N
N

N

HAL

open science

Bandits with Budgets: Regret Lower Bounds and
Optimal Algorithms

Richard Combes, Chong Jiang, Srikant Rayadurgam

» To cite this version:

Richard Combes, Chong Jiang, Srikant Rayadurgam. Bandits with Budgets: Regret Lower
Bounds and Optimal Algorithms. SIGMETRICS 2015, ACM, 2015, Portland, United States.

10.1145/2745844.2745847 . hal-01257889

HAL Id: hal-01257889
https://hal.science/hal-01257889v1
Submitted on 9 Apr 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01257889v1
https://hal.archives-ouvertes.fr

Bandits with Budgets: Regret Lower Bounds and Optimal
Algorithms

Richard Combes Chong Jiang R. Srikant
Electrical and Computer Electrical and Computer
Engineering Engineering

Centrale-Supelec, L2S
Gif-sur-Yvette, France

ABSTRACT

We investigate multi-armed bandits with budgets, a natural model
for ad-display optimization encountered in search engines. We pro-
vide asymptotic regret lower bounds satisfied by any algorithm, and
propose algorithms which match those lower bounds. We consider
different types of budgets: scenarios where the advertiser has a
fixed budget over a time horizon, and scenarios where the amount
of money that is available to spend is incremented in each time slot.
Further, we consider two different pricing models, one in which an
advertiser is charged for each time her ad is shown (i.e., for each
impression) and one in which the advertiser is charged only if a
user clicks on the ad. For all of these cases, we show that it is pos-
sible to achieve O (log(T")) regret. For both the cost-per-impression
and cost-per-click models, with a fixed budget, we provide regret
lower bounds that apply to any uniformly good algorithm. Further,
we show that B-KL-UCB, a natural variant of KL-UCB, is asymp-
totically optimal for these cases. Numerical experiments (based
on a real-world data set) further suggest that B-KL-UCB also has
the same or better finite-time performance when compared to var-
ious previously proposed (UCB-like) algorithms, which is impor-
tant when applying such algorithms to a real-world problem.

Categories and Subject Descriptors

[.2.6 [Computing Methodologies]: Learning; G.3 [Mathematics
of Computing]: Probability and Statistics

Keywords

ad-display optimization; search engines; multi-armed bandits; learn-
ing; budgets; UCB; KL-UCB

1. INTRODUCTION

The multi-armed bandit (MAB) involves an decision maker who
samples from several statistical populations with unknown distribu-
tions (also called “arms”), with the goal of maximizing the cumula-
tive sum of drawn samples (called the “rewards”). The objective is
to minimize the regret, which is the difference between the sum of
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rewards obtained by a given sampling strategy, and that of the best
sampling strategy if the distribution of each arm were known. The
number of arms can be finite (discrete bandits), countably infinite
(infinite-armed bandits) or uncountably infinite (continuous ban-
dits). MABs are stylized models for sequential decision problems
with uncertainty, featuring in particular the so-called “exploration-
exploitation” trade-off. MABs have been an active subject of re-
search since the 30’s, [24]], [21].

For discrete bandits with uncorrelated arms, a notable result is
[20], showing that in the asymptotic regime 1" — oo (with T" de-
noting the time horizon), there exists a regret lower bound for any
algorithm that achieves O (log(T")) regret for any input distribution,
and provides an algorithm whose regret matches this lower bound.
Further research has provided computationally simple, asymptoti-
cally optimal algorithms [19], [12]], [16], with good finite-time be-
haviour.

More recent research has focused on so-called structured MABs,
where the unknown parameters of the problem (say the expected
values of the arms) have a certain structure and lie in some set
known to the decision maker. The goal is to quantify the perfor-
mance gain due to a given type of structure, and both regret lower
bounds and asymptotically optimal algorithms have been proposed
for certain structures. Structured MABs are interesting because
they naturally arise in the design of computer systems (at large), for
instance: wireless networks [9]], shortest-path routing [13]], search
engines and ad-display optimization [22]).

For discrete bandits several structures have been studied: uni-
modal [[7]], combinatorial [3]], arms with lower bounded differences
to name but a few. Continuous bandits are by definition ban-
dits with correlated arms, since the expected reward (as a func-
tion of the arm) is assumed to be continuous. Many natural struc-
tures have been considered, including: Lipshitz continuous [17],
unimodal [28]], strongly convex [10].

In this paper we study the problem of discrete MABs with bud-
gets, where the number of times a given arm may be selected is
upper bounded by a number called the budget. The budget of an
arm need not be deterministic: it may be a random variable, and
may depend on the sample path (the successive rewards of arms).
MABs with budgets are a natural model for ad-display optimization
(e.g., Google Ad-Words). Given a search query, several advertis-
ers would like to display an ad and the search engine must choose
which ad to display. The chosen ad is displayed to a user (this is
termed an impression) who may or may not click on it. The corre-
sponding advertiser is charged either when her ad is shown (cost-
per-impression), or clicked (cost-per-click). Each advertiser has a
maximal amount of money she can spend, so that any ad cannot
be displayed infinitely many times. Uncertainty is due to the fact



that the probability for a given ad to be clicked (also known as the
click-through-rate or CTR) is unknown and must be learnt.

Our model is a generalization of the models considered in [22]],[14].
We will consider three cases:

e Cost-Per-Impression (CPI): an arm may be played a deter-
ministic number of times

e Cost-Per-Click (CPC): an arm may be played until its accu-
mulated reward is above a deterministic number

e General budgets: the maximal number of plays of an arm is
an arbitrary non-decreasing function of time, and may de-
pend on the sample path

It is noted that the general budgets assumption allows for feed-
back. This is well-suited for ad-display optimization because in
practice advertisers may change their future budget allocations based
on the historical (sample path) click-through-rates.

Our contribution

(a) For general budgets, we demonstrate that B-KL-UCB, a natu-
ral variant of KL-UCB, achieves O(log(T')) regret, improving the
results of [2], which give an upper bound of O(v/T). The
proof uses a coupling argument, showing that, when we consider
an arbitrary algorithm 7 and the optimal algorithm 7* run on the
same sample path, at any given time, the expected value of the best
arm available to 7 is higher than that available to 7*. This induces
a type of majorization order that allows us to prove the result.

(b) Next we consider the CPC and CPI case where the budget
of each arm is a linear function of the time horizon, and we prove
asymptotic (when the time horizon goes to infinity) regret lower
bounds satisfied by any algorithm achieving O(log (7)) regret re-
gardless of problem parameters. The technique for proving the
lower bound is different than the one introduced by Lai and Rob-
bins in the seminal paper [20]], and uses an inequality of by
reducing the problem to a single classical hypothesis test at the end
of the time horizon. This technique might be useful beyond the
scope of this article, as it renders the proofs significantly shorter
than the original one proposed by Lai and Robbins.

(c) We provide finite-time regret upper bounds for B-KL-UCB.
As a consequence, we prove that B-KL-UCB is asymptotically op-
timal in the CPI case, as well as in the CPC case if a simple sep-
aration assumption on the budgets is satisfied (which would most
likely be the case in practice). For instance the set of budget vectors
that do not satisfy this condition has Lebesgue measure zero.

(d) We assess the finite-time performance of B-KL-UCB using
numerical experiments. The simulation parameters (number of ad-
vertisers and CTRs) are extracted from a publicly available data set
[1]. We confirm the intuition provided by our theoretical results
that B-KL-UCB works significantly better than UCB-type algo-
rithms based on Hoeffding’s inequality (such as the ones proposed
in [22]) which do not take into account the variance of the re-
wards, and lower bound the Kullback-Leibler (KL) divergence by
twice the square distance (Pinsker’s inequality). Indeed, in prac-
tice the values of the arms are small (most popular ads have a CTR
of 2% or less), hence have low variance when they are modeled
as Bernoulli random variables. An algorithm which is a heuristic
modification of the PD-BwK algorithm proposed in [2]] performs
similarly to B-KL-UCB in simulations, although it lacks a cor-
responding problem-dependent regret bound and additionally re-
quires knowledge of the time horizon.

