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Abstract

We consider the bandit-based framework for diversity-preserving recommendations introduced
by Celis et al. (2019), who approached it mainly by a reduction to the setting of linear bandits.
We design a UCB algorithm using the specific structure of the setting and show that it enjoys
a bounded distribution-dependent regret in the natural cases when the optimal mixed actions put
some probability mass on all actions (i.e., when diversity is desirable). Simulations illustrate this
fact. We also provide regret lower bounds and briefly discuss distribution-free regret bounds.

Keywords: Multi-armed bandits; UCB strategy; diversity; regret bounds: upper and lower bounds

1. Setting and literature review

We consider stochastic bandit models with finitely many arms. All of them are desirable actions,
though some lead to higher payoffs. Effective (regret-minimizing) algorithms are bound to play
the optimal arm(s) an overwhelming fraction of time. Celis et al. (2019) refer to this effect as
polarization and introduce a model to avoid it. We suggest the alternative terminology of preserving
diversity. A general formulation of the diversity-preserving bandit model is provided below and is
summarized in Protocol 1. Our aim in this article is to deepen and improve on the results obtained
by the mentioned reference; see Sections 1.2 and 1.3 for details.

Extended literature review. A general discussion of the notions of diversity and fairness in
stochastic and adversarial bandits is provided in Appendix B.

Diversity-preserving bandits As in traditional K—armed bandits, K probability distributions
v1,..., VK associated with each arm are considered, with expectations denoted by 1, ..., k.
These distributions are unknown to the learner but belong to a known set of possible distributions,
called a model D. In this article we consider mainly the bandit model Dy ;) of all probability
measures supported on [0, 1], that is, we assume that rewards can be distributed according to any
distribution bounded in [0,1]. An exception to this is the lower bound in Section 3, which we
formulate on a generic model D satisfying a mild assumption.

The learning protocol is the following. An arm A; € [K] is picked among K choices at each
round, where we denote by [K| the set {1,..., K'}. The learner then obtains a payoff Y; drawn at

(© Hadiji, Gerchinovitz, Loubes, Stoltz — October 2020



DIVERSITY-PRESERVING K —ARMED BANDITS, REVISITED

random according to v4, given that choice. This is the only observation made (the learner does not
know what it would have obtained with a different choice). However, the distinguishing feature of
the bandit model by Celis et al. (2019) is that the choice of A; is made in two steps, as follows. First,
a distribution p, over the arms is picked, in some known closed set 7P, which quantifies diversity
(specific examples are given below); then, the arm Ay is drawn at random according to p .- Following
game-theoretic terminology, we will call a € [K]| pure actions or ams, and p € P mixed actions or
probabilities. B

We measure performance in terms of expected payoffs. The expected payoff at round ¢ may be
computed by repeated applications of the tower rule:

E[Y: | Ar, p) = pa,, thus E[Yi|p]= > puspm = (p, p), thus E[Y;] =E[(p, p)].
ke[K]

Maximizing the cumulative expected payoff of a policy amounts to minimizing the expected regret
defined as

B =Tz (p, ) = E [i@tv u>] :

t=1
In the definition of the regret, the comparison is made with respect to the expected payoff that would
have been obtained by picking at each round a best diversity-preserving distribution over the arms.
Protocol 1 summarizes the setting and aim.

Protocol 1 Diversity-preserving stochastic bandits (Celis et al., 2019)

Known parameters
Arms 1, ..., K and model D of distributions for the arms
Closed set P of diverse enough probability distributions over the arms
Unknown parameters
Probability distributions v = (v4, ..., vk) in D, with expectations p = (1, . . ., fix)

fort=1,2,...do

Pick a distribution p, = (Pta,--.,Pei) € P over the arms

Draw at random an arm A; ~ p

Get and observe a payoff Y; ~ v4, drawn at random according to v, given A,
end for

Aim T
Minimize the expected regret Rr =T max ]3, I lz b, p ]
t=1

1.1. Examples of diversity-preserving sets P of distributions over the arms

Simplest example. The simplest requirement is that each arm should be played with some mini-
mal probability ¢ > 0, which corresponds to P = {g : Va € [K], poa =t } This constraint makes
sense in online advertisement: all offers need to be displayed a significant fraction of the time and
get a significant chance to be selected.

More generally, Celis et al. (2019) indicate that one could group arms intro groups Gy, ...,GN
of similar arms and impose minimal probabilities ¢1,...,¢x > 0 as well as maximal probabilities
u1,...,uny < 1 foreach group defined as:
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P:{p:Vge Zpa Kg,ug}

acGy
Note that the sets P considered above are finite polytopes'.

Maintaining a budget. The last example can be generalized as follows: every pure action a
is associated with N costs cgl), o ,cgN) in R, accounting for limited resources or environmental
costs like the amount of carbon emissions generated from taking the action. The model can handle

negative costs (e.g., negative carbon emissions). When a player picks a pure action A; according to

the mixed action p = (p1, ..., px), the IV expected costs associated with her choice are
S b, o S
a€[K] a€[K]

In this case, a reasonable objective for the player is to maximize her payoff under the constraints
that, for all n € [N], the n—th expected cost of her actions be kept under a certain level u,, € R.
This amounts to playing under Protocol 1 with the probability set

K
P = {p: Vn € [N], Zpacg”) < un}
a=1

This set is again a finite polytope. Note that the name “diversity-preserving” was inspired by the
example of the previous paragraph and is perhaps less relevant in the present example.

1.2. Algorithms considered and regret bounds achieved by Celis et al. (2019)

Celis et al. (2019) approach the setting considered above by seeing it a special case of linear
stochastic bandits. Indeed, we showed that the expected payoff obtained at each round equals
E[Yt | Bt] = @t, H>’ which is a linear function of the probability p, picked. This observation
opens the toolbox of algorithms to deal with stochastic linear bandits (with action set A = P, see
Appendix C for more details) to solve the considered problem; this is exactly what Celis et al. (2019)
do. For instance, they use the LinUCB (linear upper confidence bound), also known as OFUL (opti-
mism in the face of uncertainty for linear bandits), strategies introduced by Li et al. (2010) and Chu
etal. (2011) and further studied by Abbasi-Yadkori et al. (2011). They obtain regret bounds of order
at best K (InT)2 /A, with the notation of Theorem 1, which is of the same order as our most general
bound (Case 1 of Theorem 1). However, their algorithm is less computationally efficient, and the
lower order terms, as well as the numerical factors in the bounds are worse than ours. The case of a
bounded regret is also not covered, while it constitutes our main contribution; see Section 1.3 below.
The main reason behind these suboptimal bounds is related to a loss of information, due to
discarding the pure action A; picked, which is known, and relating the reward Y; ~ 4, to p, and
not to A;. The considered setting can thus be described as a stochastic linear bandit setting w1th
augmented feedback. See Appendix C for more details on these statements, including an intuition
on why sharper regret bounds are achieved with the additional information of which arm A; was
picked and a literature review on bandit models with augmented feedback (and thus, improved regret
bounds), discussing contributions like the ones by Caron et al. (2012) and Degenne et al. (2018).

1. In this article, we define finite polytopes as convex hulls of a finite set of points (definitions of polytopes vary by
articles and there is no universal terminology).
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1.3. Summary of our contributions and outline of the article

Section 2 introduces our main algorithm, a diversity-preserving variant of UCB, which is computa-
tionally efficient. Theorem 1 provides several regret bounds, the most interesting ones guaranteeing
a bounded regret in the natural cases when some probability mass is put on all arms either just by the
optimal mixed actions (non-explicit bound) or by all actions (closed-form bound); this corresponds
to the cases when diversity is indeed desirable. Section 3 discusses lower bounds: Theorem 2,
which relies on the approach introduced by Graves and Lai (1997), indicates that In 7" rates are
unavoidable in the case when some arms receive zero probability mass by optimal actions, if in
addition the means of the distributions in D are not bounded from above. Section 4 illustrates the
dual behavior of either a bounded regret or a In 7" regret for our variant of UCB. Most of our claims
are proved in the main body of this article. However, an appendix collects an extended literature
review and technical considerations used in the proofs of Sections 2 and 3. It also briefly discusses
distribution-free regret bounds (which are less challenging in this diversity-preserving setting), see
Appendix A.

