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Abstract

In retail, there are predictable yet dramatic time-dependent patterns in customer behavior, such as periodic
changes in the number of visitors, or increases in customers just before major holidays. The current paradigm of
multi-armed bandit analysis does not take these known patterns into account. This means that for applications in
retail, where prices are fixed for periods of time, current bandit algorithms will not suffice. This work provides
aremedy that takes the time-dependent patterns into account, and we show how this remedy is implemented
for the UCB, e-greedy, and UCB-L algorithms, and also through a new policy called the variable arm pool
algorithm. In the corrected methods, exploitation (greed) is regulated over time, so that more exploitation occurs
during higher reward periods, and more exploration occurs in periods of low reward. In order to understand
why regret is reduced with the corrected methods, we present a set of bounds that provide insight into why we
would want to exploit during periods of high reward, and discuss the impact on regret. Our proposed methods
perform well in experiments, and were inspired by a high-scoring entry in the Exploration and Exploitation 3
contest using data from Yahoo! Front Page. That entry heavily used time-series methods to regulate greed over
time, which was substantially more effective than other contextual bandit methods.

Keywords: Multi-armed bandit, exploration-exploitation trade-off, retail management, online applications,
regret bounds, incorporating time-series into bandits.

1. Introduction

Consider a classic pricing problem faced by retailers, where the price of a new product on a given day is chosen
to maximize the expected profit. The optimal price is learned asymptotically through a mix of exploring
various pricing choices and exploiting those known to yield higher profits, potentially through the use of a
multi-armed bandit (MAB). The retailer is not permitted to change the price for the day once it has been set.
The demand (the number of customers) is approximately known in advance, since we assume the retailer
knows the daily trend of the number of customers over time that visit the store. This information can be
leveraged in order produce a better exploration/exploitation scheme. For instance, if we know that many
customers will come to the store on the week before Christmas, we would not want to explore new prices
on those days. We might even stop exploring all together during that week. Our setting violates the classic
assumptions of random rewards with a static probability distribution that is typically considered in multi-armed
bandits. Since the retailer cannot change the price more than once each day, daily rewards are correlated
through the trends in customer behavior; a large number of customers on a given day means a possible larger
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Figure 1: Trend of English users shopping online in the weeks prior to Christmas. Retailers can observe clear
weekly patterns in sales. In particular, customers tend not to shop right before Christmas and on Christmas day,
but they delay their purchases to Boxing Day. When using a multi-armed bandit approach, a retailer would not
want to be in exploration phase when there is a peak in visits like the one observed on Boxing Day. Source:

ispreview.co.uk.
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reward for that day (but also a larger possible regret for that day if the price is chosen sub-optimally). If one
uses a standard MAB algorithm in the case where trends are dramatic, the result could be bad; an example is
the case where the number of customers at the store will have a predictably large spike on a given day (e.g.,
for boxing day in England, shown in Figure 1), where the classic MAB algorithm could choose a suboptimal
price on that particular day for the purpose of exploration. For retailers, there are almost always clear trends in
customer arrivals, and they are often periodic or otherwise predictable. Some examples are in Figure 2. These
dramatic trends might have a substantial impact on which policy we would use to price products.

The main contributions of this work are: i. A new framework that illustrates when it is beneficial to stop
or limit exploration to favor exploitation; ii. Algorithms that show how to adapt existing policies to regulate
greed over time, and a new algorithm (variable arm pool) that regulates greed over time; iii. Theoretical
regret bounds for the algorithms; iv. Numerical comparisons, both in a simulated environment (Section 4
and Appendix G) and in a real-data environment (Section 6 and Appendix H). To help the reader navigate
the algorithms and their theoretical results, we listed the detailed contributions in Table 1. We compare the
performance of our algorithms to “smarter” versions of the classic e-greedy algorithm (Algorithm 6) and UCB
algorithm (Algorithm 7). Since cumulative rewards are impacted by trends, the standard algorithms incorrectly
estimate the mean rewards of the arms. The “smarter” versions fix this issue, and thus are a reasonable baseline
to compare with. However, the “smarter” algorithms do not regulate greed over time and their performance is
worse than the algorithms that do this regulation. We also show experiments when the reward multiplier is not
known but is estimated using time series analysis.

In our setting, the behavioral information about customers is distilled so that it takes the form of a reward
multiplier G(t), where we assume G(t) is known or can be well-estimated before the decision is made at time
t. G(t) should be thought of as the number of customers in the store on day ¢. If G(¢) is not known but could
be well-approximated, the regret bounds weaken accordingly.

The new algorithms, that take advantage of knowing G(t), are not a simple extension of the e-greedy
algorithm and the UCB algorithm. They anticipate the number of customers and choose how much exploration
to allow at that timestep. Some multiplier functions will work better than others for regulating greed over time,
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Figure 2: Google searches for the word “scarf” and the word “strawberry” over a ten-year period. Retailers can
observe clear yearly patterns in the quantity of searches. When using a multi-armed bandit approach, a retailer
could use the periods with low searches to explore new strategies (such as price, or location of the items in a
store, or coupons), and then exploit the information gained during high seasons. Source: Google Trends.
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but the theorems provided will reveal when the cumulative regret will be high due to the form of G(t), which
(as we mentioned) is known in advance.

As aresult of the reward multiplier function, theoretical regret bound analysis of the multi-armed bandit
problem becomes more complicated, because now the distribution of rewards depends explicitly on time. We
not only care how many times each suboptimal arm is played, but exactly when they are played. For instance,
if suboptimal arms are played only when the reward multiplier is low, intuitively it should not hurt the overall
regret. A strength of our theorems is that they tell us when and when not to use our algorithms, depending on
the multiplier function; for some multiplier functions we can determine in advance when the algorithms are
likely to produce large regret.

A Python implementation of the algorithms is available online.!.

2. Related Work

Multi-armed bandit algorithms were introduced by Lai and Robbins (1985). There are several surveys and
books that cover the many streams of work on multi-armed bandit problems (e.g., Bergemann and Valimaki,
2006; Cesa-Bianchi and Lugosi, 2006; Gittins et al., 2011; Bubeck et al., 2012).

The setup of this work differs from other works considering time-dependent multi-armed bandit problems
— we do not assume the mean rewards of the arms exhibit random changes over time (they are static in our
setting, as in the non-time-dependent problem), and we assume that the reward multiplier is known in advance.
Other works consider different scenarios where reward distributions can change over time, but in a way that
is not known in advance. For these settings, the algorithm needs to compensate for changes in the reward
distribution after the change, rather than altering their strategy in advance of the change. Along these lines,
Liu et al. (2013) consider a problem where each arm transitions in an unknown Markovian way to a different

1. The implementation of the algorithms used in the simulated environment is available at
https://github.com/5tefan0/Requlating-Greed-Over-Time
The implementation of the algorithms used in the real data setting is available at
https://github.com/ShrekFelix/Regulating—-Greed-Over—Time.
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Table 1: Location of algorithms and theoretical results. The proofs are in the Appendix.

Section Algorithm Related Theoretical Results Proof
32 e-z greedy algorithm Theorem 1: Regret bound for Alg. 1 A
Theorem 2: Reformulation of Theorem 1
Corollary 3: Corollary of Theorem 1

33 Soft e-greedy algorithm Theorem 4: Regret bound for Alg. 2 B
| Theorem 5: Reformulation of Theorem 4 ]
34 UCB-z algorithm Lemma 6: Minimum pulls with UCB C

Theorem 7: Lower bound for Lemma 6
Theorem 8: Regret bound for Alg. 3
Corollary 17: Extension of Lemma 6
Corollary 18: Lower bound for Corollary 17
Corollary 19: Corollary of Corollary 18
35 Soft UCB algorithm Theorem 9: Regret bound for Alg. 4 D
Theorem 10: Reformulation of Theorem 9
Lemma 22: Minimum pulls with Soft UCB
Lemma 23: Extension of Lemma 22
3.6 Variable pool algorithm Theorem 12: Regret bound for Alg. 5 E
5 Soft UCB mortal algorithm | Theorem 13: Regret bound for Alg. 8 F

reward state when it is played, and evolves according to an unknown random process when it is not played.
Garivier and Moulines (2008) presented an analysis of a discounted version of the UCB and a sliding window
version of the UCB, where the distribution of rewards can have abrupt changes and stays stationary in between.
Besbes et al. (2014) considers the case where the mean rewards for each arm can change, where the variation
of that change is bounded. Slivkins and Upfal (2007) consider an extreme case where the rewards exhibit
Brownian motion, leading to regret bounds that scale differently than typical bounds (linear in 7" rather than
logarithmic). One of the works that is relevant to ours is that of Chakrabarti et al. (2009) that considers “mortal
bandits,” where arms disappear or appear. In the mortal setting, we compare the performance of Algorithm
8 with the UCB-L Algorithm introduced in Traca et al. (2019), which regulates exploration based on the
remaining lifespans of the available arms.

