs41) < 0

else if E(b;1 1) # () then
Choose a;+1 =E(b;+1) (delayed exploration)
E(biy1) < 0

else
Choose a;+1 =a; (current exploration)

end if

end if

Pull a¢4+1
end for
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Appendix D. IMED-GS*: Finite-time analysis

IMED-GS* strategy implies empirical lower and empirical upper bounds on the numbers of pulls
(Lemma 14, Lemma 15). Based on concentration lemmas (see Appendix D.7), the strategy-based em-
pirical lower bounds ensure the reliability of the estimators of interest (Lemma 19). Then, combining
the reliability of these estimators with the obtained strategy-base empirical upper bounds, we get
upper bounds on the average numbers of pulls (Proposition 20). We first show that IMED-GS* strategy
is Pareto-optimal (for minimization problem 2) and that it is a consistent strategy which induces
sequences of users with log-frequencies all equal to 1 (independently from the considered bandit
configuration). From an asymptotic analysis, we then prove that IMED-GS* strategy is asymptotically
optimal.

D.1 Strategy-based empirical bounds

IMED-GS* strategy implies inequalities between the indexes that can be rewritten as inequalities on
the numbers of pulls. While asymptotic analysis suggests lower bounds involving log (th . (t))
might be expected, we show in this non-asymptotic context lower bounds on the numbers of pulls
involving instead the logarithm of the number of pulls of the current chosen arm, log (Nat bt (t))
In contrast, we provide upper bounds involving log(Ny,,, (¢)) on Ng, b, (t).

We believe that establishing these empirical lower and upper bounds is a key element of our
proof technique, that is of independent interest and not a priori restricted to the graph structure.

Lemma 14 (Empirical lower bounds) Under IMED-GS™, at each step time t > 1, for all couple

(a,b) ¢ O%(1),

log (Nat+1»bt+1 (t)) < Z Na,b' (t) kl (ﬂa,b'(t) ‘ﬂ;(t) - Wb,b’) + log (Na’b' (t)) :
b EB, 1 (t)

Furthermore, for all couple (a,b) € O*(t),

Nat+17bt+1 (t) < Na,b(t) :

Proof According to IMED-GS* strategy (see Algorithm 2), a;+1 = a, and for all couple (a,b) € AxB

Ia,b(t) > Igtvbt (t) .

There is three possible cases.

Case 1: (azy1,biy1) = (a4, b;) € O*(t) and o, p,(t) =10g(Nayy s pesy ().

Case?2: b1 € f)’\gt@t (t) U{b,} and

L) = X Ny (01K (i, (8)] 3, (8) = s, ) +108(Nay 1 (1)). Note that, € B, (1
b €Bg, b, (1)

except if Ny, . (t) = 0. Thus I, 3 () = log(Nay,, 5,40 ().

Case3: by € argggin Ng, p(t) and Iy, p, (t) > min, _z 0 10g(Nagir 5(t) = 10g(Nayyy pesy (1))

bEBEt»Qt
This implies for all couple (a,b) € A x B,
Ia,b(t) 2 log(Nat+17bt+1 (t)) .
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Thus, according to the definition of the indexes (Eq. 4) for all couple (a,b) ¢ O*(t) we obtain
10g (Nagy b5 () < Z Nay (8) K1(fia (t)| i (t) — wpr) + log (Naw (1))
b E€By (L)
and for all couple (a,b) € O*(t),
10g (Nagy 1,541 (1) < log (Nap(t)) -

Taking the exponential in the last inequality allows us to conclude. |

Lemma 15 (Empirical upper bounds) Under IMED-GS*, at each step time t > 1 such that
(at+1,be41) ¢ O*(t) we have

> Naow (K (o (8)] 5, (1) = wr, ) < log (N, (1)

b EBa, |, (1)

and
1

ki (7 )i, (1)
Nat+lybt+1 (t) < 'uatﬂ’bt( ) 'ubt( )
lOg(t) . 1 opt t
min - — SOSEWN )

kl (/J’at+17bt+1 (t) ‘:ubt (t) — wbtybt+l)

: — ot
,1fcatJrl = Cap

otherwise.

Proof For all current optimal couple (a, b) € O*(t), we have I, ;(t) = log (N, (1)) < log(Ny(t)).
This implies
I@ﬁbt (t) < log(th (t)) *

Furthermore, since (a;11,bi41) ¢ O*(t), we have a1 = a, and the previous inequality implies

Z Nat+1,b’ (t) kl (ﬂat+17b, (t) ‘ﬂgt (t) - w@b') < log (th (t)) . )

bEBa, 1, (1)

+

In the following we study separately the two cases either c,,  , = AN

. — ot
Casel: cq,yy =4,

Then by 11 € argmin N, ., »(t) and from Eq. 8 we get
beB

+
Capir OF Cappy < €

log(t)
K011, (1)

Nat+1,bz+1(t) < Nat+17bt (t) <

i, (1)

. +
Case2: cq,y, < g,

Then by € argmax Nspfb(t) — Ng, »(t) and we have
b€Ba, b, (1)U{b:}

log(t)
kl <ﬂat+1ybt+l (t) ‘ﬂg (t) - wbt,btﬂ)

Nat+1,bt+1 (t) <
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Last, Lemma 16 stated below implies

t t . t
Nat+17bt+1 (t) g N;)irl,bﬂrl (t> = nZIZJrl,btJrl (t) Igg[rgl Iat+1,b(t) g nZi)H,th (t> 1Og(t) .

Lemma 16 (N°P dominates N) Under IMED-GS*, at each time step t > 1 such that
(a;,b,) & O*(t) we have
_ max Ng‘b(t) — Ny, p(t) > 0.
beB&z ,b¢ (t)U{bt}

Proof If b, ¢ B\Qt’bt (t), then Ng 5 (t) = 0 and N;)ftbt (t) = Ng, p,(t) = 0. In the following we
assume that b, € B\%Qt (t) # 0.