Related Work

First, for arbitrarily large budgets, the problem reduces to the
classical multi-armed bandit problem [20], and B-KL-UCB reduces
to KL-UCB, which is known to be asymptotically optimal for that

problem. The regret lower bounds also reduce to the classical one
from [20]. Also, one can notice that bandits with budgets are an
instance of sleeping bandits [[18]], which are bandit problems where
not all arms may be selected at a given time. However, in [18],
the available arms are chosen by an oblivious adversary, so that
arms available at a given time are arbitrary but may not depend
on the arms selected previously. Hence there is no straightforward
extension of [I8]] to our setting. A different but related setting is
that of bandits with a single knapsack constraint, considered in
[26]. Namely, all arms may be played until a weighted sum (with
known weights) of the number of draws of each arms exceeds a
known constant. The crucial difference is that in this model the
optimal policy draws a single arm (maximizing the ratio between
its expected reward and its weight), while in our setting the optimal
policy (in general) plays several arms.

Another related problem is the knapsack bandit studied in [2]].
There are several constraints on the weighted sum of rewards ob-
tained on the different arms. Any arm might be selected, until one
of the constraints is violated, and then the problem stops. There
is a similarity between knapsack bandits and bandits with budgets
(explored in the simulations section). However the results of [2]
are quite different from ours: considers minimax regret (for a
given 7', the regret on the worst problem instance, which in general
depends on T°), while we study problem-dependent regret, where
a fixed instance is considered and we study the regret as 1" goes
to infinity (as in [20]). Specifically, the authors obtain a minimax
regret of O(+/T) (up to multiplicative logarithmic terms). It is also
noted that the algorithms in [2] rely on knowledge of T', whereas
our algorithm does not.

The rest of the paper is organized as follows: in section2lwe de-
fine the model considered for bandits with budgets. In section[Blwe
prove that the optimal policy for each of the models considered here
is the greedy policy (i.e. the one which plays the available arm with
the highest expected value). In section ] we provide lower bounds
on the regret of any uniformly good algorithm in the CPI and CPC
case. In section[§] we provide regret upper bounds for algorithm B-
KL-UCB and demonstrate its asymptotic optimality in the CPI and
CPC cases. In section[@lwe assess the finite time performance of B-
KL-UCB and its competitors by numerical experiments. Section[7]
concludes the paper. For ease of reading, proofs and intermedi-
ate results are found in section Some additional intermediate
results are found in the appendix.

2. THE MODEL

We consider a bandit problem with a finite number of arms K >
1 and time horizon 7" > 0. Time is discrete, at time n € {1,...,T'}
a decision maker is provided with a set of allowed arms A(n) C
{1, ..., K}, and selects an arm k(n) € A(n). Then she receives a
reward Xy, () (ti(n)(n)), where t;(n) is the number of times arm
k has been selected between time 1 and n. We assume that the
rewards (X5 (%))1<k<k,i>0 are independent, and that X(7) is a
Bernoulli random variable with parameter 1. We define Sy (t) =
S, X&(i) to be the accumulated rewards obtained from arm k
after selecting it ¢ times. We denote by p = (p1,...,uKx) €
[0,1)¥ the parameters of the problem. We assume that there ex-
ists functions n — ¢ (n) called budgets, so that the allowed set of
arms can be written as: A(n) = {1 <k < K : tx(n) < cx(n)}.
It is noted that cx(n) is not assumed to be deterministic and is pos-
sibly sample path dependent. We call sample path dependent any
quantity that depends on the rewards (X% (7))1<k<k,i>0-

We will consider three possible models for the availability of
arms:



e Cost-per-impression (CPI): ¢ (n) = T'cy, foralln < T with
cr > 0 a constant.

e Cost-per-click (CPC): ci(n) = 7 for all n < T, where
T = min{¢ : Si(t) > T'cx } and ¢ > 0 a constant.

e General budgets: n — ¢ (n) an increasing, possibly sample
path dependent function.

We denote by F,, the o-algebra generated by
{AQ), - Al 4 1), Xiy (Bra) (1) - Xy By (0) }-

We consider adaptive policies, so that k(n) is F,—1 measurable
for all n. We denote by II the set of adaptive policies. When
the decision rule considered is not clear from a context we de-
note it with a superscript, for instance k™ (n) is the arm selected
at time n by policy m € II. We define 7* to be the oracle policy
(which knows p) and maximizes the expected accumulated sum of
rewards: Zszl pxE[tE” (T)]. We further define the regret of deci-
sion rule 7 by:

RY(T) =" mBlE (1)) =Y B[t (T)].

The regret of policy 7 is the loss in accumulated reward due to the
the fact that parameters y are unknown to . We say that policy 7 is
uniformly good if, for all problem instances, R" (1) = O(log (7))
when 7" — oo.

In this article we present our results when rewards are Bernoulli
distributed, mainly for simplicity and due to the fact that the model
originates from ad-display optimization where rewards (click / no
click) are indeed Bernoulli distributed. However, it should be clear
that the regret upper bounds apply without modification to any
bounded reward distribution in [0, 1]. Furthermore, both upper
and lower bounds hold for rewards in a one-dimensional exponen-
tial family, (provided that they are sub-Gaussian), by replacing the
Bernoulli KL divergence with the appropriate divergence measure.
For instance, for Gaussian rewards with known variance, our re-
sults hold where the KL divergence is taken equal to the square
distance divided by twice the variance. See the discussion in
for additional clarification.

3. PRELIMINARY RESULTS

3.1 Some notations

We assume that the arms are indexed such that pi1 > ... > uk.
For both the CPI and CPC cases we define ¢ = (c1,. .., ¢k ) to be
the budget vector. We define I(p, q) = plog(2)+(1—p) log(g)
to be the KL divergence between Bernoulli distributions of param-
eters p and q. We use the convention that the value of an empty
sum is zero, so that 22/:1 ..=0.

3.1.1 CPI case

In the CPI case we define k* = min{k : ZZ/:1 ¢ > 1} to
be the last arm played by a greedy policy with knowledge of the
wr’s, which would play the arms in increasing order (until their
respective budgets are exhausted). We define the fraction of time
that such a policy would play arm k*: ¢ = 1 — Zz,*;ll cpr. Itis
noted that ¢ > 0, and that¢ = 1 if k* = 1.

3.1.2 CPC case

Consider the CPC case. We recall the definition of 7%, 7, =
min{t : Si(t) > Tci} which is the number of plays of arm &

until T'c;, successes are realized. We define the random variable k
to be the last arm played by a policy which would play the arms in
increasing order (until their respective budgets are exhausted):

i min{k: Y0 mw > T}, if 3 % >T
- K, otherwise ’

We define the random variable 7 to be the number of plays of arm
k:7=T— 3 F ] 7 Itisnoted that 7 = Tif k = 1.

We will relate these random quantities to the deterministic quan-
tities obtained by taking expectations over sample paths. That is,
we define di, = ¢/, the expected fraction of time that arm &
could possibly be played, so that a CPI model with budgets of T'd,
emulates this CPC model with budgets of T'c,. We then define
k* = min{k : Zz,:l djs > 1}, the last arm played by the greedy
policy with knowledge of the 1’s, modulo the randomness in the
budgets. It is noted that the definition of k* is not the same for CPI
and CPC. Finally, we define d=1- 22:1 d, the fraction of
time that such a policy would play arm k*.