A particularly interesting setting is discussed by Komiyama et al. (2013), where there are lock-up periods
when one is required to play the same arm several times in a row. There is a similarity of that problem to the
one studied here. In our setting, we fix the price of the product for an entire day, each day is a timestep, and
there is not a separate timestep for each customer. If we were instead to take a timestep for each customer, we
would need to lock the arm over the course of the day in order to keep the same price throughout the entire day.
In other words, in our scenario, the micro-lock-up periods occur at each step of the game, and their effective
lengths are given by G(t). (The difference between these situations is that playing the same arm G(t) times is
not equivalent to playing an arm once and then multiplying the reward by G(¢); if we multiply a single step’s
reward by G(t), we do not learn the same amount as if we had taken G(t) pulls and viewed the regret G(t)
separate times.) In the work of Komiyama et al. (2013), lock periods are present but there is no regulating
greed based on the size of the lock periods.

The setting studied in Bouneffouf and Feraud (2016) also consider the case of rewards that follow a known
trend, but it is fundamentally different because in our setting the multiplier function is exogenous (in the sense
that it does not depend on the arms). In Bouneffouf and Feraud (2016), the trend of the rewards of an arm
depends on how many times the arm has been played (for example, people may not like a song the first time
they hear it, but they may like it more after a few times), so there are no particular periods where it is more
important to regulate greed and stop exploration, in order to exploit more during high-reward periods.

The ideas in this paper were inspired by a high scoring entry in the Exploration and Exploitation 3 Phase
1 data mining competition, where the goal was to build a better recommendation system for Yahoo! Front
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Page news articles. At each time, several articles were available to choose from, and these articles would
appear only for short time periods and would never be available again. One of the main ideas in this entry
was simple yet effective: if any article gets more than 9 clicks out of the last 100 times we show the article,
and keep displaying it until the clickthrough rate goes down. This alone increased the clickthrough rate by
almost a quarter of a percent. In the Yahoo! advertising problem, the high reward period was created by the
availability of an article (an arm), which is different than the retail store case, but the same effect is present,
where regulating the rate of exploitation (i.e., greed) over time is beneficial to overall rewards. Here also, it is
useful to stop exploring during times when a function like G(t) is high. For Yahoo! Front Page, articles have
a short lifespan and some articles are much better than others, in which case, if we find a particularly good
article, we should exploit by repeatedly showing that one, and not explore new articles. The framework here
distills the problem, allowing us to isolate and study this effect of a time dependent function that we can use to
regulate greed over time.

3. Algorithms for regulating greed over time

This section illustrates the problem, the proposed algorithms to regulate greed over time, and theoretical results
on the bound on the expected regret of each policy.

3.1 Problem setup

Formally, the stochastic multi-armed bandit problem with regulated greed is a game played in n rounds. At
each round ¢ the player chooses an action among a finite set of m possible choices called arms. For retail,
these arms could be prices set once per day, coupons offered for a fixed time period, or what products to put
on sale for the day (these are all actions chosen at time ¢ that will affect all G(¢) customers arriving within
that round). Note that prices, coupons, and sales can not be chosen per customer, so the standard setting of
the multi-armed bandit does not apply here. When arm j is played (j € {1,--- ,m}) an unscaled random
reward X (t) is drawn from an unknown distribution and the player receives the scaled reward X;(¢)G(t)
where G(t) is the multiplier function. The distribution of X (¢) does not change with time (the index ¢ is just
used to indicate the turn in which the reward was drawn), while G(t) is a known function of time assumed
to be bounded (this is, for instance, the number of customers in the store on day t). At each turn, the player
suffers also a possible regret from not having played the best arm. The unscaled mean regret for having played
arm j is given by A; = p, — uj;, where pu, is the mean reward of the best arm (indicated by “*”) and p; is the
mean reward obtained when playing arm j; the scaled mean regret is given by G(t)A;. At the end of each
turn the player can update their estimate of the mean reward ;.; and use it in the next turn ¢:

t—1
N 1

Xj= TE-1) DX r—, (D

s=1

where 7j(t — 1) is the number of times arm j has been played before round ¢ starts, and 1 ¢, _;} is an indicator
function equal to 1 if arm j has been played at time s (otherwise its value is 0). This update will help the
player in choosing a good arm in the next round. The total regret at the end of the game is given by

Total regret = Z (Xu(t) — X; (1) G(O)L1,=y-
t=1j=1

If the choice of the arm played at time ¢ is fixed a priori by the sequence Z = {I;}}" ;, the total mean regret of
a game 7 is defined as

n

R, =Ex, . x,, [Total regret] = Z Z A;G() L 1,—j3,

t=1 j=1
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where the expectation is taken over the distribution of the rewards of each arm. When the choice of the arm at
time ¢ is not fixed but given a policy 7, the expected cumulative regret is defined as E[R,,], where now the
expectation is taken over the distribution induced by the policy on the choice of the arms to play. When there
is not confusion on the policy used, we simply indicate this quantity by E[R,,] and we simply call this quantity
“expected regret” or “mean regret”. The strategies presented in the following sections aim to minimize the
expected cumulative regret E[R,,] by regulating exploitation (i.e., greed) of the best arm found so far, and
exploration, based on the values of the multiplier function G(t). In general, when the multiplier function
is high, the player risks incurring a high regret if a bad arm is played. We show that it is beneficial to stop
exploration in this situation and resume exploration when rewards and regrets are lower. A complete list of the
symbols used throughout the paper can be found in Appendix J.

For any strategy (not just the ones in this paper), it is problematic if G(t) is high early in the game. This
would be analogous to opening a new store just before the sales peak at Christmas, and being expected to
have already optimized the price at that time. In that case, no strategy could have explored enough to perform
well. The strategies presented in this work are useful for cases where we can explore enough before G(t)
becomes large to determine what the optimal arm should be. When G(t) is large, our strategies exploit. In
the exposition that follows, we present the strategy as is, without imposing additional exploration to deal
with high G(t) at early times. This serves a useful purpose: it allows one to see directly in the bounds that
forcing exploitation when G(t) is high may not work early on. But in fact, any algorithm, whether exploring
or exploiting, will have a poor regret guarantee when G(¢) is high early on. Even early on, it still may be better
in practice to exploit the best arm so far, rather than to try a risky arm when the stakes are high.

3.2 Regulating greed with threshold using an c-greedy algorithm

In Algorithm 1 we present the e-z greedy algorithm, a variation of the e-greedy algorithm of Auer et al. (2002),
in which a threshold z has been introduced in order to regulate greed. This is the simplest method we know
that would allow regulating greed over time. It has the disadvantage of adding one more parameter z, though
we usually choose the heuristic of z being 75% of the maximum of G(t). A good value for z can also be
estimated by running the algorithm on past data and by finding the one that gives the lowest regret. At each
turn ¢, when the rewards are “high” (i.e., the G(¢) multiplier is above the threshold z) the algorithm exploits
the best arm found so far, that is, arm j with the highest mean estimate as defined in Equation (1). When the
rewards are “low” (i.e., the G(t) multiplier is under the threshold z), the algorithm will explore an arm at
random (each arm having probability 1/m of being selected) with probability e, = min {1, km/t}, where {
counts how many times the multiplier function has been under the threshold up to time ¢, and % is a constant
greater than 10 and such that k£ > 4/(min; A?) The examples in Figure 3 show how the threshold z (in green)
determines which turns are in the high reward periods (region in yellow, when G(t) > z we want to be greedy)
or in the low reward periods (G(t) < z, where we balance exploration and exploitation).

The following theorem provides a finite-time bound on the mean regret of the -z greedy algorithm (proof in
Appendix A) in the form of:

< Regret during initialization phase
+ Regret under the threshold
+ Regret above the threshold.
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Figure 3: Examples of how a multiplier function G(¢) (in red) can be divided into high reward periods and low
reward periods by the threshold z = 30. Refer to Section 4 for the analytical expression of the “Wave Greed”,
“Christmas Greed”, and “Step Greed” multiplier functions.