From Egq. 6, since ipeué Lo, () = Iy, p,(t), forall b € B;ﬁbt (t) we have

Ngitb(t) = n;ffb(t) Igt,bt (t), 9)
and, since (ay,b;) ¢ O*(t), from Eq. 5 we get

> K (0], (0) = wp,0) m (0) > 1. (10)
b E€Bg, b, (1)

Then Eq. 9 and 10 imply

Z N;f,tb/ (t) kl (ﬂﬁzvb/ (t) ‘/lgt (t) — wbt,b/> > Iﬂtvbt (t) .
b'€Ba, b, (1)

Hence from the definitions of the indexes (Eq. 4) this implies

> NP ORI i, ()], (6) — ) (1

b E€Bq, b, (1)

> 30 Na (M ()] () )
b'E€Bg, b, (t)

Since we assume b, € ggt,bt (t) # 0, previous Eq. 11 implies

_max  NP() = Ny p(t) = max  NJP(t) — Ny, (1) > 0.
beBﬁt \by (t)U{bt} beBﬂt ,byt (t)
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D.2 Reliable current best arm and means

In this subsection, we consider the subset 7. - of times where everything behaves well, that is: The
current best couples correspond to the true ones, and, the empirical means of the best couples and the
couples at least pulled proportionally (with a coefficient v € (0, 1)) to the number of pulls of the
current chosen couple are e-accurate for 0 < € < g, i.e.

7'577::{7521: O*(t) = 0" }

V(a, b) s.t. Na7b(t) = 7Nat+1,bt+1 (t) or (av b) € 0*7 |ﬂa,b(t) - /La,b‘ <e

We will show that its complementary is finite on average. In order to prove this we decompose the
set 7. in the following way. Let £  be the set of times where the means are well estimated,

Eery = {t >1: V(a,b)s.t. Ngpy(t) = v Nayoq by (t) o1 (a,) € O*(t), |ftap(t) — pasp| < 6} ,

and A, the set of times where the mean of a couple that is not the current optimal neither pulled is
underestimated

Vb € B/a ﬂaﬁb(t) < Ha,b

— &
Ja € A, B'CB: 1og(Nay,y ey (1)< Y N (OKI(fra,(t) | fra,p — £1) +1og (Nab(t)) }

A= {t >1
beB’

Then we prove below the following inclusion.

Lemma 17 (Relations between the subsets of times) For(0 < e < ¢, and~y € (0,1),
T \NE, CA,, . (12)
Refer to Appendix A for the definition of <.

Proof For all user b € B it is assumed that there exists a unique optimal arm a; € A such that
(ay,b) € O*. We have O* = bUB {(ay,b)}. In particular, for all time step ¢ > 1, if O*(t) # O then
€

there exists b € B and @ € A such that (@}, b) € O*(t) \ O* (and @ # a}).
Lett € T2, \ &, Then O*(t) # O* and there exists b € B, ay € Asuch that (aj,b) € O*(t)\ O*.
Thus we know that a; # a;. In particular, we have Haz,b = [y > paz b + 26y Since ¢ € &~ and
€ < g, , this implies

Hap,b > Bap p(t) + v = [i5(t) + €0 = g (t) +€ (13)

and (ajy,b) ¢ O*(t). From Lemma 14 we have the following empirical lower bound

10g (Naryipsn () <> Nazy () kl(ﬂag,b/ )|z () — wb,b,) + log (Nag,b, (t)) . (14
b’el/ﬁ\alﬁ’b(t)

In particular, for all b’ € ga;,b(t) we have fiq; 1y (t) < i (t) — wpp and Eq. 13 implies
flag b (8) < fig(t) —wopy < pagb — v — Why < fap by — Ev s (15)
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and the monotonic properties of k1(+|-) implies

K frag 0 (1) 55 (8) — ) < K a0 (8) aag v — 20 (16)

Therefore, by combining Eq. 14, 15 and 16, we have for such ¢

~

= Bag,b(t)’ ,&a;,b’(t) < Hat b — Ev
and

log ( at41, bt+1(t)) < Z Na,’;,b’ (t) Kl <ﬂag,b/( ) Hay bt — 51/) + log ( a b’ (t)) )

4 GB * b(t)

which concludes the proof. |

Using classical concentration arguments we prove in Appendix D.8 the following upper bounds.

Lemma 18 (Bounded subsets of times) For(0 < ¢ < ¢, and~y € (0,1/2),
17
E[|€2,]1 < S APIBP - Eu (Al <21AP 1Bl 1+ B,
Refer to Appendix A for the definitions of ¢, and E,,.
Thus combining them with (12) we obtain

Bul| 1) < B85, 1+ Bullae, ) < 5 |42 1B + 2147 5] 1+ B,) .
Hence, we just proved the following lemma.
Lemma 19 (Reliable estimators) For 0 < e < e, andy € (0,1/2),
BTS00 < AR B2 + 2 AP |B| (1 + )8
Refer to Appendix A for the definitions of €, and E,,.

D.3 Pareto-optimality and upper bounds on the numbers of pulls of sub-optimal arms

In this section, we combine the different results of the previous sections to prove the following
proposition.

Proposition 20 (Upper bounds) Let v € D,,. Let 0 < € < &, and v € (0,1/2). Let us consider

T ::{t>1: O*(t) = O }
& V(a,b) s.t. Nop(t) = v Nayyy pess (t) o1 (a,0) € OF, |1 p(t) — pap| < €

Then under IMED-GS* strategy,

E,[| 721 4|A! B +2| A1 |B] (1 + E,)"®!
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and for all horizon time T’ > 1,

M,
v N,y kl / — ) < (1 1 —
a € A, (gil)léo*log Nb Z ab ( (Bap |y — wopr) < ( +au(5))[ +7mj
b’EBab
M, Tz 5]
minbelg log(Nb(T))

where m,, and M, are defined as follows:

my = min_ Kl(pap|uy —wpw), M, = max Z KI(pta,pr |12, — wpr) -

b)¢ O* b)EO*
(Z/e)gﬁ (&D)E0 b'eBay

Furthermore, we have

1+ ay(e)

v

Refer to Appendix A for the definitions of €, a,,(+) and E,,.

V(a,b) & 0%, Nup(T) < log(Ny(T)) + | T, | -

Proof From Lemma 19, we have:

c 17
B (|75 < = AP IBI + 2| AP 1Bl (1 + B,).

Leta € A. Letus consider 1 < ¢t < T such that a1 = a, (ai41,bi41) ¢ O* and t € T; . Then,

according to IMED-GS™ strategy (see Algorithm 2), we have

(a,by) = (ar.by) ¢ O*(t).