3.1.3 High probability events

We use the following convention throughout the remainder of
the article: For a given event A, we say that A occurs with high
probability (w.h.p.) iff there exists a function p_a (i, ¢) such that for
all T: 1 — P[A] < pa(p, )T . Also we say that A occurs with
small probability if its complement occurs w.h.p. It is noted that
any event that occurs with small probability incurs only a constant
regret. Denote by (1) the regret of a sample path, and consider A
an event that occurs w.h.p., then, since r(7") < T*:

RY(T) = E[r(T)] = E[r(T)1{A}] + E[r(T)1{A})]
< E[r(T)1{A} + pa(p,c).

Hence given an event .4 which occurs with small probability, when
analysing the regret of algorithms, one may simply ignore any sam-
ple path on which A occurs, at the expense of a constant regret
term.

3.2 Optimal policy

In the case of general budgets, calculating the expected reward
of the optimal policy is not completely straightforward. This is due
to the fact that the set of available arms A(n) is a random variable,
and depends on the arms selected at instants {1, ...,n—1} as well
as the rewards (X« (4))1<k<k,i>0-

Define 7 to be the (greedy) policy which plays the arms in in-
creasing order until their budgets are exhausted, ie., k™ (n) =
min A™(n). It turns out that in the general budgets case (so in
the CPI and CPC cases as well), we have that 7 = # from which
we can characterize the value of 7*.

PROPOSITION 1. For general budgets, we have that T = T,
i.e. the greedy policy is optimal.

In the CPI case, the reward of 7* is RT with:

k*—1

EZ Z Cl Uk +E/,Lk*
k=1

In the CPC case the expected accumulated reward of 7* is:

k—1

ElugT+ Y ).
k=1



4. REGRET LOWER BOUNDS

To simplify the regret lower and upper bounds we define A =
mingp |pe — pr|. For 0 < € < A we define:

Hi — Kx’
55 =
,gk I(pgr + €, )

with the convention that &, = &9.
Theorems [4.1] and 2] give lower bounds on the regret of any
uniformly good algorithm.

THEOREM 4.1. Consider the CPI case. For any uniformly good
policy w € 11, we have that for all k > k*:

lim inf E[ti (1)) > ! .
T—oo log(T) — I(pk, per)
By corollary the regret satisfies the lower bound:

R™(T)
> *
lim Tlggo log(T) — O

THEOREM 4.2. Consider the CPC case. For any uniformly good
policy w € 11, we have that for all k > k*:

lim inf E[t7 (1)) > ! .
T—oo log(T) I (g, phrer)
By corollary the regret satisfies the lower bound:

BT o,

fim Tlggo log(T)

For both the CPI and CPC cases, it is noted that arms k < k*
do not contribute to the regret lower bound, and that the minimal
number of times an arm k£ > k* may be played depends only on its
expected value and the value of ug+. In fact it is as if arms below k*
do not matter at all for our analysis. This will be made clear in light
of the matching upper bounds derived in section 5l Furthermore,
note that when the budgets are large enough, (for instance by setting
c1 = 1 in the CPI case, and letting ¢ — oo in the CPC case), we
have that k* = 1, so that Theorems 1] and 2] reduce to the well
known result of Lai and Robbins [20].

The proof technique is similar to that of (4} [3] [6], and uses a
reduction to a hypothesis test between two point hypotheses (a
Neyman-Pearson test). However, the way in which we choose our
hypothesis test is able to precisely recover the Lai and Robbins
lower bound in [20], whereas the results in do not do so. In
particular, consider a given uniformly good algorithm 7 and two
parameters p and A such that = must have a different behaviour
under p and A. Say 7 plays a certain arm O(7") times under )\, but
only O(log(T")) times under p. Then we argue that the algorithm
must be a hypothesis test with risk O(T ') between hypotheses
Ho = {u} and H; = {\}. Of course the original proof [20] used
such an argument, but involved some manipulations of likelihood
ratios, whereas we use an inequality of which reduces these
calculations to essentially a single line. Also note that, contrary to
[4], we do not treat the arms played at times n € {1,...,7} as a
series of tests, but simply argue that the number of times each arm
has been sampled by the end of the time horizon (¢1(T"), ..., tx (T'))
can be used as a test statistic.

Finally, it should be noted that both Theorems [4.1] and [4.2] are
still valid when the rewards are not Bernoulli, and instead belong
to a parametric family of distributions for which one can define the
KL divergence. In that case one may simply replace the Bernoulli
KL divergence I(-,-) by the relevant divergence measure, e.g., for
Gaussian rewards with fixed variance one may replace I (-, -) by the
square distance divided by twice the variance.

S. REGRET UPPER BOUNDS

In this section we analyse the regret of B-KL-UCB, an algorithm
which is asymptotically optimal (in most cases of interest), i.e., its
regret matches the lower bounds given in section[dl It is a natural
extension of KL-UCB [[12] proposed for bandits with independent
arms, which reaches the Lai-Robbins bound [20].

We define the empirical reward of arm k at time n: fir(n) =
Sk(trk(n))/te(n) if tx(n) > 0 and fix(n) = 0 otherwise. We
introduce the (KL-UCB) index of arm k at time n:

br(n) = sup{q € [ix(n), 1] : te(n) I (iix(n),q) < f(n)},

with f(n) = log(n) + 3log(log(n)). The B-KL-UCB algorithm
is the rule that picks the available arm with largest index:

Algorithm 1 B-KL-UCB
forn=1,2,...,7 do
pull arm k(n) = arg maxye 4 (n) br(n)
end for

5.1 General budgets

Theorem 5.1l proves that B-KL-UCB achieves O(log(T')) regret
in the general budgets case. This in particular proves that in the
gradual budget case considered in [14] (where c(n) is determin-
istic and proportional to n), we also have O(log(7")) regret, which
is an improvement on the O(v/T") upper bound derived in [14].

The proof is based on the following coupling argument: we show
that if # = B-KL-UCB and the optimal policy 7* are run on
the same sample path, then we have that, at all time instants n,
min A™(n) < min A™ (n). Hence either k™ (n) < k™ (n), which
incurs no regret, or we have that k™ (n) > k™" (n) > min A™ (n) >
min A™ (n), which happens only O(log(T")) times. We derive and
use Lemmal[I0.3] an intermediate result shown in appendix. Lemma
enables us to deal with bandit problems where the available
set of arms is a stochastic process and might depend on the past
decisions, hence we believe it could be useful beyond the scope of
this article, to analyse problems such as sleeping bandits and
knapsack bandits [2]].

THEOREM 5.1. Consider general budgets. Under policy m =
B-KL-UCB, for all 0 < € < A the regret admits the upper bound:

R™( +CK (log(log(T)) +¢?).

ZIHk+€ Hhk—1)

with C' > 0 a constant independent of 1, ¢ and €.

5.2 CPI case

Theorem [5.2] gives a finite-time regret upper bound for B-KL-
UCB in the CPI case, from which we can deduce that B-KL-UCB
is asymptotically optimal.

THEOREM 5.2. (i) Under policy m = B-KL-UCB,
Sforall 0 < e < A the regret admits the upper bound:

R™(T) < f(T)d5+ + CK (log(log(T)) + € %) + Co(c, ).

with C' > 0 a constant independent of 1, ¢ and €,
and Co(c, i) > 0 a function independent of T and e.

(ii) By corollary:

lim sup R(T) < Ok,
T— 00 lOg( )

i.e., B-KL-UCB is asymptotically optimal.