2. Diversity-preserving UCB: distribution-dependent regret upper bounds

To state our main algorithm, we first introduce estimations of the means p, of the arms a € [K].
We define

¢ 1 if No(t) =0
Na(t) = Z Lra,=a} and Hia(t) =
s=1

t
1
NVl g NS =1
Na(t)szl {As—}l ()

Note that in the diversity-preserving setting, we cannot ensure that arm a be picked even once.
Therefore, contrary to the vanilla bandit setting, it is important to handle the case when N, (t) = 0.
We thus set a default value of 1 (the maximal average reward) for fi,(¢) in this case. For the
same reason, we put a maximum in the denominator of the upper confidence bounds U,(t), see
Algorithm 1 below.

We assume that P is a finite polytope (see Footnote 1): it is the convex hull of a finite set of
points Ext(P). The natural extension of the UCB algorithm to our setting is stated next. Note that
the maximum of the linear functional p € P @, Ut — 1)> is reached for some p in Ext(7P).
The requirement that p, be chosen among Ext(P) only is made for technical reasons.

Algorithm 1 Diversity-preserving UCB for rewards in [0, 1] and when P is a finite polytope
1: Initialization: U(0) = (1,...,1)
2: forroundst=1,...,do

3:  Select (ties broken arbitrarily) and play p, € argmax (p, U(t—1))
- EEExt('P) -

4: Play the pure action A; ~ p,
5:  Get and observe the reward Y; ~ v 4,
6:  Compute the upper confidence bound vector U (t) = (Uy(t), ..., Uk(t)) according to

2Int

Va €Kl Uult) = fult) + | oy

7: end for
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The analysis relies on the suboptimality gaps. To define them, we first define the optimal ex-
pected payoff and the set of optimal mixed actions as

M(p,P) =max(p, p)  and  Opt(r) = argmax (p, p) . (1)
= peP = = per T =

The suboptimality gap of a given mixed action p € P and the suboptimality gap of the set Ext(P)
are in turn defined as

A(p) =M(u,P)—(p, p) and A =min{A(p):p € Ext(P), A(p) >0}. (2

(We assume that at least one p € Ext(7P) is such that A(p) > 0, otherwise, all strategies have a null
regret.) In the analysis, it will be handy to consider, for p € Ext (P)and t > 1,

t
Np(t) = Z Iy —p} > so that (by the tower rule) Rr(v) = Z A(p) E[N,(T)] .
s=1 pEExt(P)
3)
In this setting, that decomposition of the regret in terms of gaps of mixed actions p is more useful
than the classical decomposition in terms of gaps for each pure action a € [K]. B
To state our main bound, we define some minimal values of probabilities of playing each arm a,
as far as optimal mixed actions and all mixed actions are concerned, respectively:
Phin(¥) = gel&i)&g) arg[i% pa and (= rgréig arél[i;(l] Pa-
The fact that p}; . (v) > 0 (respectively, £ > 0) corresponds to the case when Opt(r) (respectively,
‘P) is in the relative interior of the simplex. The assumption ¢ > 0 of Case 3 in the theorem below is
more stringent than the assumption p . (v) > 0 of Case 2 (and Case 1 comes with no assumption).

Theorem 1 Assume that the diversity-preserving set P is a finite polytope and the bandit model
is Dyo 1), the set of all distributions over [0, 1]. Then, the regret of diversity-preserving UCB (Algo-
rithm 1) is bounded as follows, for all bandit problems v:

2
24K(In(14+T))" + K +2
1. Inall cases, Rr(v) < (In A)) .

2. If P and v are such that p... (v) > 0, then the regret is bounded, Tlgréo Ry(v) < +00.

3. If P is such that £ > 0, then the regret is bounded by the closed-form bound

UK 32 (16 7K + 3
<y () B
Rr(v) < =3 n( A% H<A2£>> T (A, 7

The theorem is proved in the rest of this section. For now, we issue two series of comments.
Comment 1: The assumption of Case 2, which reads p} > 0 for all a € [K] and all optimal mixed
actions p*, is a natural assumption, which models the fact that preserving diversity is desirable (all
arms are somewhat useful). We show that bounded regret is possible in this case.

Comment 2: Of course, running a classical UCB on the mixed actions in Ext(?) would guarantee
a regret bound of order (ZpeExt(p) 1/A(p)) InT. This would even improve asymptotically over

the (InT')? rate of Case 1. However it would come at a price of huge impractical constants when P
has many vertices, and would not cover the case of bounded regret. Importantly, our algorithm is
also more elegant and computationally slightly more efficient.



DIVERSITY-PRESERVING K —ARMED BANDITS, REVISITED

2.1. Common part of the proofs

We consider the events
2Int
E(t) = Foralla € [K], — U <y — 4
(t) {ora a € K] ‘Ha Ma()‘ \/max{Na(t),l}} “4)

and Sl(t):{ForallaE[K], \/nm{iifjgt)l}<§} .

When both £(t) and £'(t) hold, for any suboptimal p € Ext(7) and any optimal mixed action p*,
we have the following chain of inequalities, where we use A < A(p):

(U(t), p) = (), p) + ipa\/m < {(u, p) + Qipa\/mnt
B I— max{N,(t),1} - = = max{N,(t),1}

2Int

K
< (e P)HA < (1, p)+AD) = (1, p) < (@), P+ Py | —— e = (U (1), p*) .
(1, 2)+A < (1 p)+AP) = (1, p) < (BO), P7) ;p \/max{Na(t),l} {U®). p*)

In that case, by construction of our algorithm as an index policy, no suboptimal mixed action is
picked; put differently, and writing B for the complement of any event B,

{prs1 ¢ Opt(v)} CE)UE(L).

Since the (non-expected) instantaneous regrets 7; = (p* — p, , P, ; ) are always smaller than 1 given
that the considered bandit problem lies in Dy 1}, and for a time ¢y > 1 to be defined by the analysis,

Ry (v) = Ry, (v Z E[r] < Ry, (v Z P{p: ¢ Opt(v)}

tt0+1 t=tp+1
< Ru) + Y B(ED) + S B(FD) < Rul) + 35 + S P(EW),
tto@’t*—; t=to t=to

where, for the final inequality, we used Lemma 4 of Appendix D (which is a direct application of
Hoeffding’s inequality together with a union bound) to get IP( E(t) ) < 2Kt 3 fort > 2 (true also
for t = 1), together with the fact that the series of the 1/¢3 sums up over ¢ > 1 to ¢(3) < 1.21.

2.2. Proof of Case 3 of Theorem 1

Letto = max{t € {2,3,4,...} : (8In¢)/A? > t£/2}, which is well defined since (8In2)/A? > 1
and (Int)/t — 0 ast — +oo. We have, fort > to + 1,

Et) = {Ha € [K]: Na(t) < 8;;} Ny {Na(t) < tj} < U { Zpsa < —} ,
a€[K]

a€[K]
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where we used, for the last inclusion, the fact that p, , > ¢ by definition of /. By the Hoeffding-
Azuma inequality (see, e.g., Lemma A.7 in Cesa-Bianchi and Lugosi 2006), for all ¢ > 1 and all
>0,

P{Na(t) - Zps,a < _5} < eXp(—2€2/t) :
s=1

Therefore,
+oo —+o00 2 —+o0 2

— 2/t 124 K
ZIP’(E/(t)) <1+ > > exp(t(2> > SI+E ) exp<2> <73
t=to t=to+1 ac[K] t=to+1

We substitute the above bound into (5) together with Ry, < 24K (In(1 + to))2 /A+ 2+ K)/A,
which follows from Case 1 of Theorem 1 (later proved in Appendix D.3); we get

24K (In(1 + to)) 24+ K K
< - -
Rr(v) < A +3K+ =+t g
The proof of Case 3 is concluded by proving (see Appendix D.1)
32 16
to € - In| — 6
0S A% H(A%) ©)

and by performing crude boundings to improve readability, like 1/(1 —e™*) < 1+ 1/u for u > 0.