From Lemma 15 this implies

> Naw (K (fia ()], (6) = ) < log(Ny(T)) -
b E€Bqp, (1)

Since t € 7.y and € < €, we have

~

{b/ S Bab ab’( ) P 7Nat+1,bt+1 (t)} - B@abt(t) :

Combining inequality (17) with inclusion (18), it comes

> Napr (0)K1 fra ()5, (8) = et ) < Tog(N(T)) -

B €Bay: Nop (>7Nay 1 by (O

Since t € Tz 5, we have

By construction of «,(-) (see Section A), since € < £, inequalities (19) and (20) give us

Z Na,b’ (t) kI (:U’a,b’

4 EB(I bt a, b/( )>7Nat+1,bt+1 (t)

30

ﬂgt (t) o Mgt‘ < and Vo' € Ba7bt s.L. Navb/(t) 2 7Nat+1,bt+1 (t)7 |/la,b/ (t) — Hap' | <€

i, — @) < (1+ 0 (€))) log(Np(T))

an

(18)

(19)

(20)
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This implies

Z Na b’ kl (,U'a b

bGBaé

,u Wbt,b’> < (1 + aV(€>)) log(Nb(T)) + PYMVNat+1,bt+1 (t) .

Furthermore, using inequality (21), we get

(1+ ay(e)) log(No(T))

Kl (ua,gt
N(zt+1,bt+1 (t) < (1 + Oél,(f':)) log(Nb<T))

*
kl <Mat+1,bz+1 Mb bt,bH—l)

Nap, (t) < ifc, = ¢,

i)
9y (22)
if e, < ¢

Thus, we have shown that for all arm a € A, for all time step 1 < ¢ < 7T such that a;+1 = a,
(a41,bi41) ¢ O*and t € Te

M,
Z Ny (8) Kl(pa,pr |15 — whpr) < (1 + cuw(e))) <1 +7>

(a b)%O* log Nb b’EB , my

and

(1 + ay(e)) log(Ny(T))

Nat+17bt+1 (t) < m,

This implies for all arm a € A and for all time step 1 < ¢ < T,

M,
Ny (T) KW ptg |15 — wpr) < (1 14+~y—~
(ab)éEO*lOng b,gs:b ot/ (1 Kt 1= ) (+a”(5))[ J”my]
M,y |Te|
minyes log(Ny(T'))

and
1+ ay(€)) log(No(T))

my

Vb : (a,b) ¢ OF, Ngp(T) < ( + Wgcv’ :
|

It can be easily proved that under IMED-GS* N,(T') — oo for all b € B (see Lemma 27). From
previous Proposition 20, we deduce the following corollary by doing T — oo, then €, v — 0.

Corollary 21 (Pareto optimality) Let v € D,,. Let a € A such that {b € B : (a,b) ¢ O*} # (.

Then, we have

limsup min Now (T)K(poa,pr | 11 — wi ) < 1.
Toroo b (a)20" log(Ny(T) Nb b,g;b “ bt )

D.4 IMED-GS* is consistent and induces sequences of users with log-frequencies 13

In this section we show that IMED-GS* is a consistent strategy that induces sequences of users with
log-frequencies all equal to 1, independently from the considered bandit configuration in D.
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Lemma 22 (Consistency, log-frequencies 13) IMED-GS* is a consistent strategy and induces se-
quences of users with log-frequencies all equal to 1.

Proof We first show that IMED-GS* induces sequences of users with log-frequencies all equal to 1.

Let v € D, and let us consider an horizon 7" > 1. Let 0 < € < ¢, and v € (0,1/2). Let us consider
again the set of times

O*(t) = O* }
V(a,b) s.t. Nop(t) = v Nayyy bess (t) o1 (a,0) € OF, |1 p(t) — prapl <€ |

Then, according to Proposition 20, under IMED-GS* strategy,

7;,7={T>t>1;

E.[| T2 ] 4|Ay B> +2|A?|B|(1+ E,)® < 0. (23)

and for all horizon time 7" > 1, for all (a,b) ¢ O*,

1+ o, 1+ a,(e
Nap(T) < 22249 1oy (1)) + |75,] < < Lol opry 4 75 (24)
where m,, = @ r}%g}y Kl(ftq b |ty — wop), and €5, o, (+), E, defined in Appendix A.
bIEBa b
Note that, under IMED-GS*, for all ¢ > 1 such that (ay41,b.41) € @*(t) we have
(@41,bi41) € argmin N, p(t). This implies by definition of 7¢ , that
(a,b)€O*(1)
Y(a,b), (a',b') € O%, | Nap(T) = Norp(T)| < |T5,| +1. (25)

Indeed the difference of pulls between two optimal couples is non-decreasing only at times ¢ > 1
such that the difference is greater than 1 and O*(¢) # O*. Combining Eq. 24 and 25 we get

min Np(T) > min Ngp(T) —1

beB (a,b)eO~*
> Noo(T)— |75, — 1 Eq. 24
> nax an(T) = |T5,| (Eq. 24)
1
> 18] Z Nap ‘7;07|
(a,b)eO~*

1
= m L Z Nop(T) _‘7:7

|B’ (a,b)¢O*
1 1+ a,

p H(T—(]A—l)yzg[n‘j(g)l T)+|TZ, \D 75| -1 (Eq.25)
T 14+ ay(e c

> g~ A2 og(r) - 1A |72 - 14

Since E, [‘7;0 H < oo (see Eq. 23), this implies that IMED-GS* induces sequences of users with
log-frequencies all equal to 1.
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We show the consistency of IMED-GS* in the following. Let (a,b) ¢ O* and « € (0, 1). According
to Proposition 20,

Na,b(T) <

log(Ny(T)) 4 lim sup ‘7;677} ,
T—o00

and monotone convergence theorem ensures

17

E,[limsup |75, |] = limsup E, [| 75, || < — [A]® B> + 2 |A]? |B| (1 + )Pl < o0
T—00 ' T—00 ’ yE

This implies

limsup |7°
NuolT) _ 1+ ay(e) log(Ny(1) | P TS

Ny(T)™ =~ my, Ny(T)> Ny(T)> 7

and, taking the expectation, dominated convergence theorem implies

(4

limsup"Y;,y
£ [16)) | Lton@logUT) | o

+ —0.
m,  Np(T)° Ny(T')~

Indeed, it can be easily shown that under IMED-GS* N, (7T') — oo (see Lemma 27). This implies

. Na b(T) :|
limsup E, . =
T [Nb(T)a

D.5 The counters ¢, and ¢, coincide at most O (log(log(T))) times

Let us consider 0 < € < &, and «y € (0,1/2). Let us introduce

TAT) = {t € Ter: (s, birr) & OF and cq,, (1) = c;H(t)} ,
where 7 , is define as in Appendix D.2.
In this section, we want to bound |7.(T)|.