(a) The Wave Greed (b) The Christmas Greed (c) The Step Greed
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Algorithm 1: e-z greedy algorithm

Input :number of rounds n, number of arms m, threshold z, a constant £ > 10 such that
k > 4/(min; A?), sequences {&;}7_; = min {1, km/t} and {G(t)}1_,
Initialization : play all arms once and initialize X ;j (defined in (1)) foreach j =1,...,m

fort =m+ 1tondo

if G(t) < z then
with probability ¢; play an arm uniformly at random (each arm with probability 1/m),
otherwise (with probability 1 — ;) play arm j such that X i > )A(Z Vi,
else
‘ play arm j such that )?j > X, Vi;
end
Get reward G(t) X ;
Update X i
end
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Theorem 1 (Regret bound of the c-z greedy algorithm) The bound on the mean regret E[R,,] at
time n is given by
ER,] < Y G()A, )
j=1
n 1 ~
+ Y Glawer X A (o +1-2050) ®
t=m-+1 Jipbg <plsx
+ D GOhewzs Do LB, 4)
t=m+1 Ty <prx
where
Lk - Lo _kad
= t 10 t 4 t 4
)=k log ([ — ) + —5 [ — . 5
fit) (mke) R <mke> + A? (mkze) )

The sum in (2) is the exact mean regret during the initialization phase of Algorithm 1. Addend (3) is a
bound on the expected regret for turns that present low values of G(t), where the quantity in the parenthesis is
an upper bound on the probability of playing arm j: 3; (f) in (5) is an upper bound on the probability that arm
j is considered to be the best arm at round ¢, and 1/m is the probability of choosing arm j when the choice is
made at random. The reason for the choice of k > 4/(min; A?) is to make /3; (f) a quantity that is o(1/%). By
setting the parameter k accordingly, we can ensure the logarithmic bound on the expected cumulative regret
over the number of rounds (because the ; are 6 (1/t) and their sum over time is logarithmically bounded, and
B;(t) is 0 (1/t)). Finally, in (4) we have a bound on the expected regret for turns with high values of G(t),
and in this case we consider only the upper bound 3; (f) on the probability that arm j is considered to the best
arm since we do not explore during high reward periods. The usual e-greedy algorithm as introduced by Auer
et al. (2002) is a special case when G(t) = 1 V¢ and z > 1. Notice that ¢, is a quantity 6 (1/%), while 3; () is
o (1 / f), so that an asymptotic logarithmic bound in n holds for E[R,,] if t grows at the same rate as ¢ (because
of the logarithmic upper bound of the harmonic series?).

The following version of Theorem 1 shows the order of magnitude of the regret at the end of the game.

Theorem 2 (Regret bound of the c-z greedy algorithm) The bound on the mean regret E[R,,] at
time n is given by

ER]<OM+ Y COLiamen (9 (1) +o (1)) T e f P (1) .

t=m+1 t=m+1

Intuitively, this bound is better than the standard e-greedy bound because, when G(t) is low, the regret
of choosing a suboptimal arm is multiplied by a quantity that is of the order 6 (1/t) + o (1/t), while when
G(t) is high it is multiplied by a o (1/t) quantity. In contrast, in the standard e-greedy algorithm, the regret of
choosing a suboptimal arm is always multiplied by a quantity that is of the order 6 (1/t) + o (1/t).

3.2.1 COMPARISON WITH A SMARTER VERSION OF THE STANDARD £-GREEDY ALGORITHM

We want to compare this bound with the one of the standard version of the e-greedy algorithm but, since it
is not well suited for the setting in which the rewards are altered by the multiplier function, we discount the
rewards obtained at each round (by dividing them by G(¢)) so that it can also produce accurate estimates of

2. Logarithmic upper bound of the harmonic series: > ;" ; % <log(n)+1
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the mean reward for each arm. This “smarter” version of the e-greedy algorithm is presented in Algorithm 6
(Section 4). The bound on the probability of playing a suboptimal arm j for the standard e-greedy algorithm is
given by 3;(t) (i.e., B;(f) when t = t) and we refer to it as ﬁ;-’ld(t). In general, 6;?ld(t) is lower than $3; (%) (since
t < t). Intuitively, this reflects the fact that the new algorithm performs fewer exploration steps. Moreover, in
the standard e-greedy algorithm, the probability of choosing a suboptimal arm j at time ¢ is given by

o .
P (I = j) = e +(1— Et)/led(t)v

which is less than the probability of the new algorithm in case of low G(t) (even if the rate of decay is the
same),

P =)= e + (- )00,

but can easily be higher than the probability of the new algorithm in case of high rewards (which is given by
only 3;(t)). In fact, for suboptimal arm j, when G(t) > z, we have

P(=5) -P(™ =) = e +1-2)8"0 -5

% min {17 kTm} - ﬁ;’]d(t) min {1, kTm} + ﬂ;ld(t) - Bi(#). (6)

Ift > km we get
1 km km -
©= 50 (1- 52 - 5,0, )
if t < km we get

1 -
(6)= — — BIT) + BIT) — 5;(D), (8)

and for ¢ large enough both expressions are positive since 3; (%) is o (1 / ﬂ Having (7) and (8) positive means
that when we are in a high-rewards period the probability of choosing a suboptimal arm decreases faster when
using Algorithm 1. In that case, Algorithm 1 would have lower regret than the standard e-greedy algorithm.

If past data are available, a good value for z can be chosen using cross validation techniques, i.e., by trying
different thresholds with the available data and by choosing the one that yields the best performance, or using
the heuristic of the 75% of the maximum value of G(t) as mentioned earlier (we used this heuristic in the
real-data experiment in Section 6).

3.2.2 REGRET BOUND FOR A SIMPLE SCENARIO

The following corollary illustrates the benefits of the bound in a simple scenario (shown in Figure 3c) when
the multiplier function can only take two values and the regulating threshold divides the higher value from the
lower one (this is the case of the “Step” multiplier function used in the numerical experiments in Section 4).

s a

Corollary 3 Suppose the greed function G(t) takes only two values: gio, and gnigh. It takes the value
Giow for a fraction q of the turns played, and the value gyg, for the remaining n — qn turns. Then, the
bound in Theorem 1 of the expected regret at turn n reduces to

EIR,] < O) + g ) (03 ) +0 (3 ) ) + 0w (1= am)o (3 ).

The term 6(1/t) that hurts regret most is multiplied only by gjow, and not by 9high- When the rewards are
high (and so is the possible regret), only terms of order o(1/t) are present. If exploration were permitted
during the high reward zone (as is the case when using the standard e-greedy algorithm), large terms gpign
would affect the regret, which is what Algorithm 1 is designed to avoid. In this case it does not matter where
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we put the threshold as long as it is above giow and below ghign. In Appendix 1.1 we generalize Theorem 1 to
the case when the function G(t) is not known but estimated by H (¢). (The method used in Appendix I.1 is
easily applied to the following theorems too when G(¢) is not known).

3.3 Soft e-greedy algorithm

We present in Algorithm 2 a “soft version” of the e-greedy algorithm where greed is regulated gradually (in
contrast with the hard threshold z of the previous section). This algorithm has the advantage of an adaptive
threshold which the user does not need to choose. Again, in high reward zones, exploitation will be preferred,
while in low reward zones the algorithm will explore the arms more. Let us define the following function

log (1 + %)
®)
v(t) = 1 |
log (1 + MiNge {mt1, ,n} G(s))

©))

and let v = mingepm41,... n} ¥(5). Notice that 0 < ¢)(t) < 1 V¢ and that its values are close to 0 when G(t)
is high, while they are close to 1 for low values of G/(t). The new probabilities of exploration during the game
are given at each turn ¢ by £, = min {¢(¢), km/t}. In this way, we still maintain the decay of the probabilities
of exploration, but we push them closer to zero when the multiplier function G(¢) is high to avoid high regrets.
We generally assume that minge {m41,... ,»} G(5) is not smaller than 1. This particular functional form of v (t)
has been chosen because it is well-suited to be used for determining probabilities (of exploration), the standard
e-greedy algorithm of Auer et al. (2002) is recovered when G(¢) = 1 for all ¢, and it makes the regret bound
easier to prove.