REMARK 1. Note that Theorem 3.2 is not simply a specializa-
tion of Theorem 5. 1lto the the CPI case, as the coefficients of f(T')
are different in the two cases. In particular, there is no proxy for k*
in the general budget case, whereas we exploit the existence of k*
to tighten the upper bound in Theorem[3.2]

5.3 CPC case

Theorem [3.3] gives a finite-time regret upper bound for B-KL-
UCB in the CPC case, from which we can deduce that B-KL-UCB
is asymptotically optimal. In the derived regret upper bound, the
dominant term (the multiplicative term in front of the log(7")) is
a convex combination of dx« and x+41. By Theorem [5.2] those
quantities represent the asymptotic regret in the CPI case where the
last played arm by 7 is k* and k* + 1 respectively. Furthermore if
we add the separation assumption 22;1 dy, > 1, then the asymp-
totic regret is that of the CPI case. Since the regret lower bound of
theorem [£.2] is met by the upper bound, B-KL-UCB is asymptoti-
cally optimal.

The proof of Theorem 53] involves upper bounding the num-
ber of times a sub-optimal arm might be played, and we do so
by decomposing this number based on the expected value of the
best arm available (i.e min A(n) ). As in the general budgets case,
Lemmall0.3lis instrumental here. The proof is completed by study-
ing the concentration of 74, and k and 7, based on classical concen-
tration inequalities.

THEOREM 5.3. (i) Under policy m = B-KL-UCB, there ex-
ists a(T) € [0,1] such that, for all 0 < ¢ < A the regret
admits the upper bound:

R (T) <(T) [a(T)55e + (1 — a(T))5he ]
+ CK (log(log(T) + € %) + Ci(c, p),

with C' > 0 a constant independent of 1, ¢ and €,
and C1 (¢, p) > 0 a function independent of T' and e.

(ii) By corollary:

lim sup R7(T)
T— 00 IOg(T)

S max(dk* s 5k*+1)-

(iii) Ifzz*:l di > 1 we have o(T') =100 1 so that

. R™(T)
lim su < Ok,
T%Eo IOg(T) =

i.e., B-KL-UCB is asymptotically optimal.
6. NUMERICAL EXPERIMENTS

6.1 Data set and simulation parameters

We now compare the finite-time performance of B-KL-UCB with
that of previously proposed algorithms. The simulation parameters,
namely the values of K (the number of arms) and p (the vector of
reward probabilities), are extracted from a publicly available data
set [1]]. The data set describes user queries and displayed ads for a
popular search engine, over the course of one day.

For our purposes, this dataset is a set of keywords, each con-
taining a set of ads. Each ad has been subject to some number
of impressions, a fraction of which have resulted in clicks. These
simulations will use the empirical CTRs based on a keyword from
this dataset. Since the number of ad impressions in the dataset is
heavily skewed, using the click-through rate of an ad with only a
few impressions would be prone to quantization effects (e.g., many
arms with CTRs of exactly %, %, ...), so we first prune away any ad

with fewer than 100 impressions. The histogram of click-through
rates is shown in Figure[Il Indeed, the CTRs tend to be small. We
filter the keywords present in the data set, and select those which
contain at least 3 ads, 10° total impressions across those ads, and
an overall click-through rate (total number of clicks divided by to-
tal number of impressions) of at least 1%. We chose keyword id
#158 in the dataset, which we will refer to as keyword 5. We then
set K to be the number of different ads that have been displayed
when [ was requested, and for 1 < k < K, we estimate iy, by the
empirical click probability for k, that is the number of clicks on k
divided by the number of impressions for k. We obtain K = 28,
and the values of ji1, ..., i are shown in Figure 2land Table[T]

Please note that the data is anonymized, so that each keyword
and each ad is represented as a number, from which it is not possi-
ble to retrieve the actual query or the identity of the advertiser. The
values of the budgets c are not available, so in the simulations to
follow, we extract from the data only the K and p of keyword S,
and assign an equal budget to every arm. The budget is used as a
parameter in our simulations, since it is unknown.

1.5 < Mean = 2.98% 1

Count

0O 0.05 0.1 0.15 0.2

Click-through rate

Figure 1: Histogram of CTRs for all ads with > 100 impres-
sions, from the KDD Cup dataset.
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X
=
0.15
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28
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Figure 2: Plot of 1), vs. k for the 28 ads with keyword f.



0.3153 | 0.1070 | 0.0716 | 0.0417 | 0.0144 | 0.0118
0.0099 | 0.0082 | 0.0081 | 0.0050 | 0.0049 [ 0.0013

Table 1: List of the 12 non-zero entries in y for keyword £.

6.2 Competing algorithms

We assess the performance of several algorithms identified as
follows:

e B-KL-UCB: The algorithm proposed in this article.

e B-UCBI1: The algorithms proposed in [14], [22]. It is noted
that the two algorithms are not identical, but are nearly so.
Roughly, those algorithms behave the same as B-KL-UCB
except that the KL-UCB index by, (n) is replaced by the UCB
index fix(n) + /2log(n)/tk(n). Since they give the same
performance, we only show the performance of one of them
in the interest of readability.

e Balance-BwK (Balance Bandits with Knapsacks): an adap-
tation of the first algorithm proposed in to bandits with
budgets.

e PD-BwK (Primal Dual Bandits with Knapsacks): an adapta-
tion of the second algorithm proposed in [2]] to bandits with
budgets.

In the knapsack bandit problem studied in [2]], there are multiple
resources and each arm consumes some combination thereof. The
problem terminates when any one of the resources is exhausted.
This is somewhat similar to our problem, where each arm’s bud-
get can be thought of as a resource. However, in our problem,
even if the budget for one of the arms is exhausted, we can con-
tinue to play the other arms. Thus, while the algorithms in [2] do
not directly apply to our model, nevertheless we attempt to modify
those algorithms to fit our model and study how well they perform
compared to our algorithm. In particular, the Balance-BwK and
PD-BwK algorithms we consider here are tuned versions of the
original algorithms proposed in [2], which take into account the
additional structure. Namely, there are fewer unknown parameters
in a problem instance of bandits with budgets than in bandits with
knapsacks, e.g. resource k is known a priori to be consumed only
when arm £ is played. For completeness we provide a full descrip-
tion, including pseudo-code, of the tuned versions of Balance-BwK
and PD-BwK in subsection [6.4]

6.3 Numerical results

The regret of each studied algorithm is calculated by averaging
its sample path regret over 4000 independent runs.

First, we investigate the regret R™(7T") as a function of the arm
budgets (which determine k*). We fix a time horizon of T" =
1000K = 28000. We consider uniform budgets so that for all
k and n, cx(n) = T where c is a parameter. We calculate the
regret as a function of c.

Recall that for large budgets, the problem reduces to the classical
bandit problem (and k* = 1). As budgets decrease, k™ transitions
to 2,3,..., K. We plot the regret of the various algorithms as we
change the budget, in Figure 3] for the CPI model and in Figure @]
for the CPC model. These results show B-KL-UCB out-performs
the other three algorithms across the entire range of k*, although
our variant of PD-BwK stays a close second.