2.3. Proof of Case 2 of Theorem 1

Based on (5) with o = 1, we only need to prove that the sum of the ]P’(S’ (t)> over t > 1 is finite.
To do so, we denote, for t > 1,

N(t)= D Ny(t)

peOpt(v)

the number of times up to round ¢ an optimal mixed action was pulled. We decompose events based
on whether N, (t) is larger or smaller than ¢/2: by several applications of the union bound,

P(T(t)) < P({N*(t) > ;} mé’/(t)) +]P’{N*(t) < ;}
_ gIP’({N*(t) > ;} n {Na(t) < 82?}) +P{N*(t) < ;} NG

We prove in Appendix D.2 that optimal mixed actions are pulled an overwhelming fraction of the
time, typically more than half of the time:

+o00 t
ZIP’{N*(t) < 2} < 400. (8)
t=1

As for the other sum, we fix a € [K] and first note that by the Hoeffding-Azuma inequality, for each
t > 1andall & € (0,1],
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Note that ps o > Li, cOpt(y)} Prain(22) by definition of pZ;. (v). Therefore, choosing &; = 1/t2,
P{N,(t) — phin(v) Nu(t) < —VtInt} < 1/¢2.
Now, as —VtInt > (81nt)/A2—tp* . (v)/2 for all ¢ larger than some ), we finally get, for t > #{,

8Int  tppi,(v)

p({m0> 3o {mo < S5 <efnno - maw o < St - LB < e,

This shows that the first sum in (7) is also bounded, which concludes the proof of this case.

2.4. Proof of Case 1 of Theorem 1

It follows closely the standard proof scheme for linear bandits, see Lattimore and Szepesvari (2020,
Chapter 19) and earlier references therein; thanks to the knowledge of the pure actions A; played
we are able to simplify the proof and get a more readable bound, see Appendix D.3.

3. Distribution-dependent lower bounds for finite polytopes P

This section considers general models D for the distributions of the considered bandit problems
v = (v1,...,VK), with finite first moments, and satisfying a mild assumption (see below). Our aim
is to discuss the optimality of the regret upper bounds exhibited in the previous section. To do so,
we rely on and adapt the approach introduced by Graves and Lai (1997).

We first describe the assumptions that we make in this section. We only consider diversity-
preserving sets P given by finite polytopes, i.e., sets which are the convex hull of a finite set of
points denoted by Ext(P). Recall from (1) that Opt(r) refers to the set of optimal mixed actions
of a bandit problem v. We will assume that there is a unique optimal mixed action: Opt(v) =
{p* (g)}; this mixed action then necessarily belongs to Ext(7). This assumption is common in
bandit analyses (it is also made, e.g., in Lattimore and Szepesviri, 2017, Combes et al., 2017),
and it is arguably harmless as generic problems will typically have a unique optimal mixed action.
Another, harmless, assumption is that P, or equivalently, Ext(P), puts some probability mass on
each arm a € [K], thatis: for each a € [K], there exists a mixed action p € Ext(P) with p, > 0. If
this is not the case, then no mixed action in P puts a positive mass on a and a will never be played,
thus should be discarded.

Finally, we make the following technical assumption on D, where the set of confusing alterna-
tive problems ALT(v) is defined in (9) below.

Assumption 3.1 For all v in D, the set ALT(v) defined in (9) is either empty or contains some V"
such that KL(v,, V) < 400 forall a € [K].

This technical assumption is immediately satisfied in many common situations: when D is a con-
vex subset of the set of all probability distributions on the real line (see Appendix E.3 for a proof)
or when D is such that KL(vy, ) < +oo for all distributions vy and v/ in D, as is the case,
for instance, for canonical exponential families indexed by an open interval (this follows from the
closed-form expression of KL in that case, see, e.g., Garivier and Cappé, 2011, Lemma 6).
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Given the regret upper bounds exhibited in Section 2, it is natural to restrict our attention to uni-
Sformly fast convergent [UFC] strategies over D given the diversity-preserving set P: by definition,
such strategies ensure that for any bandit problem v/ in D, their diversity-preserving regret satisfies
Rp(V') = o(T?) for all a > 0.

In this section (and its corresponding Appendix E), we index the regret by the underlying bandit
problem v for the sake of clarity and write R7(v). Whenever needed, we also index expectations E
by the underlying bandit problem v, by writing [, .

Theorem 2 Assume that the diversity-preserving set P is a finite polytope, generated by the finite
set Ext(P), and that it puts some probability mass on each arm a € [K|. For all models D
with finite first moments and satisfying Assumption 3.1, for all strategies that are uniformly fast
convergent [UFC] over D given P, for all bandit problems v = (v1,...,vk) in D with a unique
optimal mixed action p*(v),

Rr(v)

> ¢(BExt(P),v),

where c(Ext(P),g) € [0, +00) is defined below in Definition 3 as a constrained infimum.

If p*(v) is such that p;(v) > 0 for all a € [K), then ¢(Ext(P),v) = 0. The converse implica-
tion, that is, the fact that p}(v) = 0 for some a € [K] entails c(Ext(P),v) > 0, also holds when
the means of the distributions in D are not bounded from above.

The most interesting part of this theorem is its second part. We know from Case 2 of Theorem 1
that bounded regret is achievable when D = Dy ;) and p}; > 0 for all a € [K], which is consistent
with c(Ext(P), g) = 0. Theorem 2 indicates that the In 7" rates are unavoidable in the case when
ps = 0 for some a € [K] and when the means of the distributions in D are not bounded from above,
which is not the case for the model Djg ;). Theorems 1 and 2 could cover a common case given by a
model D,2_g composed sub-Gaussian distributions with known variance factor o with no upper
bound on the means; we indeed feel that Theorem 1 could be extended to also cover that case. If so,
we would have a true dual behavior for the regret: either bounded or growing as In 7.

3.1. Proof of Theorem 2

We provide a rather detailed sketch of proof; two omitted arguments may be found in Appendix E.

Reduction argument. The first step of the proof consists in noting that any strategy picking mixed
distributions in the finite polytope P can be converted into a (randomized) strategy picking mixed
distributions in the finite set Ext(7) only and providing the same expected cumulative reward,
thus suffering the same expected regret Rp. This is achieved by an extra randomization step and
crucially relies on the fact that any strategy ultimately needs to play a pure action A, at each step
(this reduction would not work in linear bandits). Details are to be found in Appendix E.1. We
therefore only need to prove the lower bound for (possibly randomized) strategies playing in the
finite set Ext(P).

First part of the theorem: a la Graves and Lai (1997). Some of the notation used below was
defined earlier in the article, e.g., Opt(v’) and A(p) were defined in (1) and (2), respectively.