Algorithm 2: Soft e-greedy algorithm

Input :number of rounds n, number of arms m, a constant £ > 10, such that
k > 4/(min; A%), sequences {&;}7_; = min {¢(t), km/t} and {G(t)}i-,
Initialization : play all arms once and initialize X ;j (defined in (1)) foreach j = 1,...,m

fort =m+ 1tondo
With probability €, play an arm uniformly at random (each arm with probability %),
otherwise (with probability 1 — &;) play arm j such that X i > )?l Vi,
Get reward G(t) X ;;
Update )/(\' -
end

The following theorem (proved in Appendix B) shows that a logarithmic bound holds in this case too
(because the e, are 6 (1/t) and their sum over time is logarithmically bounded, while the ﬁf (t) termis o (1/t)).

10
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Theorem 4 (Regret-bound for Soft c-greedy algorithm) The bound on the mean regret E[R,,] at
time n is given by
E[R,] < Y G()A; (10)
j=1
+ Z G(t) 4 Z A <Etm + (1 —¢&1)B; (t)) (11)
t=m+1 Jipeg <phx
where
_k _ka}
g vt g vt 4 vt 4
() =k | —— 1 — — [ — . 12
b7 ®) <mke) 8\ ke )t A% \'mke 12)

The sum in (10) is the exact mean regret during the initialization of Algorithm 2. For the rounds after the
initialization phase, the quantity in the parenthesis of (11) is the upper bound on the probability of playing arm
7 (where ﬁJS (t) is the bound on the probability that arm j is the best arm at round ¢, and 1/m is the probability
of choosing arm j when the choice is made uniformly at random).

Theorem 4 can be stated in a simpler form that shows the order of magnitude of the bounding quantity:

Theorem 5 (Regret bound of the Soft = greedy algorithm) The bound on the mean regret E[R,,] at
time n is given by

B[R] < OQ)+ Z () {min <¢(t>,o<1>)+o(1>] (13)

t=m+1

\. J

Intuitively, the advantage of Algorithm 2 over the standard e-greedy algorithm is that, when G(t) is high,
only the o (1/t) term contributes significantly to the regret (because () pushes the term min(¢(t), 8(1/t))
to zero).

3.3.1 COMPARISON WITH A SMARTER VERSION OF THE STANDARD £-GREEDY ALGORITHM

As before, we want to compare this bound with the “smarter” version of the e-greedy algorithm presented in
Algorithm 6. In the usual e-greedy algorithm, after the “critical time” n’ = km, the probability P(X; 7, ;1) >

)?z‘,Ti(tq)) of arm j being considered as the current best arm can be bounded by a quantity ﬁ;’ld(t) that is

~

o (1/t). Before time n/, the decay of P(X; 1, (;—1) > Xi,Ti(t—l)) is exponential: #(e~!) (see Remark 15 in
Appendix A). The probability of choosing a suboptimal arm ;7 changes as follows:

o ift <n/,P(I, =j) =

s

El

o ift>n Pl =j) =%+ (1-4m) B9(t) , which is 0 (1) ast grows.

In the Soft e-greedy algorithm, before time w = min{s : f(s) < v f(s) = km/s}, we have that ﬁjS(t), which
is the bound on the probability IP’()? 5T (t—1) 2 )?i,T,-(t—l)) of arm j being the current best arm, is a quantity
that decays exponentially with rate 6(e~7") (see Remark 16 in Appendix B). After w, ﬁf (t) can be bounded
by a quantity that is o (1/(vt)) as ¢t grows. The bound on the probability of choosing a suboptimal arm j
changes as follows:

o ift <, P(I, = j) = Luo(t) + (1 —(1)85(1);

o ifn/ <t <w,P(Iy=7)=Lmin{y(t), 22} + (1 —min {(t), 22 }) EHGE

11
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Table 2: Summary of the decay rate of the bound on the probabilities of choosing a suboptimal arm
for the Soft e-greedy algorithm and the standard e-greedy algorithm (supposing it is taking in account the
time-patterns, i.e., a “smarter” version). The decay depends on the turn number of the game (see Figure 4).
The probability of choosing a suboptimal arm decays much faster for the Soft e-greedy algorithm when G(t)
is high. For the other cases, the rate of decay is the same.

roundt | G(t) | P(I, = j)N | P(I = )" | P(I, = j)°" < P(, = )74 ?
high L O(e™?) yes, faster decay
t<n
low % close to % no, but not by much
high | 0 (1) +0 (%) O(e=t) yes, faster decay
n <t<w
low | 0(3)+o0(F) | 0(3)+6(e) | yes, but same rate of decay
high | 6(3) +o(3) | 0(F) +o (%) no, but same rate of decay
t>w
low | 6 (%) —|—0(%) 0 (%) +0 (%) no, but same rate of decay

o ift >w, Pl =j) =%+ (1-%)87().
In order to interpret these quantities, let us see what happens for high or low values of the multiplier G(¢) as ¢
grows in Table 2. For brevity, we abuse notation when using Landau’s symbols, because in some cases ¢ is not
allowed to go to infinity; it is convenient to still use this notation to compare the decay rates of the probabilities
of choosing a suboptimal arm, which also gives a qualitative explanation of what happens when using the
algorithms. Let P(I; = j)*°" be the probability of choosing a suboptimal arm for the Soft e-algorithm. When
comparing to the standard e-greedy algorithm, the rate of decay of P(I; = j)*°" is faster when G(t) is high
and t < w (for the other cases, the rate of decay is the same as P(I; = j)°!, the probability of choosing
a suboptimal arm for the standard e-greedy algorithm). Notice that the parameter v slows down the decay.
This is a direct consequence of the slower exploration. An example of a typical behavior of 1(¢) and £ is
shown in Figure 4, where G(t) = 20 + 19sin(¢/2). The blue curve shows the probability of exploration under
the usual e-greedy algorithm that does not regulate greed, while the red curve shows how the function 1) (t)
oscillates depending on the value of the multiplier function. If ¢ (t) < km/t, then ¢ (¢) is the probability of
exploration at time ¢ which drops when G(t) is high (which means higher rewards but also higher regrets),
while it is bounded by km/t when G(t) is low (which means lower rewards and regrets).

3.4 Regulating greed with threshold in the UCB algorithm

Before we provide results for our algorithm, we need to introduce some novel preliminary results on the
standard UCB algorithm. Specifically, we need the minimum number of times that each arm will be pulled
on or before turn ¢ (Lemma 6). This quantity is required each time G(t) exceeds the threshold. It is used for
computing an upper bound on the probability that the algorithm thinks arm j is the best. (We cannot use the
typical result of the expected number of times that each arm is pulled, as is used in standard UCB analysis.)

12
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Figure 4: Comparison of probabilities of exploration over the number of rounds. Before n/, £9'¢ is 1 and always

greater than v (t). After w, £ is always less than 1 (¢). When G(t) is high, 1(¢) pushes the probability of
exploration towards zero.
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3.4.1 PRELIMINARY RESULTS ON THE UCB ALGORITHM

The following lemma provides the minimum number of times each arm is pulled when using the standard
UCB algorithm.

Lemma 6 Suppose the rewards of the arms are bounded in [a, b] and let us define r = b — a the range
of the possible rewards. When using the UCB policy for a game consisting of n turns, each arm will
be pulled at least x,, times, where

z, = max{yeN:(m—1)¢(r,y) <n}+1,
2 log(t
o(r,y) = min<t>7(r,y),teN ¢t > 08(*)
r2 4+ 2 log(t) _ o 2 log(t)
y y
2log(t
T(r,y) = min{tEN: Oj’“zr}.

Corollary 17 in Appendix C considers the case where random rewards of each arm take values in different
ranges. Theorem 7 gives a lower bound on the previous quantity, showing that the minimum number of times
the algorithm pulls an arm grows at least logarithmically.

Theorem 7 Suppose the rewards of the arms are bounded in [a, b] and let us define r = b — a the
range of the possible rewards. Let x,, be the minimum number of times each arm will be pulled when
using the UCB policy for a game consisting of n turns (n. > m). Then,

Zn € Q(log(n)).

J

Corollary 18 in Appendix C considers the case where random rewards of each arm take values in different
ranges.