Next, we investigate the regret R” (7") as a function of the time
horizon T'. In order to fix k* while letting time progress, the bud-
gets must grow linearly with time. Instead of restarting the sim-
ulation with different budgets and time horizons, for simplicity of
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Figure 3: Plot of regret at time 7' = 28000 vs. the budget T'c
given to each arm, under the CPI model. The dotted vertical
lines demarcate k* transitions.
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Figure 4: Plot of regret at time 7" = 28000 vs. the budget 7'c
given to each arm, under the CPC model. The dotted vertical
lines demarcate k* transitions.

simulation we use incremental budgets (by replacing 7'cy, with ncg
in the RHS of the CPI and CPC definitions of ¢ (n), which removes
all dependence on T') and a fixed 7 = 10°. For the CPI model, we
present two plots where k* = 6; in Figure[3 Z:;l ¢y = 1,and in
Figure [6 Zi;l cr > 1. Similarly, for the CPC model, we again
set k* = 6 and show two plots; in Figure[7] Z’;;l dr = 1,and in
Figure 8l lez;l dj > 1. The results confirm that B-KL-UCB and
PD-BwK again out-perform the other two algorithms, with very
similar regrets. Furthermore, despite our upper bound for the re-
gret not being tight in the Zi;l dr, = 1 case, empirically we do
not see any degradation in performance, suggesting that perhaps
B-KL-UCB is optimal even when the separation assumption is vi-
olated. It should be noted that B-KL-UCB performs at least as well
as both of the modified BwK algorithms, even though the BwK al-
gorithms require knowledge of the time horizon 7" and B-KL-UCB
does not.
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6.4 BwK algorithms

For both BwK algorithms, we use the so-called confidence radius
of an arm

Cr'adV Cr'ad
N + N’

where Crqoq = log (T'K (K + 1)), v stands for the current esti-
mate of the expected reward from the arm, and N stands for the
number of times that the arm has been played so far. We will also
assume the budgets are fixed at the start, so that n — cx(n) is a
constant.

The idea behind Balance BwK is to ensure that the budgets of
the best arms are simultaneously exhausted at 7. However, this is
not possible since the i ’s are unknown; therefore, we attempt to
exhaust the budgets simultaneously using the current confidence-
bound adjusted estimates of the px’s. Specifically, we divide time
into phases of K time slots each, and we do the following at each
the beginning of each phase:

rad (v, N) =
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Figure 7: Plot of regret vs. time, with £* = 6 and Z’;;l dip =1,
under the CPC model. Each arm is given the same incremental
budget per timestep of 0.00489.
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(i) Based on the current estimates of the rewards of the arms, we
identify the set of best arms, which collectively have enough
budget to be the only arms played. During this process, we
also compute an estimate of the number of times each of these
arms can be played over the time horizon.

(i1) The probability of playing an arm is simply this estimated
number of times it can be played, divided by 7'.

Now we provide more details about the above computation. To
compute D, first we sort the arms (by decreasing order) based on

their index uy (n), settling ties arbitrarily. Next, we iterate through
Ck

this list, assigning probability mass to Dy,. We do so until we

n,k
have accumulated probability 1. If the budget of all arms has been
exhausted, assign any remaining probability to the virtual arm with
0 reward and O consumption.
The idea behind PD-BwK is to think of each arm’s total budget
as a resource, each with a fictitious “price”, internal to the algo-
rithm. Initially, all of the prices are equal, but as arms are played,



Algorithm 2 Balance-BwK

Algorithm 3 PD-BwK

for each phase p = 0,1,2,... do
foreacharmk =1,..., K do
compute UCB estimate for the reward vector,
e = min { i (n) + rad (jix(n), b (n) , 1}
if model is CPI then
resource consumption vector is known a priori, Ly, j, = 1
else if model is CPC then
compute LCB estimate for the resource consumption
vector,
Lk = max {fix(n) — rad (fix(n), tx (n)) , 0}
end if
end for
compute a distribution D over arms, described in detail below

fort=1,..., K do
choose an arm k as an independent sample from D
if k£ has enough budget remaining then
pull k&
else
pull the virtual arm with O reward
end if
halt if time horizon is met
end for
end for

their remaining budgets (resources) decrease. As each resource
becomes more scarce, we respond by multiplicatively increase its
price. Additionally, since there is a finite time horizon, the remain-
ing number of time steps is also a resource, with its own price that
increases every time step. We then define the “cost” of playing arm
k to be the expected total price of all resources consumed: the price
of resource k£ multiplied by the expected consumption of resource
k, plus the price of time (multiplied by one, the number of time
steps that will be consumed). If we knew the pu’s, a greedy pol-
icy approach would be to always play the arm that maximized the
expected reward divided by the expected cost. However, since the
wi’s are unknown, we replace these deterministic quantities (ex-
pected consumption of resource k, expected reward from playing
arm k) by their confidence-bound adjusted estimates. For the CPI
model, we can simplify this and replace the expected consumption
of resource k by 1, since it is known a priori that each play of an
arm reduces the remaining budget by exactly 1. We note that the
way in which prices are increased has to be carefully chosen, and is
a function of the time horizon 7'. As an implementation detail, we
actually track the logarithm of the prices and use the corresponding
additive update rule, in order to improve numerical stability.

7. CONCLUSION

In this work we have investigated bandits with budgets, which
are a natural model for ad-display optimization encountered in search
engines. We use the same approach as in the study of the classi-
cal bandit: we provide asymptotic regret lower bounds satisfied by
any algorithm, and propose algorithms which match those lower
bounds. For general budgets we have shown that it is possible to
achieve O(log (7)) regret. For CPI and CPC budgets we have pro-
vided regret lower bounds that apply to any uniformly good algo-
rithm. Further, we have shown that B-KL-UCB, a natural vari-
ant of KL-UCB, is asymptotically optimal. Numerical experiments
(based on a real-world data set) further suggest that B-KL-UCB
outperforms previously proposed UCB-like algorithms (by a signif-

sete = y/log (K + 1) /B, where B = min {T', minj T'cx }

in the first K rounds, pull each arm once
initialize the price vector, v1 = 1x 41
forn=K+1,...,Tdo
forecacharm k =1,..., K do
compute UCB estimate for the reward vector,
U,k = min {fix(n) + rad (Ar(n), tx (n)), 1}
if model is CPI then
resource consumption vector is known a priori, Ly, j, = 1
else if model is CPC then
compute LCB estimate for the resource consumption
vector,
Lk = max {fix(n) — rad (fix(n), tx (n)) , 0}
end if
end for
Yn = Un/ (1T'Un)
Yr+1 + YeLn k }
Un, k
Unt1 = Vng - (L+€)m9
Unt1,K+1 = Un,k+1 - (1 +¢€)
end for

icant margin), so that designing asymptotically optimal algorithms
is not purely a theoretical pursuit and yields schemes with good
finite-time performance. This is of interest when applying those
algorithms to practical problems such as ad-display optimization.
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10. PROOFS

10.1 Ordering lemma

We define the ordered majorization property: given x and y in
R¥, we write z < y iff Zszl TE = Zszl yx and for all k:
ZZ/:1 T < ZZ/:1 yrr. In fact, if z and y are taken as el-
ements of the simplex of R® (so that they represent probability
distributions on {1, ..., K'}), the ordered majorization property is
equivalent to the strong stochastic order (ordering of c.d.f’s). Also,
consider a € R¥ with k — ay non-increasing, then we have that
x < yimplies: 38 anw, < SO0 anyn.

The result of Lemma [[0.I] states that if the greedy policy 7 and
an arbitrary policy 7 are run on the same sample path, then vectors

t"(n) = (t7(n),...,t7(n)) and " (n) = (tT(n),...,tT(n))
satisfy ¢"(n) < t"(n) at all time instants n. This ordering prop-
erty has two non-trivial consequences: (i) it allows us to show that
the greedy policy is in fact the optimal policy for general budgets
(including the CPI and CPC case), and (ii) it constitutes the crux of
our regret upper bound in the case of general budgets. Once again
we believe that this is a general property in bandit problems (such
as sleeping bandits) where the set of available arms is time-varying
and might depend on the sample paths, so that Lemma [[0.1] could
be useful in analyzing those problems as well, although we have
not explored that possibility here.

LEMMA 10.1. Consider an arbitrary policy m and the greedy
policy 7, then one has t™ (n) < t7 (n) a.s. foralln > 1.