We introduce the set of confusing alternative problems associated with the bandit problem v,
denoted by ALT(v). Problems in ALT(v) are the ones in which p*(v) is suboptimal, but that the



DIVERSITY-PRESERVING K —ARMED BANDITS, REVISITED

player cannot discriminate from v by only playing p*(v). Formally, for each arm a, either pj;(v) = 0
and selecting the optimal probability p* () never results in picking arm a, or v, = v;, and observing
a reward associated with a does not provide discriminative information:

ALT(v) = {I/lnD‘p )¢ Opt(v) and V1< a<K, pg(g):()oruazufl}. )

Thanks to Theorem 1, we know that the correct scaling of the suboptimal pulls is at most logarith-
mic; we therefore define the normalized allocations, for all pE Ext(P),

E, [Ny(T)] Ey[N,(T)]

v|Vp Ry

A UFC algorithm facing the problem v will eventually focus on the unique optimal mixed action
p*(v). Because of this, most of its observations will correspond to pure actions a € [K | such that
pa( ) > 0, which provide no information that is useful to distinguish v from problems v/ € ALT(v).
A measure of this useful information is the Kullback-Leibler divergence between the distributions
of arms Aq, ..., Ar picked and the rewards Y7, ..., Y7 obtained in the first 7" rounds, P, 7 and
P, 7, when the underlying problems are v and v/, respectively. It may be computed thanks to a
chain rule, see Equation (9) in Garivier et al. (2019) for the first equality below, followed by an
application of the tower rule for the second equality:

T

T
Ir = KL (PK,T,PZI,T) - E :EZ[KL(VAt’ Vx/4t)] - ZEZ
t=1 =1

K
> praKL(va, u{l)] .

a=1

This quantity can be factored as a sum over the mixed actions p € Ext(P):

= > E[N(T)] Y paKL(va,vp) = (IT) > nr(p) Y. paKL(ve,v}), (12)

pEExt(P) a€[K] pEExt(P) a€|K]
Pa(v)=0
where the final equality holds as by definition, problems v/ € ALT(v) are such that v/, = v, when
pa(v) > 0. Asymptotically, the algorithm must maintain this amount of information above In 7" in
order to satisfy the UFC assumption, see details in Appendix E. This puts a constraint on the limit
of ny(p) for all p, which may be read in Equation (13) below. Given the rewriting (10) of the regret
we then get the following definition for the quantity c(Ext(P) ) contemplated in Theorem 2.

Definition 3 The constrained infimum c(EX‘c(P)7 g) in Theorem 2 is defined as:

inf Z A(p)n(p) under the constraint that

Ext(P)
neRY pEExt(P)

Vg’ c ALT(Z)a Z n(B) Z Pa KL(Z/a,I/:l) >1. (13)
PEExt(P) a€[K]
p#p* (v) ph(v)=0

We conveyed some intuition on the lower bound indicated by the first part of Theorem 2 and
could state the definition of c(Ext(P), g) . The rest of the proof, which follows standard techniques
introduced by Graves and Lai (1997), may be found in Appendix E.2. We now turn to the second
part of Theorem 2.

10
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Second part of the theorem: checking whether ALT(v) is empty or not. We rely on the fol-
lowing equivalence: in the setting and under the conditions of Theorem 2,

c(Ext(P),v) =0 = ALT(v) = 0. (14)

Proof of (14). Indeed, if ALT(v) = (), then the linear program (13) is unconstrained and yields
¢(Ext(P),v) = 0. If ALT(v) is non-empty, by Assumption 3.1, there exists at least one v/ €
ALT(v) such that KL(v,, )) < +oo for all @ € [K], which we fix. For a vector n € REXt(P) to
satisfy the constraint (13), it is necessary that

ST o) Y paKL(ve, ) > 1. (15)

peExt(P) a€[K]
p#p*(v) pg(v)=0

Since
Z TL(Q) Z Da KL(VaaVc/D < Cz,z/’ Z A(Q)n(ﬂ)
pEExt(P) a€[K] pEExt(P)
p#p*(v) pg(©)=0 p#p*(v)
1 1
where C,,» = max -—— pa KL(v, y;’ < — max KL(v,,v,) < 400,
=7 peExt(P) A(p) aez[;(] ( ) A a€[K] (va, va)
pAW pw)=o

the constraint (15) entails that

1
Y. ARn@ =5 >0,
pEExt(P) L

proving that ¢(Ext(P),v) > 1/C, ,» > 0.

Exploitation of (14). If p} > 0, then the only v/ such that p} = 0 or v, = v/, forall a € [K]isv
itself; that is, ALT(v) = () and therefore, by (14), we have c¢(Ext(P),v) = 0 as stated in the second
part of Theorem 2.

We now assume that the means of the distributions in D are not bounded from above and show
that p};(v) = 0 for some a € [K] entails that ALT(v) is non-empty, thus ¢(Ext(P),v) > 0 by (14).
We fix such an a. By assumption, P thus Ext(7) put some probability mass on this arm a: there
exists p € Ext(P) with p, > 0. Since p*(v) is the unique optimal arm of v, the gap A(p) is
positivg. Now, by the assumption of unbounded means in D, there exists a distribution v € D with
expectation pj, > fiq + A(p)/pa. We denote by v/ the bandit problem such that v}, = v, for all
k # a, and whose a—th distribution is v},. The mixed action p*(v) is suboptimal for ': we have
indeed, by construction of all quantities, by definition of A(p), and since pj;(r) = 0 while v and v/
only differ at a, B

A
(. 1) = (p, 1)+ (Ha—Ha) Pa > (P, 1) p(f) = (p, )+A(p) = (p*(v), p) = (P*W), 1) -

That is, p*(v) ¢ Opt('). We thus proved that v € ALT(v), so that ALT(v) is non-empty.

11
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4. Some experiments on synthetic data

In this section, we perform some experiments that illustrate the dual behavior of the regret: either
bounded or growing at a In T rate. More precisely, we consider bandit problems v with a unique
optimal mixed action p*(v) and illustrate that in the Bernoulli model considered, either a In 7" rate
for regret is suffered when p’(v) = 0 for some arm a € [K], while a bounded regret is achieved
when p}(v) > 0 for all arms a € [K].

Setting considered. We consider K = 3 arms and the diversity-preserving set

Pe={(p1,p2.p3) €S : p1>{ and py>{},

where ¢ € (0,1/2) is a parameter. The set P is a finite polytope generated by
pM=(1-¢0), pP=(1-¢+¢0), ad p"?=(r01-20).

The model D is given by Bernoulli distributions. We will consider bandits problems v, in D,
each of them indexed by o € (—1/6,1/6). For a < 0, the unique optimal mixed action will be
B(l’z), which satisfies pal’2 > ( for all @ € [3], and bounded regret will be achieved. For o > 0,
the unique optimal mixed action will be p?), which satisfies pg) = 0, and a InT regret will be

illustrated. More precisely,
= (Ber(1/2 + ), Ber(1/3), Ber(1/2 — a)) , with p,=1/24+a,1/3,1/2—a).

The mixed action B(l) is always dominated by 3(2) and ;9(172): foralla € (—1/6,1/6),

<p(2)—p(l),ﬁa>:(1—2£)<%+a> +(2£—1)%+0_(1—2£)( +a) 0,

(P —pM, ) =0+ (20— 1)% +(1- 2@)(7 - a) (1- %)(f - a) > 0.

We now compare the mixed actions 3(2) and B(LQ):

(P —p®, )= (20— 1) (% + a) 0+ (1-20) (f - a) — —2a(1 - 20).

Numerical experiments. We set £ = (.1 and let « vary in {—0.1, —0.05, 0.05, 0.1}. We run
the diversity-preserving UCB algorithm (Algorithm 1) on each of these four problems v, over
T = 20,000 time steps, for N = 75 runs. The expected regret suffered by the algorithm is estimated
by the empirical pseudo-regrets observed on the N = 75 runs:

N
1 = ) 2 :
= N § RT(za7Z)7 where <p pt «Q Z) :u’a>7
i=1

and where we denoted by Bt(a’ i) the mixed action chosen at round ¢, during the i—th run, and for
problem v,,. The figures below report the estimations obtained (solid lines); we also shaded areas
corresponding to &2 standard errors of the estimates. As expected, the algorithm yields logarithmic
regret when @ < 0 (the optimal mixed action is on the border of the simplex) and bounded regret
when o > 0 (the optimal mixed action lies in the interior of the simplex).