13
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3.4.2 UCB WITH THRESHOLD

Following what has been presented to improve the e-greedy algorithm in the setting with multiplier function
G(t), we introduce in Algorithm 3 a modification of the UCB algorithm. We again set a threshold z and, if
the multiplier of the rewards G(¢) is above this level, the new algorithm exploits the best arm. When G (%) is
under the threshold, the algorithm is going to play the arm with the highest upper confidence bound on the
mean estimate. The threshold z can be chosen as suggested in Section 3.2.

Algorithm 3: UCB-z algorithm

Input :number of rounds n, number of arms m, threshold z, sequence {G(t)}}—;

Initialization : play all arms once and initialize X j (as defined in (1)) foreach j = 1,--- ,m
fort =m+1tondo

if G(t) < z then
‘ play arm j with the highest )A(j,T].(t,l) + 4/ T%(I?ﬁ);
else
‘ play arm j such that X; > X; Vi;
end
Get reward G(t)X;;
Update )A(»;
end

Let B={t: G(t—1) < z,G(t) > z} be the set of rounds where the high-reward zone is entered. Let us
call y1,y2,- -,y the elements of B and order them in increasing order such that y; < y2 < --- < yp|.
Let us also define for every k € {1,...,|B|} theset Yy = {t : t > yx, G(t) > 2,t < Yry1,¥YB|41 = n} of
times in the high-reward period entered at time y;. Now, given a game of n total rounds, let us call 7 the
number of rounds played under the threshold 2 by the end of the game. The regret bound showed in Theorem
8 is the sum of the regret in the high reward zone and the regret in the low reward zone and is of the form

< Regret during initialization phase
+ Regret under the threshold
+ Regret above the threshold.

(When G(t) = 1 for all ¢ the usual regret bound for the UCB policy is recovered.) The regret bound also
uses Lemma 6 which counts the number of times arm j has been pulled when using an UCB policy under
the threshold. Usually, for applications of the UCB algorithm, the expected number of pulls is sufficient for
theoretical results, but our framework is different, since we need to compute the probability of playing an arm
at each turn ¢ the threshold is exceeded.

14
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Theorem 8 (Regret-bound for the UCB-z algorithm) The bound on the mean regret E[R,,] at time
n is given by

ER,] < Y G()A, (14)
j=1
log 7 2 L
+ z 8_2 (Aj>+<1+3> ZAj (15)
Jihg<px j=1
m |B|

+ ) A D> G)2Y (), (16)

=1 k=1teYy

where
U 2 —A—?(act—l)
Bl =z 7

J

and xy is the minimum amount of pulls for each arm at time t (see Lemma 6.)

The sum in (14) represents the exact regret coming from the initialization phase, in (15) we have a
logarithmic regret (in the number of turns played under the threshold) that comes from the classic UCB policy,
where 2z is the upper bound on G(t) for low reward turns and the square brackets is the sum of the regret of
each arm multiplied by an upper bound on the expected number of times that arm is played. Finally, in (16)
we have the regret that comes from turns in the high reward zone, where QBJU(t) is an upper bound on the
probability of playing arm j at turn ¢. Theorem 7 guarantees that BJU decreases fast enough since x; grows at
least logarithmically. For the proof of Theorem 8, Theorem 7, and Lemma 6 see Appendix C.

3.5 The Soft UCB algorithm

In Algorithm 4, present a “soft version" of the UCB algorithm where greed is regulated gradually (in contrast
with the hard threshold of the previous section). Again, in high reward zones, exploitation will be preferred,
while in low reward zones the algorithm will explore the arms.

Let us define the following function:
t

Et) = (1 + G(t)) . a7

At each turn ¢ of the game, the algorithm plays the arm with the highest upper confidence bound on the mean
estimate, but, with the introduction of £(t), the confidence interval around X 5T (¢—1) is built in a way such
that, when G(t) is high, it collapses upon the mean reward estimate, forcing the player to choose the arm with
the highest mean estimate (thus, leading to a pure exploitation policy). In contrast, when the multiplier G(¢) is
low, the confidence interval around X 5,1; (¢—1) stretches out, allowing the player to explore arms with more
uncertainty.

One of the main difficulties of the formulation of these bounds is to define a correct functional form
for the upper confidence bounds so that it is possible to obtain smoothness in the arm decision, reasonable
Hoeffding’s inequality bounds while working out the proof (see Appendix D), and a convergent series (the
second summation in (19)). This particular choice for the functional form of £(¢) was chosen because of the
following:

o £(t) correctly stretches or shrinks the upper confidence bound based on the multiplier function G(t);

e when G(t) is a constant equal to 1, the standard UCB algorithm is almost recovered (“almost” because
the upper confidence bound, when G(t) = 1, would have a log(t) factor for standard UCB and a
log(1 + t) factor for soft UCB, where we have an extra 1 to avoid a negative argument of the logarithm);

15
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o £(t) is well-suited to be the argument of the logarithm that appears under the square root of the upper
confidence bound (because it is positive);

e we can easily use Hoeffding’s inequality at the beginning of the proof of the regret bound (see Appendix
D).

Algorithm 4: Soft UCB algorithm

Input :number of rounds n, number of arms m, sequence {G(¢)}}_,

Initialization : play all arms once and initialize X ;j (as defined in (1)) foreach j = 1,--- ,m
fort =m+ 1tondo

play arm j with the highest )A(j,Tj (t—1) + QTlo(%f(lt)) .
J

Get reward G(t) X ;;

Update )A( i

end

Also in this case, it is possible to achieve a bound that grows logarithmically in n.

Theorem 9 (Regret-bound for soft-UCB algorithm) Let S = {m + 1,...,n}. The bound on the
mean regret E[R,] at time n is given by

ER:] < Y GU)A, (18)
j=1
8 & "L2(t—1—m)?
+ r&anG(t) Z Klog (gleaécé(t)) +jz=:1Aj (1+ Z (f(t)4)>:| . (19)

Jipg <px J t=m+1

Theorem 9 can be stated in a simpler form that shows the order of magnitude of the bounding quantity.

Theorem 10 (Regret-bound for soft-UCB algorithm) Ler S = {m + 1,...,n}. The bound on the
mean regret E[R,,| at time n is given by

ER,] < 0Q1) (20)
+ st o (e (mase) ) +00] -

The first sum in (18) is the exact mean regret of the initialization phase of Algorithm 4. For the rounds
after the initialization phase, the mean regret is bounded by the quantity in (19), which is almost identical to
the bound of the usual UCB algorithm if we assume G(¢) = 1 (i.e., rewards are not modified by the multiplier
function). Similarly to the UCB algorithm with threshold, it is possible to compute the minimum number of
times an arm will be pulled before or on turn ¢ (see Lemma 22 and Lemma 23 in Appendix D).

3.6 Regulating greed with variable arm pool

In Algorithm 5 we present a policy that regulates greed by varying the size m; of the pool of arms from which
we are allowed to choose (uniformly at random). When the greed function is high, the pool size of arms m;
shrinks (possibly to just one arm: the one with the highest mean reward so far), so that we choose randomly
among the arms that performed best. When the greed function is low we choose randomly among a larger pool
(which could possibly contain all the arms). Unlike -greedy algorithms that can go back to very bad arms
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Figure 5

(a) The arm pool when G(t) is low: most arms are (b) The arm pool when G(t) is high: only arms with
included, and the algorithm is in exploration mode. the highest estimated mean reward are included, and
the algorithm is in exploitation mode.
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when exploring, this algorithm only explores among all arms when G(¢) is very small. The size of the pool is

given by
my = min <m,max (1, L%J)) , (22)

where ¢ > 1. Figure 5a and 5b show an example of the pool behavior when G(t) is low or when it is high.

Algorithm 5: variable arm pool algorithm

Input : number of rounds n, number of arms m, a constant ¢ > 1, and {G(¢) }}_;;
fort =m+1tondo

Set pool size to m; = min (m, max (1, L%J )),
Play arm 5 at random from the pool ;
Get reward G(t)X;;
Update X o
end

Let us define

t
1
)\t:%gﬂ{mszm},

where ZZ=1 1 {ms = m} is the number of times that the pool contained all the arms up to turn ¢. For the
following theorem we require that the multiplier function G(¢) is such that A, > ~ log(¢) for some y > 5.

17
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Remark 11 If G(t) does not satisfy the requirement that \y > ~log(t) it is easy to construct a new
multiplier function G’ (t) by first finding the set S = {t : \y > [ylog(t — 1)]} and then by defining

G'(s) = (c—1)/s forse{t,t+1,--- ,t+2m}ifs€ S
| G(s) otherwise.