Proof. We proceed by induction. Clearly ¢t (0) = (0,0,...,0) <
t™(0). Define n’ = max{n : t"(n) < t"(n)}, and assume that
n' < oo. Since t™(n' + 1) < t*(n' + 1) is false, we must have
min A™(n’ 4+ 1) > min A" (n/ +1). Define k = min A™(n’ +1),
so we must have:

k k
St +1)> > t(n' +1),
K =1 k=1
which implies that there exists " < k such that ¢}, (n’ + 1) >
7/ (n’ + 1), so that k' € A™(n’ 4 1). By definition 7 selects the
arm min A™(n’ + 1) < k’ < k, which is a contradiction. Hence
such an n’ < oo does not exist, which proves the result. 0O

10.2 Proof of Proposition 1]

Proof. Consider any policy 7 such that k™ (n) is F,,—1 measurable.
Define Y7 = Xpyr (n)(ter(n)(n)) the reward observed at time n
and define M = 327 Y7 — o | jut7(n). Then (M), is a
martingale:

K

My =My + Y 1{k"(n) = k}(Yy' — )
k=1

K
E[M 1| Fa] = M + 3 1K (n) = k(s — pu) = M.
k=1
so that E[M7] = E[M{] = 0. Hence the expected reward of 7 can
be written as:

K
E[r™(T)] = 3 mE[E (1)),
k=1

Using Lemmal[I011, one has t™(T) < ¢*(T) a.s. Since k — juy is
decreasing we have:

K K .
mlE(T) < 3 et f(T) as.
1 k=1

k=

Taking expectations we obtain that E[r™ (T')] < E[r"(T)]. Since
the above reasoning is true for all policies we have proven that 7 is
the optimal policy which concludes the proof. O

10.3 Lower bounds: intermediate results

The following results are instrumental for establishing our regret
lower bounds. Lemma [[0.2]is an inequality derived in ( first
noted in [[13])), which relates the risk of a hypothesis test between
two point hypotheses to the KL divergence between them. Here P
and @ represent the two probability distributions corresponding to
the two point hypotheses, and the test is taken to be 1{A} with A
an arbitrary event.



LEMMA 10.2 ([27)]). Consider two probability measures P
and Q, both absolutely continuous with respect to a given measure.
Denote by K L(P||Q) the Kullback Leiber divergence between P
and Q. Then for any event A we have:

P(A) + Q(A%) = (1/2) exp {— min(K L(P||Q), KL(Q[|P))}

We will be considering change of measure arguments, and in order
to avoid confusion, for a given parameter ;1 we denote by [P, and
E,. the probability and expectation under ;. Given an algorithm
7 running on some parametric bandit, Proposition [2] allows us to
calculate the KL divergence of the rewards observed by =, if 7
were run on the same bandit problem with parameters p and .

PROPOSITION 2. Consider a bandit problem where the reward
of each arm lies in some parametric family, and denote I(-,-) the
corresponding KL divergence. Consider a given algorithm m and
a given time horizon T. Denote by Y* = (Y (1),...,Y(T)) with
Y (n) = Xyr(n)(t (n)) the reward from the arm drawn at time n.
Consider two parameters (v and N\, and define P and Q) to be the
distributions of YT under parameters ;1 and X respectively. Then
one has:

L(P||Q) = ZE [tk (T (pirs, Ak)-

Proof. The proof follows from a straightforward conditioning ar-
gument. O

Proposition [3] enables us to lower bound the regret of a given
sample path based on the difference on the number of times arm k
is selected by the optimal policy and a given policy 7:

PROPOSITION 3. Forall 1 < k < K and all policies ™ we
have the following inequality:

K *
S wn(t ()

k=1

— (1)) > |tF(T) — tR(T)|A.

with A = minlgk/SK,l(uk/ — ,u‘k'+1) > 0.

Proof. This holds as a straightforward consequence of majoriza-
tion. O

10.4 Proof of Theorem 4.1]

Consider a fixed uniformly good policy 7. Consider k > k*
fixed, ¢ > O fixed and define parameter A\, with A\, = pp+ + ¢,
and Apr = pgr, k' # k. Define ¢ = min(cy, ), and the event

= {t7(T) > Té/2}. Denote by YT = (Y (1),..., Y/(T)) with
Y(n) = X (n) (tz (n)) the reward from the arm drawn at time n.
Define P and Q the distributions of Y7 under parameters ;& and \
respectively. From Proposition 2l we have:

L(P|Q) = Z]E [tk (T (pares Ak) =

Notice that 1{A} is a function of Y7, and apply Lemma [[0.2}
P(A) + Q(A%) = (1/2) exp[— min(KL(P||Q), KL(Q||P))]
> (1/2) exp[-KL(P||Q)],
so by taking logarithms:
EWl17(T)] 1k, e +6) > — 08 (2) —log(P(A)+ Q(A). (1)

Let us now upper bound P(A) and Q(.A®). Under parameter ;1 we
have t} (T) = 0, and under \ we have ¢f (T) = Té. Applying

B [67 (7)1 (pr, i +6).

Proposition 3] we lower bound the sample path regret as follows:
r(T) > At (T)1{ A}
r(T) z elé — tx (T)[1{A%}
We apply PropositionBltwice, once under parameter yz, and another
time under parameter A (in this case A equals €¢). When A occurs,
tr(T) > TéE/2, and when A° e —tx(T)| = T¢/2, so
taking expectations:
Eu[r(T)] = AT(2/2)P(A)
Ex[r(T)] = €T'(¢/2)Q(A%)

P,-as.
Px- as.

Since  is uniformly good, E,, [r(T")] and E [r(T")] must be O(log(T"))
so P(A) and Q(A°) are O(T*log(T)). In turn — log(P(A) +
Q(A°)) ~1_ 00 log(T) and replacing in (I) we have that:

EATHCY) S

- I(,LLk;, Hher + E)

The reasoning above is valid for any € > 0, letting ¢ — 0 in the
above equation gives the announced result.
O

10.5 Proof of Theorem 4.2

We proceed as in the proof of Theorem 1] Consider a fixed
uniformly good policy 7. Consider k > k* fixed, € > 0 fixed and
define parameter A, with Ay = pie+ + €, and Ay = pupr, k' # k.

Define d = min(dy, d), and the event:

B = UK {|Tdy — 7| < Td/(4K)}.

From Lemmal[B_](to be proved in the next section), 3 occurs w.h.p.
(under both P, and ). On all sample paths where 13 occurs we
have the following inequalities:

k*—1
T- > m>T(d—d/4) >3Td/4,
k=1
k* k*
T-> m<TA-Y dy+d/4) <Td/4,
k=1 k=1

7 > T(dy — d/(4K)) > 3Td/A.

Define the event A = {t7(T) > Td/2}. Denote by Y7 =
(Y(1),...,Y(T)) with Y(n) = Xy=(,)(t5(n)) the reward from
the arm drawn at time n. Define P and Q the distributions of Y7
under parameters g and A respectively. From Proposition 2] we
have:

L(P||Q) = Z]E [tk (T (1rs, M) = B[t (T (prs, pirs +€).

Notice that 1{.A} is a function of Y, and apply Lemma[[0.2}
P(A) + Q(A?) = (1/2) exp[— min(K L(P[|Q), KL(Q||P))]
> (1/2) exp[-KL(P||Q)],
so by taking logarithms:
B (67 (D) (s, i +€) > — log(2)—log(P(A)+Q(A)). @)
Let us now upper bound P(A) and Q(A°). First it is noted that
P(A)=P(ANB)+PANB°) < P(ANB) + P(B)
=PANB)+0O(T™ ).



A°) < QAN

1), SO we can restrict our attention to the events AN B

since B occurs w.h.p. By the same reasoning, Q(
B)+0(T™
and A° N B.