Lemma 23 Let 0 < e < ¢, and y € (0,1/2). Let us consider an horizon T > 1. Then, it holds

) < 214+ Ao (2 B g ) 1 72 )

Y
v

where m,, = ( rlg{g% K(ftq 0 |1y — wop ), and €, o, (-) defined in Appendix A.
a, *
b’GBa’b
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Proof From Lemma 24, we get:

ITe(T)| < 2 A+ ) logy(ca(T)) -
acA

Then applying Lemma 25, it comes:

(D) <20A+ ) logy [ > Nap(T) + |75,
acA b: (a,b)gO*

We end the proof by combining the previous inequality with Proposition 20 that ensures

V(a,b) ¢ 0%, Nau(T) < wlog(T) +|75,] -

my
[
Lemma 24 Let 0 < e < &, and v € (0,1/2). Let us consider an horizon T > 1. Then, it holds
IT(T)| < 2 A+ ) logy(ca(T)) -
acA
Refer to Appendix A for the definition of €,,.
Proof Leta € A. By construction of (c4(t))1<t<r and (¢} (¢))1<t<7, We have
§Tj I 1
C; (T) — 9i=1 {Ca(t):ci(t)} ) (26)
Furthermore, the following inequalities are satisfied
T
(D) <> D1 {ealt)—ct o} and Ya € A, e (T) < 2¢4(T). 27
acAt=1
Then Eq. 26 and 27 imply
2lTe(MI=Al < ol Al H co(T).
acA
[

Lemma 25 Let 0 < & < &, and v € (0,1/2). Let us consider an horizon T > 1. Then, it holds

Vae A, |ca(T)— > Nop(D)|<|T5] .
b: (a,b)¢O*

Refer to Appendix A for the definition of €,,.

Proof Leta € A. At each time step ¢ > 1 we increment ¢, (t) only if (az41,bi41) ¢ O*(t) and

aty1 = a. Then, if t € 7., , we have O*(t) = O* and we increment ¢ (¢) only if we increment one
of the N, ;(t) for b € B such that (a,b) ¢ O*. [ |



D.6 All couples (a,b) € Ax B are asymptotically pulled an infinite number of times
Let 0 < € < ¢, (defined in Appendix A) and v € (0,1/2). Let us consider

T. :{t)l: 0*() = 0" }
7 V(CL, b) s.t. Na,b(t) = ,yNat+1,bt+1 (t) or (CL, b) € O*a ‘ﬂa,b(t) - /'La,b’ <e

(]

Then, according to Proposition 20, under IMED-GS* strategy, IEZ,HZW

|] < co. In particular, almost
surely ‘7;07‘ < o0.

Lemma 26 (The indexes tend to infinity) For all strategy we have tlim N,
—00
under IMED-GS*,

(t) = oo and,

t4+1,0841
Y(a,b) € A x B, tli}m Iop(t) =oc0.

Proof

For all couple (a,b) € A x B such that N, j(00) < oo, we have I y — 0. Then

ag+1,bt+1)=(a,b)

> Lf(arsr bes)=(ab)} = 1-
(a,b)EAXB: Ny p(c0)=00

This implies

Z H{(az+1 ,bt+1)=(a,b)}Na,b(t)
(a,b)€AXB: Ng p(c0)=00

min N(I,b(t) Z H{(at+17bt+1):(avb)} —* 00.
(a,b)€AxB: Nap(00)=00 (a,b)EAXB: N, p(00)=00

Thus, since

Nogi1en () = > I (as1b061)=(a,6)} Nap(t)
(a,b)€EAXB: Ng p(00)<o0

+ Z H{(at+1,bt+1):(a,b)}Na,b(t) )
(a,b)€AXB: Ng p(c0)=00

we have
Nat+17bt+1 (t) > 00.

Furthermore, under IMED-GS* strategy we have
V(a, b) € Ax B, Ia,b(t) > IOg(NaH—l,bt-H (t)) )

which ends the proof.
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Lemma 27 (The numbers of pulls tend to infinity) Under IMED-GS* the numbers of pulls almost
surely satisfy
V(a,b) € AX B,Nyp(T) = c0.

In particular, almost surely for all (a,b) € A x B, Tlim fap(T) = pia,p
—00

Proof Lemma 26 ensures Tlim I,4(T) = oo, forall (a,b) € A x B.
—00
Let (a,b) € O*. Since ‘7;‘37} < ooand VT € Tz, O*(T) = O*, we have for all (a,b) € O*

lim log(Noo(T)) = lim L,,(T) = .

T—oo

Then, for all (a,b) € O*, lim Ny (T) = oo and lim fi,5(T) = pap-
T—o00 T—o0
Let (a,b) ¢ O* and let T € 7T¢ . Then, the following inequalities occur

Lp(T) < > Nap (OKI(frap (8)| 15 (8) — whp) + log(max(1, Ny (1)) (28)
b (a,b')gO*
and

Voe B, [pt)<l-—e,. (29)

Since |7, | < oo, Eq. 28 and 29 imply

Then, since ‘7;07‘ < oo, from Lemma 25 we get Tlim ¢q(T) = oo. This implies
’ —00

argmax {¢ € [1,T] : ¢q(t) =c}(t)} = 0o and TIEI;O IggélNa,b(T) = 0.

D.7 Concentration lemmas

We state two concentration lemmas that do not depend on the followed strategy. Lemma 28 comes
from Lemma B.1 in Combes and Proutiere (2014) and Lemma 29 comes from Lemma 14 in Honda
and Takemura (2015). Proofs are provided in Appendix F.

Lemma 28 (Concentration inequalities) Let v € D,,. For all 0 < e,y < 1/2 and for all couples
(a,b), (V') € AxB,

17

E N < —.
E, H{(at+1,bt+1)=(a,b)7 Nyt pr (02 Na (1), |Rar o () =tgr |2} | S yed
t>1
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Lemma 29 (Large deviation probabilities) Ler v € D,,. For all couple (a,b) € AX B, for all
0<p<plap,

-3
) log(1 —p) \™ —(1—710';’&1;“) ))klma,bm)
~ n < N — a,b
E, LE>1 ]I{ngﬁu}n exp(nkl(umb\u))] <6e (1 log(1 — Jtas) 1—e ,

where [iI' , estimates |iq p after n pulls of couple (a,b) (see Appendix A).