12
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Outline of the appendix

Appendix A discusses distribution-free regret upper bounds.

Appendix B provides an extended literature review on the notions of diversity and fairness in ban-
dits.

Appendix C is an extended comparison to the linear bandit setting used by Celis et al. (2019) and
also provides a literature review on structured stochastic bandits.

Appendix D includes all remaining parts of the proofs of the regret upper bounds of Theorem 1.
Appendix E does so for the lower bound of Theorem 2.

Appendix A. Distribution-free regret upper bounds

We say that a strategy enjoys a distribution-free regret bound B(D, P, T') on the model D given the
diversity-preserving set P when it guarantees, for all 7" > 1,

sup Rr(v) < B(D,P,T).
vinD
All claims that follow are extracted from Hadiji (2020, Chapter 5).
The diversity-preserving UCB (Algorithm 1) enjoys a distribution-free regret bound of order

vV KT InT, while a variant based on the MOSS strategy of Audibert and Bubeck (2010) achieves a
v KT bound.

A follow-the-regularizer-leader [FTRL] approach, similar to the one considered by Chen et al.
(2020) and relying on a regularization function

= Z Palnpg,
a€[K]
achieved a distribution-free regret bound of order
diampy (P) KT, where  diamp(P) = max{H(p) — H(q) : p.q € P}

is the diameter of P for the regularizer . (It is in particular smaller than In K'.) This FTRL bound
actually also holds for adversarial bandits. Our results are incomparable with the ones by Chen
et al. (2020): on the one hand, we consider more general diversity-preserving sets (they essentially
consider the first and simplest example of Section 1.1, with minimal probabilities); on the other
hand, they consider a contextual bandit setting.

A distribution-free regret lower bound of order

2
LpV KT, where Lp = ( Zmaxpz > ,

peP

may be proved, using standard techniques from Auer et al. (2002).

Statement of an open question. The optimal dependency of the distribution-free regret bounds
on K and T is therefore v/ K'T' for worst-case P. However we were unable so far to identify the
optimal dependency on the geometry of P in general.
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Appendix B. Literature review on the notions of diversity and fairness in bandits

Diversity. Closest to our work is the recent article of Chen et al. (2020), that studies a particular
case of the diversity-preserving setting, which essentially corresponds to our example called “Main-
taining a budget” described in Section 1. While their framework is the same as ours, they only study
distribution-free bounds and provide numerical experiments, making their focus orthogonal to our
one. Note also that their algorithm, inspired by the mirror descent framework, actually applies to
the rewards generated in an adversarial manner.

In the domain of stochastic bandits, we may cite the contributions of Patil et al. (2019) and Claure
et al. (2019). They derive bandit algorithms that ensure that the proportion of times each action is
selected is lower bounded, i.e., with our notation that N,(7T")/T > « almost surely. Although the
objective is similar in spirit, this constraint leads to design issues for the algorithm that are quite
different from ours, and are arguably less mathematically elegant. Our setting enforces similar
guarantees while bypassing these issues. Finally, Li et al. (2019) consider a problem called combi-
natorial sleeping bandits, in which the player may pick multiple actions among the K available at
every step. The authors also impose that their algorithms satisfy some diversity preserving condition
on the choice of the actions, but this condition is only asymptotical.

Note that all these articles refer to “fairness”, although we prefer the term “diversity-preserving”
to distinguish them from the stream of work discussed below.

Fairness. The framework of individual fairness from Dwork et al. (2012) relies on the idea that
“similar individuals should be treated similarly” (there, actions correspond to individuals). This was
modeled in stochastic bandits by imposing constraints on the unknown problem, with constraints
dictated by the very nature of the problem, hence, being unknown as well. Therefore, the algorithms
will need to explore some more in order to learn the constraints while playing the bandit game. The
usual tradeoff between exploration and exploitation is therefore modified. We may cite contributions
by Joseph et al. (2016), Amani et al. (2019), Liu et al. (2017) and Gillen et al. (2018). This approach
is mathematically quite different from the setting considered in this article.
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Appendix C. Extended comparison to the linear bandit setting used by Celis et al.
(2019) and literature review on structured stochastic bandits

Celis et al. (2019) suggest using linear bandit algorithms in the diversity-preserving setting, unlock-
ing a wide array of methods and regret guarantees. Indeed, they observe that one can discard the
knowledge of the true played action A; and only play using the observation of the rewards Y; and
of the mixed action p R Doing so, the player plays a game where the expected reward associated
with the played action p, depends linearly on the said action: this setting is known as linear bandits
and is recalled below. An exception to this approach is their CONSTRAINED-¢-GREEDY algorithm,
which does use the knowledge of A; but suffers from two limitations: its regret bound scales as
1/A? instead of 1/A and, more importantly, it requires a lower bound on the unknown minimal gap
A, which makes it quite impractical compared to other knowledge-independent algorithms.

In this appendix, we recall the setting of linear bandits and provide a brief account of the relevant
literature on it. We also review the existing literature on other structured bandit settings and bandits
with augmented feedback. We then provide intuitions on the limitations of using a reduction to
linear bandits for the diversity-preserving bandit game.

C.1. The setting of linear bandits

We refer the interested reader to the monograph by Lattimore and Szepesvdri, 2020, Chapter 19 for
a longer description. An action set A C R is given to the learner. Some parameter ;1 € R? is set
but remains unknown to the learner. The latter selects at each step an action X; € A and gets and
observes a random reward Y; such that E[Y; | X;] = (X}, p). The expected regret is defined as

T

Z (Xt, p)

t=1

lin

=T —E
T r:?eajl(<x7 I’l’>

Reduction. The diversity-preserving bandit protocol described in Section 1 can be put in this
setting, by having the chosen probability vector p , play the role of X;. The ambient dimension is
then essentially d = K. (Notice in particular that the notions of regret coincide.) Therefore, the
learner can choose to ignore completely the observation of A; and use a linear bandit algorithm
of her choice, thus transferring the regret guarantees to the diversity-preserving setting. We now
discuss the typical regret guarantees achieved in linear bandits.

Standard linear bandit results. A first stream of the literature focuses on generalizations of the
UCB algorithm called LinUCB (linear upper confidence bound) or OFUL (optimism in the face of
uncertainty for linear bandits); they were introduced by Li et al. (2010) and Chu et al. (2011) and
studied by Abbasi-Yadkori et al. (2011). They consider the set £ of bandit models such that the
parameter g satisfies (z, u) € [—1,1] for all z € A and the noise Y; — E[Y;|X;] is sub-Gaussian
(with constant less than 1/4, say). They obtain finite-time distribution-dependent bounds in the case
where A is finite or is a finite polytope; we denote by Ay, a finite set of points generating .4 when
it is a finite polytope and let Az, = A when A is finite. These finite-time distribution-dependent
bounds are of the form: there exists a numerical constant C' such that for each bandit problem in £,

RE < CZ2(W*T+dinT +d*IninT),
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where my is a known upper bound on ||1||3, and where the gap A(z) of an action x € A and the
overall gap A among suboptimal actions are defined as

Ax) = r;leeac (y —x, w) and A =min{A(z) : ¥ € Ay s.t. A(z) >0} .
Note that for a fair comparison with our bounds, we should take mo = d = K, as we assume that
| /|0 < 1, which only implies ||z < V/d.

A second stream of the linear bandit literature improves asymptotically on the treatment of the
situation where A is finite or is a polytope and obtains optimal distribution-dependent bounds that
only scale with In T, but at the cost of computational efficiency. Of course, In T’ bounds could have
been obtained by playing a plain UCB on A, but they would not involve optimal constant in front
of the In7". The results of Lattimore and Szepesvari (2017), Combes et al. (2017) and Hao et al.
(2020) fall in this category.