Applying Proposition [3| we lower bound the sample path regret
as follows:

r(T) > Altf (T) — t7(T)|1{AN B}
r(T) > ety (T) — t5(T)|1{A° N B}

P,-as.

Py-a.s.

Under parameter /i, when event A N B occurs, we have t (T) <
T — Z’,::l T < Td/4 and t3,(T) > T£1/2. Similarly, under
A, when event A° N B occurs, we have t; (7)) > min(r,, T —
Z’,::Il Tr) > 3T'd/4, and t}; (T') < T'd/2. Replacing in the above
inequalities and taking expectations we get:

E,[r(T)] = AT(d/4)P(ANB),

Ex[r(T)] > €T(d/4)Q(A° N B).
Since 7 is uniformly good, both E,,[r(T")] and Ej [r(T")] are
O(log(T)), so that P(ANB) and Q(A°NB) are O(T ™ * log(T)).
In turn — log(P(A)+Q(A)) ~7— log(T') and replacing in (I
we have that:
B . 1
- I(/“W/“ﬂ* + 6) .

Since the reasoning above is valid for any € > 0, letting e — O in
the above equation gives the announced result.

lim Tlgio log(T)

O

10.6 Proof of Theorem

Proof. Consider 0 < ¢ < A fixed. Define d(n) = pyr(,) —
i (n)> and write the sample path regret as: r(7") = 22:1 d(n).
Consider a time instant n such that d(n) > 0. Then 1 < k™ (n) <
E™(n) and d(n) < p1 — phgr (), SO that:

K

r(T) <> (m = )| Bil, ()

k>2

with By = {n < T : k" (n) = k,k™ (n) < k—1}. Consider n €
B From Lemma[[[0.1] we have that: ¢ (n) < t™ (n), which im-
plies that min A™(n) < min A™ (n) = k™ (n) < k — 1. There-
fore we have min A™(n) < k — 1, so that applying Lemma [10.3]
we obtain:

f(T) 2

E[|Bx|] < =—————— + ¢ “ 4+ Clog(log(T)).
18 < 7 g(log (7))
Taking expectations and replacing in (3) we get the announced re-

sult:

+K(e 7?4 Clog(log(T
DY Trams & (log (1))
which concludes the proof. a

10.7 Proof of Theorem

Proof. Recall that for the optimal policy we have: tx(T) = c,T
for k < k*, tix(T) = €T, and ¢ (T) = O for k > k*. Therefore
the regret of a sample path is:

k*—1 K
r(T) =T + Y exTik — Y pwte(T).

k=1 k=1

Using statement (i) of Lemma[B3] we have that ¢, (T') = cxT for
k < k* wh.p., therefore ti+ (T) =T — 3, - .« tx(T) and:

r(T) = eTpe — Y pte(T) = > (pe — )t (T) whep.
>k k> k*

Taking expectations:

R™(T) < Y (s — ) Eftn(T)] + O(1). “

k>k*

Since Z:;}l ¢, T+¢T = T, we have that maxi << (min A(n)) =
k*. Hence applying Lemmal[I0.3] for all £ > k* we have:

Eft(1)] < — 1)

S Tt ey T Clloglog(T) + 7).

with C' a constant. Replacing in (@) we obtain the announced re-
sult:

R™( k;: Tl T e W) + KC(log(log(T)) + € %),
= f(T)65« + KC(log(log(T)) + € ?).

which concludes the proof. O

10.8 Proof of Theorem 5.3]

Proof.

First statement _
From Lemma[B.2] we have k € {k*, k* + 1} w.h.p. Define the
following events:

A= {k =k},
B: {l;:k*—Fl,tk*(T) :Tk*},
C= {];:k*-i-Ltk*(T) <Tk*}.

We decompose the regret according to the occurence of A, BB or C.
Regret of sample paths in .4

First, consider a sample path in A. Define 7 =T — Zﬁ;l Tk

It is noted that 7 > 0. The regret of such a sample path is:

r(T) = Tpxr + Z Tkﬂk_ztk

k<k*

Using statement (ii) of Lemma [B3] we have #(T') = 7 for all
k < k*, therefore tg« (T') = 7 — >, - o« tx(T) so that the regret

r(T)= >t

k>k*

(T) (pex — o)

Since k = k* we have that max; <, <7 (min A(n)) = k*. Taking
expectations and applying Lemma [[0:3}

E[r(T)1{A}]
<P[A]f(T)d + CK (log(log(T)) + 572)

with C' a constant.
Regret of sample paths in B

Consider a sample path in B. Define 7 = T — Z:;l Ti. The
regret is:

r(T) = Tpr+1 + Z Thik — Ztk

E<k*



By the definition of B we have t5+ (1) = 7%+ and using statement
(ii) of Lemma[B3 we have t5(T") = 7 for all k < k*. Therefore
tir+1(T) = T — 3 s ey te(T) and the regret is:

D> (1) (1 — ).

k>k*+1

r(T) =

Since k = k* + 1 we have that max; <, <7 (min A(n)) = k* + 1.
Taking expectations and applying Lemma[10.3

E[r(T)1{B}]
< Z E[te(T)1{B} (trx+1 — k),
k>k*+1
< Z P[B](prx 41 — pr) f(T') + 2 + C'log(log(T))

E>k*+1 I(I’Lk + 67 //Lk*+1)
—P[B]f(T)85+ 41 + CK (log(log(T)) + ¢ 2)

Regret of sample paths in C

Finally consider sample paths in C. Define 7 = T' — 22;1 Tk
The regret is:

r(T) = Tpgs41 + Z Th ke — Ztk

E<k*

Using statement (ii) of Lemma [B3] we have t(T') = 7 for all
k < k*. Therefore ty+ (T) = 7+ Tir — 3 _po s ti(T). The regret
is:

)+ > (1) )

T(T) = Trs +1 + Trr fler — < e+t (T
>k

=TK +1+Tk:*/lk:*_

T+Tk* — Z tk(T))

/\

+ > tk(T)uk>

k>k* k>k*
(o 41 — paex )T + Z tie (1) (e — fike)-
k>k*

Using the fact that fujx 1

()< >

k>k*

— pr+ < 0 we have the upper bound:

te(T) (s — pk).

Since tix (T') < Ti+ we have that max;<,<7(min A(n)) = k*.
Taking expectations and applying Lemma[10.3t

E[r(T)1{C}] < Z Eltx(T)H{CH (prr — 1),
P[C] (purr — pr) f(T)

= ,Z; I(p + € pue )
= P[C]f(T)65+ + CK (log(log(T)) 4+ ¢ 2)

Therefore, defining «(T") = P[A] + P[C] and noting that P[.A] +
P[B]+P[C] < 1sothat P[B] < 1—«(T'), we obtain the announced
result:

+ ¢ 2 + Clog(log(T))

RY(T) <f(T)(a(T)0k+ + (1 — a(T'))0kx 1)
+ 3CK (log(log(T)) + € 2).

which proves the first statement of the theorem.
Second statement

Using Lemmal[B.1] we have that if Z:;l dr, > 1, then Z:;l TR >

1 w.h.p, sothat k = k* w.h.p. Hence P[B] =700 0and P[C] =700

0, and letting 7" — oo in the first statement of the theorem yields
the second statement.
O

10.9 Upper bounds: an intermediate result

LEMMA 10.3. Consider arbitrary budgets. For any policy m,
and k > k', define the set of instants:
o = : = i 4 < ! .
Bf i ={n: k(n) k,lglnagT(mlnA (n)) <k}

and consider any event A. Then under policy B-KL-UCB, for all
0 < e < upr — pi we have:

f(T) 2
E[|By r |1{A}] < P[A] —————+¢ “+CK log(log(T)),
1B l1 4] < PA 7L a(log(T)
with C' > 0 a constant.
Proof.
Consider k, k', € and A fixed. Define to = #{Lw De-

compose By, ;. as:
By i1 =A{n € By i, tx(n) < to} i)
By = U By o, Brro ={n < T :byn(n) < pun} (il
By i3 ={n € By v \ B2, tx(n) > to}. (iii)
and By, j» C By k71 U B2 U By, 1 3

(i) Ateachn € By k1, ti(n) is incremented and t5(n) < to,
80 | B x,1| < to surely.