D.8 Proof of Lemma 18

Using Lemma 14, for all time step ¢ > 1, we have
V(a’, b/) € @*(t)7 Na’,b’(t) 2 Nat+17bt+1 (t) = Nat+17bt+1 (t) .

Then, based on the concentration inequalities from Lemma 28, we obtain

EuH&sc,'yH < E E, E H{(at+1,bt-H):(a,b),Na/’,,/(t)>’yNaJ,(z‘,), |ﬂa’,b/(t)*ua/,b/‘>s}
(a,b),(a’ b )EAXB t>1
17
< nk

4
(a,b),(a’ b )EAXB e

< Tjapispe.
e
Furthermore, fort > 1, a € A and B’ C B, we have

10g (Nacia (1) < 3 Nap(t) l(ian(t) has) +108 (Nas(t)
beB’
bt+1(t) < H Na,b(t)eN’l’b(t)k](ﬂ“vb(t)P‘a,b) :
beB’

& N,

at41,

where A\, p = 14, — €, for all couple (a,b) € A x B. Thus, considering estimators of means based
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on the numbers of pulls (i ;) (a,p)cAxBn>1 (se€ Appendix A), we have

Ao, | < > DT

~ N, t) k([ t) |\
= = {Vbes/,ua,b(tma,bandwam,bm(t)g T Nap(t)eNap®HEap®l a=b>}
z BcB beB’

= Z Z Z H{(at+1vbt+l):(alab/)»Na,Z)(t):"b}]I{

t>1 a€A np>0

n

[ [SICSLAPY
VbEB!, it <Xabs Nor (DS TT mpe”™ (A a,b>}
(a’ b)eAXB B CB pep’

beB’

/A

g E g I , I n I n
= b 1 5™ atb
“ e {(at+17bt+1) (a )} {VbEB ,uayb<>\a,b} {1<Na/ w (< T nbe"bk‘(#a,bha,b)}
(a' b EAXB B CB be B’ Y bes’

+ Z H{(at+17bt+1):(a”b')}H{Na/,b/(t)io}

t>1

(a/ b )EAXB
< ) E I I _
S §: §: E: H{viB’,ﬂzbb<>\a,b} {argabrg)=(a 00} W< I n SR X )
(o' b)EAXB a€EA np>1 ’ t>1 L
B'CB beB’
+  |A[[B]
ny KLY A p)
$ Y Y Y oy T e @0 4
B b <a,b
(a/ b )EAXB aEA ny>1 beB’
B'CB beB’

= LB Y 3 T Y ca, o™ ) 4L

acA ny>1beB’
B'CB beB’

= |AlBl |1+ Z H Z]I{ﬂ" <A b}ne"klmgﬂbua,b)
ab<Aa,

a€A beB n>1
B'CB

and
Bl < MANBI| 1 37 T B | D T o, e o) | G0)
gefllgbeB’ n>1 "
'C

Then, by applying Lemma 29 based on large deviation inequalities, we have

nKI(A2 , ab)
V(a,b) e Ax B, E, E:H{ﬂs,b%b}”e onde)| < B, (31)
n=1
-3
log(1—=X, p)
o . log(lf)\a,b))_l - _(1_10g(1_ua7b))kl(ﬂ‘a,blka,b)
where F,, = 6e a&%}élg (1 Tog(1—fi 1) 1—e

By combining Eq. 30 and 31, we conclude that
By (1A, ] < VA B] (1+ 1A (1 + E,)F) < 21AP Bl (1+ B,/

Appendix E. IMED-GS*: Proof of Theorem 11 (main result)

In this section we prove the asymptotic optimality of IMED-GS* strategy. The proof is based on the
finite time analysis detailed in Appendix D.
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E.1 Almost surely n°'(T) tends to n”
Fora € Asuchthat B, = {b € B: (a,b) ¢ O*} # 0, let us define the linear programming

C’;a(u) := min Z pAg b

B
n€RY"  4ep,

s.t. Vb e Ba : Z kl+(Ma,b’|M2 — wb’b/)nmb/ >1.
b'eBq

Then (n” , )peB, is the unique optimal solution of the previous minimization problem. Furthermore,
we can state the following lemma.

Lemma 30 lim (n2(T))pes, = (n%)bes,-
T—o00 ’ ’

Proof This a direct application of Lemma 31 and Lemma 43 stated below.

Lemma 31l Let 0 < ¢ < ¢, (see Appendix A) ar}d v € (0,1). Let a € A such that B, =
{beB: (a,b) ¢ O*}. Let us consider for T > 1, Ko(T) = (Kt (fap (T)|5(T) — wopr ) )b,/ B>
the vector Ay (T) = ({5 (T) = fiap(T))veB, and the parameter ho(T) = (Ko(T), Aa(T)). We also
consider

Ho={halT) . TeT,},
where T -, defined in Appendix D.2, satisfies |7;f7’ < 0. Then, we have

Vh = (K,A) € Hq, K #0 and min ~ min A > 0.
h=(K,A)€Hq bEBy

Proof Leth = (K,A) € H,. There exists T € Tz, such that h = (K,A) = he(T) =
(Ko(T), Aa(T)). Since T' € 7., we have O*(T") = O*. In particular for all b € By, Ky =
Kopp(T) = KU (fiap(T)|f15(T)) > 0. Furthermore, we have

in Ay = min Ay y(T) = min 5(T) — fiap(T) > 0.
min Ap = min Agp(T) berg;?nub( ) = flap(T)

Lastly since Vb € By, fi;(00) = 11}, flq,p(00) = fiqp, We have

min A, ,(T) — min ) — >0
beB, a,b( ) beBa'ub Ha,b

and

min ~ min A, = min min A, »(T) > 0.
h=(K,A)EH, bEB, T¢EUTo beEB,
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N (T)
log(T)

Combining the upper bounds from the finite analysis and the asymptotic behaviour of n°P'(-), we
prove the asymptotic optimality of IMED-GS*.