If we do use G'(t) instead of G(t) in the algorithm, the bound that we present below holds for G'(t)
instead of G(t).

The following theorem provides a finite-time bound on the regret after n rounds.

Theorem 12 (variable pool algorithm) The bound on the mean regret E[R,,] at time n is given by

n m 2
ER, <) Y A;G()-B8]T(®), (23)
t=1 j=1
where
2 v(alTmh?
VP = /5y L e
B 76 = Y1oBO0) ™" + st . en

\. J

Here BJVP is the upper bound on the probability of choosing arm j. This algorithm tends to perform well in
the experiments. Like previous algorithms, it also regulates greed based on the multiplier function (i.e., if G(¢)
is high your pool may just contain the arm with the highest mean reward and that translates into exploitation
of the best arm), but it goes back to play bad arms less often than e-greedy or UCB policies.

4. Experimental results: simulated environment

We consider three types of multiplier function G(t):

e The Wave Greed (Figure 6a): in a Wave-type greed function, rewards are multiplied following the trend
of a periodic wave: G(t) = 21 + 20sin(0.25¢) for ¢t € {1,--- ,n}. We aim to exploit the best arm
found so far during the peaks, while balancing exploration and exploitation during low-rewards periods.
This behavior mimics weekly patterns.

e The Christmas Greed (Figure 6b): similarly to the Wave greed, rewards are multiplied following the
trend of a wave, but a big peak (which we call “Christmas", in analogy to the phenomenon of the
boom of customers during the Christmas holidays) appears towards the end of the game. Formally,
G(t) = 21 + 20sin(0.25¢) if t € [1,0.8n) U (0.9n,n], and G(t) = 1000 if ¢ € [0.8n,0.9n].

e The Step Greed (Figure 6¢): a Step-type greed function assumes only two values: one low and one
high. In our case, we choose G(t) = 40 (high value) if ¢ € [0.1n,0.2n) U [0.3n,0.4n) U [0.5n,0.6n) U
[0.7n,0.8n) U [0.9n, n], otherwise G(t) = 1 (low value). We aim to exploit the best arm so far when
the greed function assumes its high value, while balancing exploration and exploitation when it assumes
its low value.

In this section we report the mean results (over 50 games) of the final cumulative rewards of games consisting
of 1500 turns and 200 arms. A complete set of results with different number of arms (25, 50, 100, and 200)
and different game-lengths (500, 1000, and 1500 turns) can be found in Appendix G.

We consider rewards coming from two different distributions:

e Bernoulli distribution: when rewards come from Bernoulli distributions, each arm is assigned a proba-
bility of success p; drawn randomly from an uniform distribution on [0, 1];
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Figure 6: Shapes of the multiplier functions used in the experiments.

(a) The Wave Greed (b) The Christmas Greed (c) The Step Greed
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e Truncated-Normal distribution: when rewards come form Truncated-Normal distributions, each arm
is assigned a mean reward y; drawn randomly from an uniform distribution on [0, 1], and a standard
deviation o = 0.1. Rewards for arm j are then drawn from a Normal N; ~ N (y;, 1), but are bounded
in [0, 1] so that the reward at time ¢ is given by X;(¢) = max(0, min(1, N;)).

In the algorithms, it is also possible to use Normal distributed rewards, but since the theorems about UCB
algorithms require the rewards to be bounded, we preferred to keep this assumption also in the experiments.

The standard UCB and e-greedy algorithms are not suitable for the setting in which the rewards are altered
by the multiplier function. Thus, in their current form, it would not be fair to compare directly with them.
The fact that rewards are multiplied by G(¢) would irremediably bias all the estimations of the mean rewards,
leading standard UCB and e-greedy to choose arms whose rewards were artificially inflated because they
happened to be played in a high reward period. For example, suppose we show an ad on a website at lunch
time: many people will see it because at that time the web-surfing is at its peak (i.e., the G(¢) multiplier is
high). So even if the ad was bad, we may register more clicks than a good ad showed at 3:00AM (i.e., when the
G(t) multiplier is low). To obtain a fair comparison, we created “smarter” versions of the UCB and e-greedy
algorithms in which the rewards are discounted at each round by G(t); then, the old version of the algorithms
can be smarter in that they can produce accurate estimates of the mean reward for each arm. The smarter
version of the usual UCB algorithm is presented in Algorithm 7 and the one for the e-greedy algorithm is
shown in Algorithm 6.

In Figure 7, 8, and 9 we show the average cumulative rewards at the end of the game. The red part of the
bar indicates what portion of the rewards came from “pure exploitation.” The definition of “pure exploitation”
depends on the algorithm used:

e pure exploitation in e-greedy algorithms: when the algorithms decide to exploit. This is forced in
algorithms with threshold when the greed function is above that threshold;

e pure exploitation in UCB algorithms: when the arm played has the highest estimated mean reward. This
is forced in algorithms with threshold when the greed function is above that threshold;

e pure exploitation in the variable-pool algorithm: when the pool size is 1.

In Figure 10a and 10b we show the average increase in final rewards when regulating greed over time. The
comparison is with respect to the (smarter) e-greedy algorithm when the greed function is of the Wave type. In
Figure 11a and 11b we show the average increase in final rewards when regulating greed over time. This time
the comparison is with respect to the (smarter) UCB algorithm when the greed function is of the Wave type.
The results show the power of regulating greed over time: by exploiting more when the greed function is high
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Figure 7: Comparison of average final rewards in games with 200 arms, 1500 turns, and a Wave-type greed

function. The first two bars refer to the smarter version of the e-greedy and UCB algorithms, while the other
five bars refer to our algorithms that regulate greed over time.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 8: Comparison of average final rewards in games with 200 arms, 1500 turns, and a Step-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 9: Comparison of average final rewards in games with 200 arms, 1500 turns, and a Christmas-type
greed function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 10: Cumulative Reward increase when regulating greed over time compared to the (smarter) e-greedy
algorithm (Wave-greed function).

(a) Bernoulli rewards. (b) Truncated-Normal rewards.
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and exploring more when it is low, the final cumulative rewards are much higher than those of algorithms that
do not regulate greed over time. Refer to the full set of experiments in Appendix G for the comparisons with
the other types of greed functions.

Algorithm 6: Smarter version of the standard e-greedy algorithm

Input :number of rounds n, number of arms m, a constant ¢ > 10, a constant d such that
d <min; Aj and 0 < d < 1, sequences {¢;}}_; = min {1, cm/d?t} and {G(t)}7_,
Initialization : play all arms once and initialize X ;j (as defined in (1)) foreach j =1,--- ,m
fort =m +1tondo
with probability €; play an arm uniformly at random (each arm with probability %), otherwise
(with probability 1 — ;) play arm j such that X; > X Vi;
Get reward G(t) X (t);
Update X i
end
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Figure 11: Cumulative Reward increase when regulating greed over time compared to the (smarter) UCB
algorithm (Wave-greed function).

(a) Bernoulli rewards. (b) Truncated-Normal rewards.
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Algorithm 7: Smarter version of the standard UCB algorithm
Input :number of rounds n, number of arms m, sequence {G(t)}7,
Initialization : play all arms once and initialize X (as defined in (1)) foreach j = 1,--- ,m

fort =m +1tondo
play arm j with highest )?j,Tj(t—l) + m;
Get reward G(t)Xj (t);
Update )A(-;

end

5. Soft UCB mortal algorithm

Since the dataset from the Yahoo! Webscope program has arms that become available and unavailable at
different times, we also introduce the mortal bandit setting and how the UCB algorithm can be adapted to this
scenario.

In the mortal case, the algorithm chooses in turn ¢ an arm among a set of available arms M. The set M;
can change: arms may become unavailable (they “die”) and can never be played again, or new arms may arrive
(they “are born”). Since the pool of available arms varies, the optimal arm to pull is not fixed anymore during
the duration of the game. Let us denote the best arm in turn ¢ by ¢;. Let L; be the set of turns during which
arm j is available, and let s; and [; be the first and last turns in L;. We assume that the lifespan of each arm is
given (for example, an arm could be a coupon that has a known expiration date). Algorithm 8 is a modification
of the UCB algorithm that has two main advantages. The first is to encourage exploration of arms that will be
available over turns with high multiplicative reward G(t). Each arm j has a score given by the sum of the
values of G(t) over its lifespan:

score; = Z G(t).

teL;

At each turn ¢, the upper confidence bound for arm j will be scaled by the fraction of arms available that have

score below that of j:
c

wfulure(ja t) = M Z ]l{scorei < SCOI'CJ'}7
tiem,

where ¢ > 1 is a positive constant (in the experiments, ¢ = 2.0). The function ¥syre (4, £) compares the scores
of the available arms and it is high if arm j will be alive during high values of G(t).