(ii) From Lemma A1l we have E[| By 5[] < O(log(log(T)))
for all £, so E[| Bz2|] < O(K log(log(T'))) by union bound.

(iii) Consider n € By, ;s 3. We are going to prove that we have
|k (n) — pi| > e Firstif fig(n) > ppr we have |jig(n) —
k| > e trivially since € < ppr — pr. Now assume that
fik(n) < pp. We have that k(n) = k and there exists k" <
k" such that k" € A(n) since

min A(n) < 1glnz;LSXT(min A(n)) <k.

Hence by (n) > by (n) > ppr > pye since n € Bo. Fur-
thermore, tx(n) > to. By the definition of by (n), this im-
plies:
()T () ) < (T)
tol (fux(n), pr) < f(T)
I(fu(n), prr) < I(p + € pugr)

By monotonicity of the KL-divergence, this implies |fix (1) —
1| > ein this case as well. We have proven that:

Biws C {n: k(n) = &, [in(n) — el > e
so that E[| By 3|] < €2 using [§]][Lemma B.2].
Putting it all together:
E[| B,k |1{A}]
<E[|Byr,1[1{A}] + E[| B2 [1{A}] + E[| By, 1+ 3| 1{A}]
<E[to1{A}] + E[|B2[] + E[| By &’ 3]
<toP[A] + O(K log(log(T))) + ¢ 2,

which proves the announced result.



APPENDIX
A. CONCENTRATION INEQUALITY

The following concentration inequality derived in [11]] is instru-
mental here.

LEMMA A.1  ([I1). Consider {X (n)}n>1 i.i.d. Bernoulli with
parameter . Define Sy = (1/t) 32! _, X (n), then for all § > 0
we have that:

P[ sup tI(Si, 1) > 6] < 2e[dlog(T)]e °.

1<t<T
By Pinsker’s inequality, 1(p,q) > 2(p — q)* so that for all § > 0:
P[ sup Vi|S: — p| > 8] < 4e[8” log(Tﬂe*%z.

1<t<
B. UPPER BOUNDS: TECHNICAL RESULTS
We present some lemmas which are instrumental for the regret

analysis of B-KL-UCB in the three cases of interest.

LEMMA B.1. Forall k and € > 0, we have:
Ti/T € [di — €, di + €] w.h.p.

Proof. We have to prove that P[r./T ¢ [dr — €,di + €]] =
O(T™1). Using a union bound:
P[Tk/T & [dk—67 dk+€” < ]P)[Tk < T(dk—e)]—&-]P)[Tk > T(dk—l—e)]
()
Consider the first term in the r.h.s. of (3). The event 1, < T'(d), —¢)
implies:
T(dy—e)

Z Xk(l) Z TC]C7
i=1

T(dg—e€)
Z (Xk(l) — ,uk) 2 Tck — T(dk — e),uk = Te,uk.

i=1
Applying Hoeffding’s inequality we obtain:

T (dy,—e€)

Pl

i=1

2T 3 >

dk—e

(Xk (Z) — Mk) > TE[,Lk < exp <_

Consider the second term in the rh.s. of (3). The event 7, >
T'(dy, + €) implies:

T (dy+e)

Z Xk(l) S Tck7
=1

T(dy+e)
Z (Xk(i) — pr) < Tep — T(dk + €)pr = —Tepur.
i=1

Applying Hoeffding’s inequality again we obtain:

T(dite) 2T62u2
. k
P i:E - (Xk(l) — /,Lk) S —TEMk S exp <—m> .
Therefore:

Plr/T & [d — €, di + €]
2Te* i} 2T 1 1
< —_— T _——_— fry
_exp( dr ¢ + exp 4T c or—)

so 7, /T € [di, — €,dr, + €] w.h.p., which is the announced result.
O

LEMMA B.2. Inthe CPC case, we have k € {k*,k*+1} w.h.p.

Proof. Defined = 1 — 1}:;11 dg. By the definition of k*, d > 0.
Applying Lemma[B.Jlwith € = d/(K + 1), we have:

k*—1 k*—1

ST ST (d +d/(K +1))

=T —d+dk* —1)/(K +1)) < T wh.p.
so k > k* w.h.p. R
If ¥ = K, then k < k* + 1 trivially. Otherwise, by the same
reasoning, define d = (3;_1"dj) — 1. By the definition of &*,
d > 0. Applying Lemma[B.Tlwith ¢ = d/(K + 1), we have:
E*+1 E* 41

Do =T Y (di—d/(K +1))

=T +d—dk*+1)/(K +1)) > T whp.

sok < k* + 1 w.hp.
Therefore k € {k*,k* + 1} w.h.p. which concludes the proof.
O

LEMMA B.3. Consider algorithm B-KL-UCB.
(i) In the CPI case, for all k < k* we have ty,(T) = ¢, T w.h.p.
(ii) In the CPC case, for all k < k* we have ti,(T) = T, w.h.p.
Proof.
First consider the CPC case. Consider k& < k* fixed, and con-
sider the event A = {tx(T) < 7}. Consider ¥ > k. Using
Lemma [AT] (first statement) with § = f(T') we have that for all

1 <n <T:bg(n) > p, whp. Using LemmalAT] (second state-
ment) with & = 2log(7T") we have that:

fier (n) < pur + /210g(T) /ti(n) w.hop.

Using Pinsker’s inequality:

. 2log(T)
b (n) < r(n) + —_—,
k ( ) Ny ( ) o (n)
so that:
8log(T)
./ < ’ -, < JdL P

Since &’ is only selected at instants n such that by (n) > b(n),
this implies that:

8log(T")
(e — pxr)?
Define d = ::;11 dy,. We have d<1 by the definition of £*.

If tx(T) < 7& , from Lemma [BIl we have that Zz,*;ll T <
T(1 + d)/2 w.h.p. Using () we obtain that:

T=> tw(@<> mw+ Y tw(T)

t (T) < w.h.p. (6)

k=1 K<k K>k
) T(1+d)
< ,;;1 Tpr + k,§>:ktk/ (T) < — + O(log(T)) < T w.h.p.

for large T, a contradiction (recall that d < 1 so that (1 4+ d)/2 <
1). Therefore A occurs with small probability, and for all k& < k*,
tx(T) = 13 w.h.p., which concludes the proof.

The proof in the CPI case follows from the same argument.



	Introduction
	The model
	Preliminary results
	Some notations
	CPI case
	CPC case
	High probability events

	Optimal policy

	Regret lower bounds
	Regret upper bounds
	General budgets
	CPI case
	CPC case

	Numerical Experiments
	Data set and simulation parameters
	Competing algorithms
	Numerical results
	BwK algorithms

	Conclusion
	Acknowledgements
	References
	Proofs
	Ordering lemma
	Proof of Proposition 1
	Lower bounds: intermediate results
	Proof of Theorem 4.1
	Proof of Theorem 4.2
	Proof of Theorem 5.1
	Proof of Theorem 5.2
	Proof of Theorem 5.3
	Upper bounds: an intermediate result

	Concentration inequality
	Upper bounds: technical results