E.2 Almost surely and on expectation, for all sub-optimal couple tends to n;

Lemma 32 (Asymptotic upper bounds) For all sub-optimal couple (a,b) ¢ O,
. Nap(T)
lim sup —% <nY,.
T log(T) = o

Proof Let 0 < ¢ < ¢, (see Appendix A) and vy € (0,1/2). Let (a,b) ¢ O* and let us consider an
horizon T' > 1. Let us introduce the random variable

ri=min{t € [1,T] st. t € Tcy \ Te(T) and (a41,bi41) = (a,b)} ,

where 7., and 7 (T") are respectively introduced in Appendix D.2 and D.5 . Then, by definition of 7
and since ‘7;%! < 00, from Lemma 23 we have

Na,b(T) < Na,b(T) + |7:’y‘ + ‘%(Tﬂ - Na,b(T) +0 (log(log(T))) : (32)

Furthermore, since 7 ¢ 7.(T') we have ¢,(7) # ¢ (7). In addition, since 7 € 7: ., and (a,b) =

(ar41,br41) ¢ OF, Lemma 15 implies the following empirical upper bound

Nop(T) < log(T)ang(T) . (33)
In particular, since log(7) < log(7"), Eq. 32 and 33 imply
ve, NosT) _ Nuslr) | O(o8(08(T)) _ o, O (lox(loB(T))
log(T) log(7) log(T) log(T)
and, since a.s. lim 7 = oo, from Lemma 30 we get
T—00
. Nap(T) _ .. opt : O (log(log(T')))
a.s limsu : < lim sup n (1) + lim su =nY,.
T—>oop log(T) T—>oop a’b( ) T—>oop log(T) o

Lemma 33 (Asymptotic optimality) For all sub-optimal couple (a,b) ¢ O*, we have
. Na b (T) . Na b (T)
: lim E, | =222 =0,
Toeo log(T) THeo ¥ log(T") Mab

Proof Since IMED-GS™ is a consistent strategy that induces sequences of users with log-frequencies
equal to 1, we have

.V
a.s. =N, and

V(a,b) # O*, liminf

N,y (T)kI™ |k — N>,
T—oo log(T) Z a,b( ) (Na,b | Wb,b)

b’'eB,

Then, Pareto-optimality of IMED-GS* combined with asymptotic upper bounds given in Lemma 32
ensures that for all (a, b) ¢ O%, Noy(T')/log(T') — ny ;. Since, the Ny 5(T)/ log(T') are dominated
by an integrable variable (see Proposition 20 in Appendix D), we also have these convergences on
average. |
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Appendix F. Concentration lemmas: Proofs

Lemma Let v €D,,. For all 0<e,y<1/2 and for all couples (a,b), (a/,0’) € AxB,

17

g . < —.
Ey H{(at+1,bt+1):(a,b), Na/7b/(t)>'YNa,b(t): |/J‘a’,b/(t)_ua’,b”>5} = 784
t>1

Proof Considering the stopping times 7., = inf {t > 1, N, ;(t) = n} we will rewrite the sum
} and use an Hoeffding’s type argument.

t; H{(at+17bt+1)=(a7b): Nty (£)=7Na,b(t), |ﬂa/,b/(t)*ﬂa/,b/‘>5

Z H{(at+1,bt+1)=(a,b)7 Ny iy ()Y Na o (t), |far yr () —pgr | >}
t>1

< E E I I
X - i . {T;b:t-Fl,Nalyb/(t):m} {m}w(n—l), ﬂ:} o " Hal b 28}
t>1 n>1,m> ,
:E:E:H 7 E:H n,=t+1,N, =
{m%(n—l), ’u”ﬁ o —Hal b 28} {7ay=t+ 1Ny (t)=m}
m>=0n>1 @ ’ t>1
< D! : DL
= {m>7(n71)7 ’N‘Z} blflu‘a/,b/ 25} {T:,b:t+1}
m=0n>1 ’ t>1
< Yy
X N
m>=vy(n—1), ’/ﬂ" — W 26}
m>0n>1 ) a’ b/ Fatb

Taking the expectation , it comes:

By [Z H{(at+lybt+l):(a7b)7 Nor iy ()2YNa o (t), |frar pr () —pgr 4| > }

t>1

D Loy P (g — par| =€)

m=>0n=>1

Z Z H{m>7(n_1)}26_2m52 (Hoeftding inequality)

m=0n>1

Z m 2
— 2 + 1> 672m5
<7

m2=0

- 9 Z %6727}%2 +2 Z 672mz-:2

m=1 m=0

N

N

2e—2¢ 1
(1 _ 6—252)2 + 1— 6—252

26262 2e2

€
Ty (e2° — 1)2 T 022 _

1/2 2¢2
186 er 1774'

el

N

v &t +2T:2\'ye
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Lemma Let v € D,,. For all couple (a,b) € AxB, forall 0 < i < fiqp,

6e

(1 Josttom <1 - 6—(1—@5@;;}“&1@&,”))3
og(l—Hla,b

)

E, ZH{ﬂg,,<ﬂ}nexp<nkl<ﬂz,b|u>>] <
n=1 '

where fi; , estimates /i, after n pulls of couple (a,b) (see Appendix A).

Proof The proof is based on a Chernoff type inequality and a calculation by measurement change.
The proof comes from Honda and Takemura (2015). We explicit here the particular case of Bernoulli
distributions for completeness.

Let us rephrase Proposition 11 from Honda and Takemura (2015). Since we consider Bernoulli
distributions, we get a more explicit formulation.

Proposition 34 Let v € D,,. Let (a,b) € A x Band 0 < ju < pigyp. Then, foralln > 0 and u € R,

we have
—nkl(pg : log(1—p)
. . e (Ka,blr) if u < m (Ma,b ,u)
Py (Kl(figplp) = u, fgy < p) < log(1ny) « —n'E0 0] .
2e(l+ oy nle =00 otherwise.
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We know rewrite equality (27) from Honda and Takemura (2015) with our notations.
Letn > 1. We have from Proposition 34 that :

kl(an
B |1y, <pgne™ 0]

_ (= nKI(AT [ 12) )
/OPV(H{ﬂZ,bgﬂ}ne o> ) dx

o0 nn
_ / P, (nenkl(ﬂa,bW) >, i, < ,U«> dr
0

o0

ne™Pp, (KW plpe) > w, gy < ) du (z = ne™, dr = n%e™ du)

I
—

—00
Kl(pg,plp) log(1—p)
log(1—pq p)

2™ Py, (KI(fig plp) >, figy < p) du

I
—

88

n?e™ P, (KI(fy plp) > u, fif, < p) du

Kl(pg,pln) log(1—p)