The second main advantage of Algorithm 8 is that it encourages exploitation over turns with high mul-
tiplicative reward G(t). Similarly to the Soft UCB algorithm, the function present (£) Will shrink the upper
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confidence bound in the presence of high values of G(t):

t
gpresem(t) = (1 + G’(t)) . (25)

In the initialization phase, a subset of arms M; C M, are played. M can be chosen by selecting arms with
the highest values of ¥gyure (7, 1) (for simplicity, in the experiments we set M = Mj). Theorem 13 provides a
finite-time regret bound for Algorithm 8.

Algorithm 8: Soft UCB mortal algorithm

Input :number of rounds n, set M; of available arms at turn ¢, rewards range [a, b], with
r=b—a R
Initialization :play all arms in M once, and initialize X; foreach j =1,--- , | M|

fort =m; +1tondo
Play arm with highest X; + tuure (j, )/ 28 peenli=5;) ‘Ogiﬁ;'g;e"_‘(f)*sj) :
Get reward G(t) X (t);
Update X -

end

Theorem 13 Let Uf;l L7 be a partition of L; into epochs with different best available arm, s and
IZ be the first and last step of epoch L7, and for each epoch let u; . be defined as

8¢fulure (.77 t) 1Og fpresent (t - Sj)

- , 2
Y, te{i?f.%.}iz;} A?,z (26)
where
Aj,z = Aj’i;f fort e L; 27
Then, the bound on the mean regret E[R,,] at time n is given by
ER. < > G({)Aj: (28)
JEM;
Ej
: z z M
+ ZJ:V[ 1 ({rel%):G(t)) A;.min (IZ — s, B}'), (29)
JEM z=

where

— A ; _4 Nk
6]1\/1 — uj,z"!‘ Z (t_sir)(t_sj_uj,z‘i‘l) |:£present(t _ sj) :Ewiulure(]at) +5presem(t _ szz) ﬁdjrulme(lt ,t):| . (30)
teL?
t>mJI

In Theorem 13, we split each lifespan of each arm j into E; epochs that have a different best arm. For
each epoch L% (2 = 1,..., E;), we denote with A . the difference of the mean reward of the best available
arm during epoch z and the mean reward of arm j. The quantity u; , in (26) intuitively represents the number
of times we need to have pulled a suboptimal arm j to be able to lower its probability of being chosen.
The first summation in (28) is the regret suffered by the algorithm during the initialization phase, while the
quantity in (29) bounds the regret for the rest of the game. The bound is computed by considering each epoch
partition of each arm lifespan. If an epoch is too short (i.e., min(lj -3, 6JM) = [ — s%), then the bound is
achieved simply by multiplying the largest value of the multiplier function (max;c g, G(t)) by the length of

23



TRACA, RUDIN, YAN

Table 3: An extract of the Yahoo! Webscope program dataset used in the simulation.

event index | timestamp | displayed article | clicked? | article pool | G(t)
1 1317513291 id-560620 0 id-560620,... | 32
2 id-565648 0 id-565648,...
3 id-563115 0 id-563115,...
4 1317513292 id-552077 0 id-552077,... | 13
5 id-564335 0 id-564335,...

the epoch (5 — s%) and the mean regret of choosing arm j (which is A; ). If an epoch is not too short (i.e.,
min(l;f -5, [3;”) = [3;”), then we can use the quantity defined in (30) instead of IS — s%. The proof of
Theorem 13 is in Appendix F.

Algorithm 8 differs from the UCB-L algorithm (see Algorithm 9) introduced in Traca et al. (2019) in
that UCB-L regulates exploration based on the remaining life of the arms (i.e., if arms have a short lifespan
or are close to their expiration then UCB-L favors exploration of arms that have longer lifespan) while the
Soft UCB mortal algorithm encourages exploration of arms that are available when G(t) is high (even if their
lifespan might be short). If the arms never expire then the Soft UCB mortal algorithm reduces to the Soft UCB
algorithm by setting ¢ = 1 (because the score of all the arms is the same).

6. Experimental Results: real data environment

In this section, we show the performance of the proposed algorithms along with the widely used standard
e-greedy and UCB algorithms, using the event log data from the Yahoo! Webscope program. The dataset
consists of a stream of recommendation events that display articles to users. Each entry of the dataset contains
information on:

e the arm pulled (which is the article shown to the human viewing articles on Yahoo!);
e the outcome (whether the article was clicked or not);
o the pool of arms (articles) available at that time and the associated timestamp.

We preprocessed the original text file into a structured data frame (for a small extract of the data frame see
Table 3). We created time bins of the duration of one second. We set G(t) as the number of customers who
appear during time bin ¢.

A unique property of this dataset is that the articles shown to the visitors were chosen uniformly at random
from the pool of available articles, so that it is possible to use an unbiased offline evaluation methodology
for our algorithms (see Li et al., 2011): at each time, the reward is calculated only when the article that was
displayed to the human user matches the article chosen by the algorithm (otherwise, the record is discarded).
More details on the offline evaluation can be found in Appendix H.

Note that articles in this dataset appear in the candidate pool at some time and often become unavailable
shortly afterward. For this reason, the dataset creates a natural setting for mortal bandit algorithms. In Figure
12, the 652 little black horizontal bars represent the lifespans of the 652 articles that appear in the dataset.
Since the e-z greedy, Soft e-greedy, UCB-z, and Soft UCB algorithms do not consider mortal bandits, we can
run these algorithms only on a slice of the dataset where the candidate pool is invariant, so that we can create a
non-mortal setting for the algorithms.

We also conducted experiments with variations of the UCB algorithm that are well-suited for a mortal
setting in order to show the value of regulating greed over time:

e Soft UCB mortal (Section 5);
e A “smarter” version of UCB-L: Algorithm 9. The UCB-L algorithm regulates exploration based on the

remaining lifespan of the arms, i.e., if an arm has short lifespan or will expire soon then the algorithm
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Figure 12: The 652 little black horizontal bars represent the lifespans of the articles that appear in the dataset.
Since the articles come and go, in order to recreate a non-mortal setting, we selected the longest slice with the
most amount of arms always available (arms between the two vertical lines).
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will prefer to play other arms that have longer life in order to gain information that can be used in the
future (see Traca et al., 2019, where UCB-L was one of the algorithms with the best performance).

We also included results of the standard UCB algorithm, since it is used in industry for mortal settings (even
though it is not meant for a mortal setting) and to show the disadvantage of using an algorithm not tailored for
the mortal setting.

We ran the algorithms 100 times to derive an empirical distribution of the rewards. For the e-greedy
algorithms and the variable pool algorithm, different articles are chosen during each run of the algorithms,
because during exploration phases they are chosen at random. For those, we use one slice of the dataset
(the time period between the two blue lines in Figure 12), which is the longest slice with the largest number
of available arms. Also, since the offline evaluation consumes records very quickly (all records for which
the algorithm did not choose the article recommended by the website must be discarded because no label is
available), we duplicated this slice to increase the size of the dataset. The UCB algorithms are deterministic in
their choices because they always pick the arm with the best upper confidence bound, i.e., running the UCB
family many times on the same dataset will always give the same result. Therefore, we used a sliding window
to cover different portions of the dataset to evaluate the performance of the UCB algorithms for each game.
The randomness of their final rewards arises from the different portions of dataset used.

Figures 13-15 show the distribution of the rewards for each algorithm discussed above. We computed
mean reward and conducted ¢-test to verify that the average reward of the algorithms that regulate exploration
based on the values of the multiplier function G(t) are significantly higher than the average rewards of the
standard algorithms (a summary of the results is in Tables 4, 5, and 6). The algorithms that regulate greed
outperform the standard ones.

6.1 Discussion on cases when the algorithms do not apply or reduce to standard cases

We have introduced several algorithms, each with their own regret bound. The regret bounds should guide us
on the choice of algorithm, but our experiments indicate that the variable pool algorithm seems to perform
consistently well in our experiments.