C.2. Other reductions? Literature review on bandits with augmented feedback.

Actually, linear bandits are a particular case of structured bandits, in which observing the reward
associated with an action may provide information about the reward of other actions. This is to be
opposed to the vanilla K -armed bandit setting. A lot of recent work (discussed below) has been de-
voted to general structured bandits, sometimes obtaining bounded regret. Since all these approaches
apply to the linear bandit setting, they can also be applied to the diversity-bandit setting. However,
each come with some limitations, which may be avoided as the diversity-preserving setting is in fact
an easier setting than linear bandits. We may cite the works by Hao et al. (2020), Jun and Zhang
(2020), Tirinzoni et al. (2020), and Lattimore and Munos (2014): they all exhibit models (natural
exploration in linear contextual bandits and worst-case structures, respectively) in which the intro-
duced algorithms yield bounded regret. However, when applied to the linear bandit problems that
emerge from the linear bandit setting, these approaches cannot give bounded regret.

Indeed, and this is the fundamental caveat of applying linear bandit methods, when neglecting
the knowledge of A;, the problem faced by the player becomes exactly a linear bandit problem.
Therefore, these methods are subject to the linear bandit lower bounds. In particular, for typical
(fixed) finite action sets, the lower bound of Lattimore and Szepesvéri (2017) implies that the regret
incurred by linear bandit algorithms must grow logarithmically as 7" — oo on any problem. By
contrast, we show that our approach which, uses the knowledge of Ay, can yield finite regret. Note
also that Caron et al. (2012) and Degenne et al. (2018) consider K -armed bandit models with some
extra feedback and provide bounded regret guarantees then. In the rest of this section, we provide
some more insights and intuitions on the nature of the improvements obtained when taking this extra
piece of information into account.

C.3. Intuitions on why taking A, into account helps

We provide two intuitions, one linked to lower bounds on the regret and the other one linked to the
upper bounds on the regret.

As far as lower bounds are concerned. As is clear from the proofs in Section 3, see, e.g., Equa-
tion (11), lower bounds rely on the ability to discriminate between two bandit problems v and /.
Under the problem v and conditionally to the choice of a distribution p, over the arms, the learner
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sees the payoff Y; as distributed according to some unconditional distribution when A; is not taken
into account, and the conditional distribution v 4, when A; is taken into account:

}/tN Zpt,aya and }/IE‘AtNVAt7
a€[K)

respectively. Conditionally to the choice of p, , the Kullback-Leibler divergences between the distri-
butions of Y; under v and v/ are therefore given by

KL Z pt,ayaa Z pt,al/(/l < E[KL(VAﬁVAt)] = Z pt,a KL(”(lal/(ll)v
a€[K] a€[K] a€[K]

with A,

without A,

where the inequality is by convexity of KL.. We of course prefer the larger quantity to derive the
largest possible limiting constant.

As far as upper bounds are concerned. Here, we discuss more concretely how the knowledge
of Ay can improve our algorithms: using A; helps building tighter confidence bounds on . As a
reminder, the confidence region considered in Section 2 is the hyper-rectangle

K N B 2Int
{(:u‘lv s ,/,LK) eR : Va € [KL ’Ma<t) /J/a‘ g maX(Na(t), 1)} (16)

obtained from the Hoeffding—Azuma inequality and by treating each coordinate separately. Now,
LinUCB for linear bandits (see references above) rather relies on an ellipsoid of confidence, con-
structed as indicated below in (17). Figure 1 compares the confidence regions (16) and (17) on some
simulated data.

0.8 q

0.6 q

0.4 4

0.2 9

0.0

0.0 0.2 0.4 0.6 0.8 1.0

Figure 1: Comparison of confidence sets for Bernoulli observations generated from the three
probability vectors p, = (0.1,0.9), p, = (0.2,0.8), p, = (0.4,0.6) and true mean vector
(11, p2) = (0.2,0.3). Eachp,, fori € {1,2, 3}, was selected 100 times to draw actions 4; € {1, 2},
after which rewards Y; ~ Ber(u4,) were generated; this thus provided 7" = 300 observations. The
true mean vector is shown as a cross. The red area depicts the ellipsoid defined in (17) without the
knowledge of the A;, whereas the green rectangle is the one from (16) and relies on the A;.
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We denote by X; the matrix whose rows are the mixed actions used over time, QIT, . ,BZ, and
let Y., = (Y1,..., Yt)T be the column vector of rewards obtained. Then, for a parameter A > 0,
we define

V=X X and "= (V)X Vi

The ellipsoid considered is then of the form

{ueRd : \/<M—ﬁ?“» VA=) < fum® “*/&}7 an

where f ;-(¢) is some closed-form function of order vInt.
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Appendix D. Full proof of the upper bounds

For the common part of the proofs of Cases 2 and 3, the following lemma was used. It is standard
in the literature of vanilla K—armed bandits: we simply note that it also holds in our setting. As we
have no direct control on arms pulled, we cannot ensure in a deterministic manner that N, (¢) > 1
a.s., hence we take the maximum between N, (¢) and 1.

Lemma 4 Consider a bandit problem v in Djq y). Fort > 2, if the actions Ay, . . ., Ay and rewards
Y1, ..., Y, were generated according to Protocol 1, then

P(£(1)) —P{Foralla €K), |pa—Falt)] < \/IW{Q;;”}} _ 9Kt 3.

Proof By optional skipping? (see Theorem 5.2 of Doob, 1953, Chapter III, p. 145, see also Chow
and Teicher, 1988, Section 5.3), we can replace the random quantities depending on the observations
from a fixed arm by their i.i.d. analogue. More precisely, for each arm a € [K], by defining /i, ,, as
an empirical average of n i.i.d. random variables with distribution v,, we have

R 2Int
P{\ua—ua(t)\ > \/max{N(t)1}}
R 2Int
t
N 2Int
gzlp{‘ﬂa_ﬂa,n‘>m} Z2t = 2" 5

where the case n = 0 was dropped for reasons explained below, where the second inequality follows
from a union bound and the third inequality, from Hoeffding’s inequality. Note indeed that n = 0
and ¢ > 2 are incompatible given the event considered: we defined ZZ&Q to be 1; when n = 0, the
event considered amounts to |1 — pg| > V2Int, where vV21Int is larger than v2In2 > 1 when
t > 2. The claimed inequality follows from a final union bound over a € [K]. |

D.1. Case 3: Proof of the upper bound (6) on %,

We actually also prove a lower bound on #g:

16 32 (16
— 1<ty < —=In| — |.
A2/ oS Azg n<A2£>

This result is a special case of the following more general result, with a = A%//16 < In(2)/2.
Lemma 5 Let a € (0,1n(2)/2). Define

Ty = sup{:z: € (0,400) : Inz > a:c} and ng = max{n €{1,2,3,...} :lnn > an}.
1 2 <1>
—<xzp< —-In{ -] .
a a a
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DIVERSITY-PRESERVING K —ARMED BANDITS, REVISITED

Proof First note that ng and x( are well defined since In(2) > 2a (by assumption) and the function
¥ x — ax — Inx satisfies ¥ (x) — +00 as x — +00. Note also that ¢ is continuous, decreasing
n (0,1/a], and increasing on [1/a, 4+00).
The inequality ¢ > 1/a follows from ¢(1/a) = 1+ 1Ina < 0 (since a < In(2)/2 < 1/e) and
by continuity of 1.
For the stated upper bound on x(, we first note that

2.1 2. 1 2. 1 1 1 1
1/J<ln>:aln—1n<ln>:2ln—ln—ln<2ln>>0,
a  a a a a a a a a

—_——

<In(1/a)

where we used that 2Inu < u for all u > 0. Given that @ < 1 and thus that (2/a)In(1/a) > 1/a,
and since 1 is continuous and increasing on [1/a, +00), the inequality above indeed shows that
xo < (2/a)In(1/a).