/ log(1— Ba,b)
Kl(pg,plp) log(1—p)
log(1—pq,p) _
—0o0
© log(1 — log(1—pq,p) o
+ » n?e™2e(1 + Mn)e "Togt=0 " du (Proposition 34)
Ki(pg,plp) log(1—p) ]Og(l — N)
log(1—pq p)
Kl(pg plp) log(1—p)
— e Kt pln) slrap) g,
—0oQ
log(1 — o0 _(loel—rap)
* 2n6(1+wn) /kl(u plilog(1—p) T°€ s U
og(l — abli)log(1—
& H log(1—pgq p)
log(1—p)
_ —n(l— ey Kl(ta,bl k)
—n(1— 2B K (1, 1) log(1 — fiap) e o8t ta,p) T
= ne ab + 2ne(l + n)
log(1 — p) log(1-pap) _ 1
log(1—p)
(11— Jog(l—p)
I I B s O D)
log(1—pap) _
log(1—p)
2 o (1= oBaT K (1o |1)
+ _ N a,b
_ _log(1—p)
log(1—tta,b)

To ends the proof, we use the following inequalities for » > 0:

1 1
—nr <
Zn 1 —e r)2 (1 _ efr)s

n>1

2
2,

n>1
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Appendix G. IMED-GS, IMED-GS,, IMED-GS;: Finite-time analysis

In this subsection we rewrite and adapt the results established in Sections D, E for IMED-GS* strategy
to the other considered strategies. Mainly, we rewrite the empirical lower bounds and upper bounds
detailed in Lemmas 14, and 15. These inequalities form the basis of the analysis of IMED-GS* strategy.
For the sake of brevity and clarity, proofs are not given.

G.1 IMED-GS finite-time analysis

Under IMED-GS strategy we do not solve empirical versions of optimisation problem 2 and pull the
couples with minimum (pseudo) indexes. This leads to the following empirical bounds.

Lemma 35 (IMED-GS: Empirical lower bounds) Under IMED-GS, at each step time t > 1, for all
couple (a,b) ¢ O*(t),

lOg (Nat+1,bt+1 (t)) < Z Na,b’ (t) kI (Iaa,b’(t) ‘:&;(t) - wb,b’) + lOg (Na,b’ (t)) :
b €B, b (t)

Furthermore, for all couple (a,b) € O*(t),
Nat+17bt+1 (t) < Na,b(t) .

Lemma 36 (IMED-GS: Empirical upper bounds) Under IMED-GS, at each step time t > 1 such that
(at41,be41) & O*(t) we have

Z Nat+17b’ (t) kl </lat+1,b’ (t) ‘ﬂng (t) - wbt+17b') < log (th+1 (t)) .
b’el?at“ 2bet1 (*)

In particular

Nat+1:bt+1 (t) kl <ﬂat+1,bt+1 (t> ’ﬂgurl (t)> < log (th+1 (t)) .

Based on this lemmas, one can prove IMED-GS Pareto-optimality in a similar way as for IMED-GS*
strategy.

Proposition 37 (IMED-GS: Upper bounds ) Let v € D,,. Let 0 <e <e¢, and vy € (0,1/2). Let us
introduce

T ':{t>1' 0*(1) = 0" }
=7 - V(a, b) s.t. Na,b(t> = FYNat+1,bt+1 (t) or (CL, b) € 0*7 ‘:&a,b(t) - Ma,b‘ <eg .

Then under IMED-GS strategy,
E [\ TS <—17 A2 1B)? +2]A%|B| (1 + E,)B
VH 5,7]\7€4| ’ ’ ’ ’ ’ ’ ’( V)
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and for all horizon time T > 1, for all arm a € A,

M,,]
Nay (T) Kl (pta,pr why) < (14 a(e) |1+~
(ab)¢O* log(N(T)) Nb b’eZB:b at'( (Ha,pr |15 = wopr) ( ())[ me
MV‘,Ev/Y‘
mingep log(Ny(T'))

where my, and M,, are defined as follows:

my = min Kk ' — Whb')s M, = max kl s — wpp) .
(CL b)¢0* (/’LCL b /'[/ b,b ) (a7b)¢o* ,Z (/’L(l,b ’,U/b b7b )
bIEBa b b EBa,b

Furthermore, we have

Nop(T) _1+anfe) T
log(No(T)) ~ Kl(uaplpsy)  log(No(T))

Refer to Appendix A for the definitions of €,, a,,(-) and E,,.

V(a,b) ¢ OF,

From the previous proposition, we deduce the following corollary by doing T"— oo, then £, v — 0.

Corollary 38 (IMED-GS: Pareto Optimality) Let v € D,,. Under IMED-GS strategy we have

Ya € A, limsu min Nop (T)KI(pg wpy) < 1.
; T_mpb S s (N (1)) Nb b/g; ab (DK (prap | — wop) <
a,b
G.2 Uncontrolled scenario: Finite-time analysis
When uncontrolled scenario is considered, the learner does not choose the users to deal with and the
exploration phases may be performed with some delay. This can be formalized within the empirical
bounds induced by IMED-GS, and IMED-GS} strategies.
G.2.1 EMPIRICAL BOUNDS ON THE NUMBERS OF PULLS
For time step ¢ > 1, let us introduce the last return time of couple (a¢+1,biy1) € B as
pe=min{t —t': by =bq, t =t > 1} .

By definition of 7, we have

Nay1ber1 (t) = Nyt brin (t—m).

Now, empirical bounds on the numbers of pull can be formulated for the uncontrolled scenario.
These inequalities are the same as those for the controlled scenario up to (random) time-delays.

Lemma 39 (Uncontrolled scenario: Empirical lower bounds) Under IMED-GSo and IMED-GS3, at
each step time t > 1 there exists a random time delay o; such that 0 < o; < 1 and for all couple

(a,b) ¢ O*(t—oy)

1og(Nay sy begr (E—01)) < Z N,y (t=0¢) K1 (fi,pr (t—0¢) | i35 (t— o) —wp i JHog (Nap (t—0¢)) -
blegayb(t—a't)
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Furthermore, for all couple (a,b) € O* (t—oy),

Na (t—O’t) < Na,b(t_0t> .

t4+1,0841
Lemma 40 (Empirical upper bounds) Under IMED-GSo and IMED-GS?, at each step time t > 1 such
that (ag11,bi41) € O*(t), we have

S Nauwr (=00 K (fiayy r(t=00)| i, (¢ 00) w3, ) <log(Ny(t—01)) .