The inequality ng < xg is straightforward by definitions. We now prove that g — 1 < ng.
By definition, ng is the largest integer n > 1 such that ¢)(n) < 0, so that )(ng) < 0 while
¥(ng+ 1) > 0. Given the variations of v, we therefore have that ny + 1 is on the increasing branch
of 1, that is, ng + 1 > 1/a. Again since v increases on [1/a, +00) and given that zy > 1/a, as
well as 1 (zg) = 0 by continuity of ), we proved that 2o < ng + 1. [ |

D.2. Case 2: Proof of the finite sum (8)

We will actually prove a stronger result, namely

P{N*(t) < ;} —0(1/82).

We first tie the number of optimal pulls N,(¢) to the (non-expected) instantaneous regret: by defi-
nition of the minimal gap A,

t

t
> (0 -py ) Azﬂ{peom(u)}—A(t—N*(t))v thus - N,(t) > ZP —Pg 1)

s=1 s=1

where p* denotes any optimal mixed action. Therefore, we only need to prove that

{Z@ —p.. 1) Aj}zou/ﬂ). (18)

This is a weak high-probability bound on the non-expected cumulative regret: we only want to show
that it grows, with high probability, slower than the linear quantity At¢/2. We consider to that end
the following lemma (which will also be used for the proof of Case 1).

Lemma 6 For s > 2, under the event (s — 1) defined in (4),

2In(s — 1)
(p* — Py 1) QZpsa max {No(s —1),1}
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Proof By definition of the algorithm, we have (p* —p_, U(s — 1)) <0, so that

(0" —p, 1) = (" p—Uls = 1)) +(p" —p,, Uls = 1)) +(p,, U(s = 1) — ) .

<0

Now, under £(s — 1),

2In(s — 1) B
max{Ny(s —1),1}

2\/ 2In(s — 1)
max{Ny(s —1),1}

Therefore, under £(s — 1), substituting in the first bound of this proof, we get

(0" =po 1) <P p—Uls—1) +(p, U(s = 1) — )

a

VCLG[KL OgUa(S_l)_:ua:,aa(S—l)‘f’\/

max{Ng(s —1),1} n

Recall the aim (18). Since the events £(s — 1) in Lemma 6 might have a non-negligible prob-
ability for small values of s, we leave out the first 7, := |[At/4] rounds (note that 7, > 1 for
t > 4/A). More precisely, in order to prove (18), noting that (p* — P, ) lies in [—1,1] as v lies
in Dy 1y, it suffices to show that

P{Z@* —p B) > Aj} = O(1/t%).

S=T¢

By Lemma 6, and noting that 73 > 2 for ¢t > 8/A, we thus only need to prove that

IP’(U E(s — 1)) +P 22 Z Ds.a maXQ{EI\lfi‘zs_—li),l} > % =0(1/t%).

S=T¢ S=T¢ ae

By a union bound and given the fact that IP’( E(s) ) < 2Ks73 by Lemma 4, the first probability
above is at most of K (1; — 1)~2 = O(1/t?). Therefore, it suffices to prove that:?

! 2In(s — 1) At
2 Psa >— 3 =0(1/t?). (19)
sz:;aez[;q max{Na(s— 1),1} 4

We apply the Hoeffding-Azuma inequality (see, e.g., Lemma A.7 in Cesa-Bianchi and Lugosi 2006)
to the martingale

i 2In(s —1
M, d_fQZ > (psa— Ia, —a})\/max{Ni(s—i)J}

s=2 a€[K]

3. Adding the (nonnegative) terms from s = 2 to s = 7 — 1 in the sum makes the goal only harder.
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with (predictable) increments lying in a range of width smaller than 2+/2In ¢ and by picking a risk
level of §; = t—*; we obtain:

]P’{Mt > 2v/21nt \/2tlnt} <t (20)

Now, for each a € [K], as N,(s—1) only increases (by 1) when A; = a, and since N, (t—1) < t—1,
we have the deterministic (crude) bound

t t
_ 1 —a
ST = R
s=2

max{Na(s—l), } n o— 2\/max{N 8—1 1}
ZMZW 2v2Int(1+2vE—1).
(21)

All in all, with the processes M; and C} introduced above,

! 2In(s — 1) At At
22 Z Ps,a max{Na(s—l),l} > R {Ct+Mt 2 4}'

5=2 a€[K]

The sum

2V2Int v2tInt +2v2Int(1 4 2vt — 1) = O(VtInt)

of the high-probability bound exhibited on M; and of the deterministic bound exhibited on C; is
smaller than At /4 after some step to. Hence, for ¢ > t, the value At/4 cannot be achieved unless
the high-probability bound on M; does not hold:

{C’t T M, > it} C {Mt > 2\/2lnt\/2tlnt} .

This remark, together with the deviation bound (20), proves that the sufficient aim (19) is true. This
concludes the proof of Case 2.

D.3. Case 1: Complete proof

The beginning of this proof follows a standard proof scheme for linear bandits. For¢ > 1, we denote

by
=" -pm)
the (non-expected) instantaneous regret; it was already considered in Lemma 6. The regret to be
controlled corresponds to
T
=E Z r t] .
t=1

We requested in the definition of Algorithm 1 that mixed actions be selected only in Ext(P). Doing
so, the (non-expected) instantaneous regret suffered from playing p, € Ext(P) is either 0, if p 18
optimal, or at least A if p , is suboptimal. This simple observation leads to the crude upper bound

Ty <

B[
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Now, under £(t — 1), Lemma 6 followed by an application of the Cauchy-Schwarz inequality yield

2

2In(t —1)
2

Tt < |2 Z Pt,a
oyt max { No(t —1),1}

pt,a .
<8 Z] G ATREIEY > praln(t—1)

a€[K a€(K]

Pt,a
<8 : InT.
aez[[:q max {No(t —1),1}

Since A; is drawn at random given P, which is determined by the information available at the

beginning of round ¢, just as N, (¢t — 1) is, the tower rule indicates that for all ¢ > 1 and a € [K],

DPt,a . ]l{At:a}
& [max {Na(t — 1), 1}] =k [max {No(t — 1), 1}] '

Taking into account the fact that when £(¢ — 1) is not satisfied, we have r? < 1 as v lies in Dy 1
we proved so far

InT.

Ta,_
E[r7] <PE(E-1)+8 Y E[ {di=a)
oelK] Lmax {No(t —1),1}

Lemma 4 shows that P(£(t — 1)) < 2K (¢t — 1)~ for t > 3 (and we resort to the trivial bound 1 for
t=1ort=2).

Now come the final steps of the proof: they are specific to our diversity-preserving setting and
short-cut the classical proof scheme. The same kind of deterministic argument as used in (21) shows
that for each a € [K],

T Na(T-1)

Teq— 1
{At=a} .
Zmax{Na(t— 1),1} B nZ:;) max{n, 1}

t=1

<2+ In(max{No(T ~1),1} )

< 2+1n(1+Na(T— 1)),

where we used that 1 +1/2+ ...+ 1/N < 14 1InN for N > 1. Collecting all bounds together,
we proved

T T
Y ER <2+2KY (t-1)P 48 Y (2 +E[1n(1 4 N (T — 1))D InT.
t=1 t=3 a€(K)
————
<1/2
By concavity of the logarithm,
1 1
e Z} In(1+ No(T — 1)) < ln<1 + Z N (T — 1)) <In(1+T/K).

a€[K a€(K]

=T-1
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We summarize all calculations performed so far into:

T
D
t=1

Rr(v) =E

T
1 1
< A;E[r?] < 2+ K+ 16K T +8K n(1+ T/K) InT).