(t-ot)

/
b EBaHl’Qt

where oy is a random time delay such that 0 < oy < 1y. Furthermore, we have under IMED-GSo

bt-i-l = btv Nat+17bt+1 (t_at) kl (ﬂat+17bt+1 (t_at) ‘ﬂaﬂ (t_gt)> < log (th+1 (t_at))

and under IMED-GS’

1

- N Jif cgppy (t—0y) = c;rtﬂ(t—o’t)
oo, (=00 (=)
Nat+1,bt+1 (t—O't) (Mat"'l’bt( Ut) 'uéz( Jt)

log(t_o-t) h . 1 opt

min

Mg r bris (t—oy)], else.

kl (ﬂat+1ybt+1 (t—oy) ’ﬂgt (t—ot) — wbt»bt+1>

Thus, we prove respectively the Pareto-optimality and optimality of IMED-GSy and IMED-GS} since
we show that the empirical means /i, ;(t—o;) of couples (a, b) involved in the previous inequalities
concentrate as in the case of the controlled scenario. This is the case as it is stated in Lemmas 41 of
the next subsection.

G.2.2 CONCENTRATION INEQUALITY WITH BOUNDED TIME DELAYS

We prove a concentration lemma that does not depend on the followed strategy. It is a rewritting for
the case of controlled scenario of Lemma 28.

Lemma 41 (Concentration inequalities) Let v € D,,, 0<¢e, v < 1/2 and (a,b), (a',V') € AXB.
Then for all sequence of stopping times (0¢)¢>1 such that 0< oy < 1t for all t > 1, we have

17
E, g I _ X < —.
{(@e+1,be11)=(ab), Ny yy (t=04) 2y Na b (t=0¢), |figr 1y (t=0t)—par 1y |>€ } et
t>1

Remark 42 There is no need to adapt Lemma 29 for the case of controlled scenario since this
concentration lemma does not involve the current time steps explicitly.

Proof It is pointed out that for all time step ¢ > 1, Ny, b, (-0¢) = Nayiy by (576) = Nay oy b (1),
then we proceed as in Appendix F.

Considering the stopping times 7", = inf {t > 1, N, (t) = n} we will rewrite the sum

Z H{(at+17bt+1)=(a7b)y Ny (t=0)27Na b (t=0¢), |figr 1y (t=0t)—pyr 1 [>e}
t>1
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and use an Hoeffding’s type argument.

: :H{(at+1,bt+1):(a,b), Nalyb/(t—o’t)Z“/Na’b(t—O't), |ﬂa’,b’(t_ot)_ﬂa’,b’|>5}
t=1

<2 ;
= H{(at+1,bt+1):(a»b)7 N (t=00)2YNa b (8), |far gy (E=08) =117 4| >€ }
t>1
<2 X
X ]I{T =t+1, N ’ b/ t a‘z) m} {m>,y n— 1) xY >€}
t>1 n>1,m>=0
:EEH m E:H"fth t—oy)=
{m>7(n—1)7 )uu, o —Hal b 26} {ray=t+ 1Ny (t=00)=m}
m>0n>1 ’ t=1
< E E I E I
NS N n o _
m>y(n—1), ) mo o, ]se Ty =t+1
S0 o1 { ( ) Hor iyt —Hal b } =1 { a }
< Ty
AN ~ )
m=2y(n—1), )um —y p 26}
m>0 n>1 ( ) al b a’ b

where the /i) ., are defined in Appendix A. The proof ends the same way as in Appendix F. |

Appendix H. Continuity of solutions to parametric linear programs

In this section we recall Lemma 13 established in Magureanu et al. (2014) on the continuity of
solutions to parametric linear programs.

Lemma 43 Consider K € REXB, AeRE andH c REXB X Rf. Define h = (K, A). Consider
the function QQ and the set-valued map Q*

Q(h) = inf_ {A-z|K -2 >1}

:cER

Q*h)={x>0:A-2<Q)K z>1}.

Assume that:
(i) For all h € H, all rows and columns of K are non-identically 0

(i) min min Ay > 0.
heH beB
Then:

(a) Q is continuous on H
(b) Q* is upper hemicontinuous on H.

Appendix I. Details on numerical experiments

For the fixed configuration experiments we used the weight matrix w of Table 1 and the configuration
v described in Table 2. w and v have been chosen at random in such a way that the regret under IMED
exceeds the structured lower bound on the regret. This means the structure w is informative for the
bandit configuration v and not taking it into account hinders optimality.
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user\user b1 bg bg b4 b5 b6 b7 bg bg blO

b1 0 |0.07)0.07 012|020 | 0.05|0.16 | 0.14 | 0.28 | 0.03
bo 0.07| 0 |0.14|0.13|0.21 | 0.12 | 0.09 | 0.07 | 0.21 | 0.04
bs 0.07014| 0 |0.19]0.27|0.12|0.11 | 0.13 | 0.25 | 0.10
by 0120131019 0 |0.26|0.17 | 0.22 | 0.20 | 0.34 | 0.09
bs 0.20 | 0.21 | 027|026 | O |0.25)|0.18|0.20 | 032 | 0.17
be 0.05]0.12 | 0.12 | 0.17 | 0.25 0 [021]0.19 | 0.33 | 0.08
by 0.16 | 0.09 | 0.11 | 0.22 | 0.18 | 0.21 0 [002)0.14 | 0.13
bg 0.14 | 0.07 | 0.13 | 0.20 | 0.20 | 0.19 | 0.02 | O | 0.16 | 0.11
bg 0.28 1021 | 025|034 032033014016 | 0 | 0.25
bio 0.03 | 0.04 | 0.10 | 0.09 | 0.17 | 0.08 | 0.13 | 0.11 | 025 | O

Table 1: weight matrix w used in the fixed configuration experiment.

arm \user b1 bg b3 b4 b5 b6 b7 bg bg b10
ai 0.15] 0.11 | 0.19 | 0.19 | 0.08 | 0.15 | 0.09 | 0.08 | 0.13 | 0.13
as 0.70 | 0.73 | 0.71 | 0.71 | 0.70 | 0.71 | 0.78 | 0.79 | 0.64 | 0.70
as 0.13 | 0.14 | 0.13 | 0.15| 0.02 | 0.08 | 0.17 | 0.17 | 0.04 | 0.14
ay 0.02 | 0.04 | 0.09 | 0.05| 0.16 | 0.02 | 0.11 | 0.11 | 0.06 | 0.01
as 0.95 1098 | 1.00 | 0.97 | 0.98 | 0.98 | 0.90 | 0.91 | 0.84 | 0.97

Table 2: configuration v used in the fixed configuration experiment.
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Figure 4: minyep Np(-) approximated over 1000 runs. At each run we sample uniformly at random
a weight matrix w and then sample uniformly at random a configuration v € D,,,.
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