The final bound is transformed into the stated (2+ K +24K (In(1+7)) 2) /A for better readability.
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Appendix E. Full proof of the lower bound
E.1. Proof of the reduction

We first note that in Protocol 1, whether a strategy picks a deterministic mixed action p, (based on
the past) or a distribution p; over mixed actions in P is irrelevant, as the strategy needs to draw an
arm A; and only observes the payoff obtained by picking A;. In the first case, A; is drawn in a
one-step randomization, while in the second case, A; is drawn in a two-step randomization which
is equivalent to picking the deterministic mixed action

p, = /7> pdpi(p) -

When a strategy picks mixed actions in P, whether it is deterministic or randomized is irrelevant.

Based on the same intuition, we now show that it suffices to restrict one’s attention to strategies
playing in the finite set Ext(7P) generating P. Any mixed action ¢ = p, may be decomposed as a
convex combination of elements of Ext(7). We may define a function

P:qgePr— O(q) = ((Pp(q)) € o, 1]EXt(7’)

PAL/ ) peExt(P)

such that all images ®(g) are actually convex weights and

Vq e P, q= Z (I)B(g)g.
pEExt(P)

We may interpret convex weights ®(q) as probability distributions over Ext(P). With this in mind,
we note that a (deterministic) strateggf 1 picking mixed actions p, (based on the information avail-
able: past actions A, and rewards Y;, with s < ¢ — 1) gets the same expected payoffs as the (ran-
domized) strategy v that first picks a mixed action P, in Ext(7P) at random according to ®(p t),
and then draws the action A; according to P,. This, again, holds because only the choice of the
pure action A; matters. In particular, if the strategy v is UFC over D given P, then so is ¢g.

The final issue to clarify is that the proof of Theorem 2 following this reduction holds for deter-
ministic and randomized strategies ¥3 (again because only the actions A; drawn matter).

E.2. Rest of the proof of the first part of Theorem 2

This proof scheme is standard and was introduced by Graves and Lai (1997).

Part A: The divergence Zr is larger than In 7 in the limit. We prove that Zp = KL (P, 7, P,/ 1)
is asymptotically larger than In 7.

Lemma 7 For all models D with finite first moments, for all diversity-preserving sets P, for all
strategies that are uniformly fast convergent [UFC] over D given P, for all bandit problems v in D
with a unique optimal action p*(v), for all bandit problems V' in D for which p*(v) is suboptimal,

. KL(Pyr,Pyr)
lim inf InT

> 1.
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Proof We denote by kl(p,q) = pln(p/q) + (1 — p)In((1 — p)/(1 — ¢)) the Kullback-Leibler
divergence between two Bernoulli distributions with parameters p and ¢q. By the data-processing
inequality for [0, 1]-valued random variables (see Section 2.1 in Garivier et al., 2019) and by the
standard inequality kl(p, ¢) > pIn(1/q) — In2,

(T N, (T
KL (P, Py 1) k1<E rw@ ,E, “T)( ) >
N (T
>Eu[ “T)( In d n2
Ey [Ny (7))

The strategy is UFC, we therefore have Ry (v)/T — 0. Given the decomposition (3) of the regret
and given that A(v) > 0 for all v € Ext(P) with v # p*(v) since p*(v) is the only optimal action
for v, we have, on the one hand,

N, p*(v) (1)

T

E, 1.

T—o0

On the other hand, glven that p* (v) is suboptimal for /, the suboptimality gap A,/ (p*(v)) of p*(v)
in the bandit problem v/ is positive and

Re(Y) > Ay (p* () EZ/[NB*(Z) (T)}, or equivalently, EHI[NB*(Z)( } T ”Z)

The strategy being UFC, we have Ry (V') = o(T%) for all & > 0; in particular, for all £ > 0, for all
T large enough, E,/ [Np* W) (T)} < T¢. Putting all inequalities together, we proved

KL(Py7.Pyr) - Ny () (T) , T 1 In2
> = n — .
InT . T E, [N (1) /2T T
v [4Vp*(v) ~~~
>T1—a
Therefore, as T' — oo, we have
KL(P, 7, P,
lim inf ( vt H’T) >1—¢,
T—o00 InT
and the claimed result follows by taking ¢ — 0. |

Part B: Considering cluster points. We conclude the proof of the first part of Theorem 2. Let ¢
be a cluster point of the sequence Rp/InT. If ¢ = 400 is the only value, then Rp/InT — 400
and the result is proved. Otherwise, take a finite c. We denote by (7,,),,>1 an increasing sequence
such that Rr,, /InT,, — c. In view of the decomposition (10) and since A(p) > 0 and n,, (p) = 0
for all p € Ext(P) with p # p*(v), these sequences nr,, (p) are bounded. Hence, we may extract
a subsequence (7, )x>1 from (7},) such that all sequences - nr,, (p) converge as k — oo, to limits
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denoted by n(p). This only holds for p € Ext(P) with p # p*(v). The final component n(p*(v))
is defined in some arbitrary way (its value will be irrelevant).

Now, given v/ € ALT(v), the quantity Z defined in (11) and rewritten in (12) satisfies, in view
of Lemma 7:

Vv

Ir

.. /ANERT .

it S ) 3 ) = i 1
pEExt(P) a€[K]

pa(v)=0

Note that because of the inner summation over the a such that p’(v) = 0, the summation in the
left-most term can be restricted to p € Ext(P) with p # p*(v):

Z nr(p) Z pa KL(vg, V) = Z nr(p) Z pa KL(vg, 1)) .
peExt(P) a€[K] peExt(P) a€[K]
Py (1)=0 p#p*(v) Py (1)=0

All in all, considering rather the subsubsequence (7}, )x>1, wWe get, by identity of the lim inf,

Z n(p) Z pa KL(vg, V) > 1.

pEExt(P) a€[K]
p#p* (v) Py (1)=0
This holds for all v/ € ALT(v) and shows that the vector (n@)) PEEXt(P) thus satisfies the con-

straints (13).
In conclusion and in view of the decomposition (10), we have just shown that all finite cluster
points ¢ of Rr/InT are of the form

Z A(p)n(p)  for some (n(;g))p cExt(P) € RJErXt(P)satisfying the constraints (13).
pEExt(P) B

Note that the value for n(p*) is irrelevant as A(p*(v)) = 0. Hence, the liminf is in particular
larger than or equal to the infimum over these quantities, which is exactly the quantity c(Ext(P) , g)
defined in Definition 3.

E.3. Proof that Assumption 3.1 holds true when D is convex

In this section we assume that D is a convex subset of the set of all probability distributions on the
real line, and show that Assumption 3.1 holds true.

Let v be a bandit problem in D, assume that the set ALT(v) is non-empty, and consider any
v/ € ALT(v). Next we show that for A € (0, 1) sufficiently small, the modified problem

Vi=01-2V+ (22)

(which still belongs to D by convexity of D) meets the requirements of Assumption 3.1. Indeed,
first note that for all A € (0,1) and all @ € [K], the Radon-Nikodym derivative dv, /dv/ is bounded
by 1/, so that

KL(vg,v)) <In(1/)\) < +o0o .

a
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To conclude, it suffices to show that " € ALT(v). First, for all actions a € [K] such that p*(v) > 0,
we have v, = v, = v} since v/ € ALT(v) and given the definition (22). Second, p*(v) ¢ Opt(v")
for A small enough: as v/ € ALT(v), we have by definition p*(v) ¢ Opt(v/), which means that
there exists p € P such that

(o) > ("), 1) s while  (p, p) < ("), 1) -
However, taking A € (0,1) small enough will still guarantee (p, ) > (p*(v), ") for A. We

thus showed that " € ALT(v) for A\ > 0 small enough. All the above entails that v meets the
requirements of Assumption 3.1, which concludes the proof.
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