It is possible to construct pathological cases where bandit algorithms can perform badly in our new setting.
Cases, for instance, where G(t) is very high at the beginning and then decrease rapidly are examples where no
bandit strategy would perform well, since the important decisions need to be made very early. In that case,

25



Table 4: Performance comparison of the e-greedy algorithms in immortal circumstances. The mean reward in
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each turn is computed as the ratio of the total cumulative rewards and the number of turns.

Algorithm Mean reward in each turn | p-value (vs. standard e-greedy)
Standard e-greedy 0.0406 -
e-z greedy 0.0493 < 0.0001
Soft e-greedy 0.0588 < 0.0001
Variable Pool 0.0688 < 0.0001

Table 5: Performance comparison of the UCB algorithms in immortal circumstances. The mean reward in

each turn is computed as the ratio of the total cumulative rewards and the number of turns.

Algorithm Mean reward in each turn | p-value (vs. standard UCB)
Standard UCB 0.0365 -
UCB-z 0.0441 < 0.0001
Soft UCB 0.0396 < 0.0001

Table 6: Performance comparison of variations of the UCB algorithm in mortal circumstances. The mean
reward in each turn is computed as the ratio of the total cumulative rewards and the number of turns.

Algorithm Mean reward in each turn | p-value (vs. standard UCB)
standard UCB 0.0523 -
UCB-L 0.0787 < 0.0001
UCB soft mortal 0.0840 < 0.0001

Figure 13: e-greedy algorithms playing 100 games with 10000 turns per game. The best algorithm is the Soft
e-greedy algorithm, followed by variable pool and e-z greedy. The standard e-greedy algorithm has the lowest

average reward.

00200 +

00175 4

00150 1

00125 A

00100 4

00075 4

0.0050 4

00025

0.0000 -

Epsilon-z Greedy
Standard Epsilon Greedy
Soft Epsilon Greedy
Wariable Pool

400 500 £00

26

700 800




REGULATING GREED OVER TIME IN MULTI-ARMED BANDITS

Figure 14: UCB algorithms playing a set of 100 slightly different games with 10000 turns per game under
immortal circumstances (invariant arms pool). The best algorithm is the UCB-z algorithm, followed by Soft
UCB. The standard UCB algorithm has the lowest average reward.
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Figure 15: UCBs playing a set of 100 slightly different games with 10000 turns per game under mortal
circumstances (variable arms pool). The best algorithm is the Soft UCB mortal algorithm, followed by UCB-L.
The standard UCB algorithm has the lowest average reward.
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Algorithm 9: Smarter version of the UCB-L algorithm

Input :number of rounds n, set M; of available arms at turn ¢, ¢ > 0, rewards range [a, b],
(GO} )
Initialization :play all arms in M once, and initialize X; foreach j =1,--- , | M|

fort =mj;+ 1tondo
Play arm with highest )?j +(4,t) 21%@7%;)5]'), where ¢(j,t) = clog(l; —t +1);
Get reward G(t) X (t);
Update X ;;

end

regulating greed may make the problem worse, but this is transparent from the regret bounds and thus known
beforehand. Note that any bandit algorithm will also perform badly if rewards are very high at the beginning
when little information is available.

Note also that if the number of turns is very high, regulating greed algorithms and standard MAB algorithms
will all start to behave similarly because eventually they all figure out the best arms to play; experiments on
bandits are only relevant in the non-asymptotic regime.

When G(t) = 1, all of the algorithms introduced here, except for the variable pool algorithm, reduce to
standard MAB algorithms with same regret bound. For the variable pool algorithm, when G(t) = 1, the pool
starts with all of the arms, and gradually eliminates arms from the pool as ¢ increases.

6.2 Discussion on the Yahoo! contest

The motivation of this work comes from a high scoring entry in the Exploration and Exploitation 3 contest,
where the goal was to build a better recommender system for Yahoo! Front Page news articles. The
competition data is the same data used in our experiments above. These data and its competition setup
had several challenging characteristics, including mortal arms (as studied here), broad trends over time in
click-through-rate, the inability to access data from the correct distribution in order to cross-validate during
the competition, and other complexities. This paper does not aim to handle all of these, but it does describe
the key insight that led to increased performance for one of the leading teams, and that insight is precisely
the regulation of greed over time (Rudin et al., 2012). Although there were features available for each
timestep, this team was not able to successfully use the features to substantially boost performance, and the
exploration/exploitation aspects turned out to be more important. Here are the main insights leading to large
performance gains, all involving regulating greed over time:

e “Peak grabber”: Stop exploration when a good arm appears. Specifically, when the article was clicked
9/100 times, keep showing it and stop exploration all together until the arm’s click through rate drops
below that of another arm. Since this strategy does not handle the massive global trends we observed in
the data, it needed to be modified to the dynamic peak grabber strategy described next.

e “Dynamic peak grabber”: Stop exploration when the click through rate of one arm is at least 15% above
that of the global click through rate. The global rate was estimated by exponentially weighted moving
averages.

e Stop exploring old articles: We can determine approximately how long the arm is likely to stay, and we
reduce exploration gradually as the arm gets older.

e Do not fully explore new arms: When a new arm appears, do not use 1 as the upper confidence bound
for the probability of click, which would force a UCB algorithm to explore it, use .88 instead. This
allows the algorithm to continue exploiting the arms that are known to be good rather than exploring
new ones.
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The peak grabber strategies inspired the abstracted setting here, where one can think of a good article appearing
during periods of high G(t), where we would want to limit exploration; however, the other strategies are also
relevant cases where the exploration/exploitation tradeoff is regulated over time. There were no “lock-up’
periods in the contest dataset, though as discussed earlier, the G(t) function is also relevant for modeling that
setting. The large global trends we observed in the contest data click through rates are very relevant to the G(t)
model, since one might want to explore less when the click rate is high in order to get more clicks overall.

>

7. Conclusions

The dynamic trends we observe in most retail and marketing settings are dramatic. It is possible that
understanding these dynamics and how to take advantage of them is central to the success of multi-armed
bandit algorithms in a very large class of situations that occur in practice (such as retail). We showed in this
work how to adapt algorithms and regret bound analysis to this setting, where we now need to consider not
only the average number of times that an arm was pulled in the past, but precisely when the arm was pulled.
The key element of our algorithms is that they regulate greed (exploitation) over time, where during high
reward periods, less exploration is performed. The algorithms that can regulate greed outperform significantly
standard ones, and the results are supported by simulations and a study on the Yahoo! event log dataset that
was created specifically for evaluating the performance of multi-armed bandit algorithms. We chose to show
how to adapt very well known algorithms to this setting (in theory and in practice), but there are many possible
extensions to this work to many other important multi-armed bandit algorithms.
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Appendix A. Regret-bound for -z greedy algorithm with hard threshold

Proposition 14 is also used in Auer et al. (2002) for the proof of the regret bound for the e-greedy algorithm.

Proposition 14 Let us define the following events:

A = {)?j,Tj(tfl) > X*,T*(t—l)} )
. A

B = {X*,T*(tfl) < P — 7]} s
~ A

CcC = {ijTj(tfl) > pi + #} o

Then,
AcC(BuUC). 31D

Intuitively, inclusion (31) means that we play arm j7 when we underestimate the mean reward of the best
arm, or when we overestimate that of arm 5. Assume for the sake of contradiction that there exists an element

w € A that does not belong to B U C. Then, we have that w € (B U C)°

- A > AN\
= w € X*,T*(t—l) < s — 7 U Xj,Tj(t—l) > pji+ ?

. A N A
= w € {X*,T*(t—l) > px — 7]} N {Xj,Tj(t—l) < pj+ #} (32)
By definition we have p, — % =y — B = Bl oy %. From the inequalities given in (32) it
follows that
- A; Ao
Xo Ty (t—1) 2 Hx — 5 T + -5 2 Xjmi(t—1)

but this contradicts our assumption that w € A = {)A(]}Tj(t,l) > )?*,T*(tq) }
Therefore, all elements of A belong to B U C.

Theorem 1 The bound on the mean regret E[R,,] at time n is given by

ER.] < Y G()A;

j=1
n 1 B
£ > GOlene X A (s +1-050)
t=m+1 gt <phs
+ ) GOz >, A8,

t=m+1 Jipg <prx

where

=
)
S~—
Il
ol
7 N
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®
~
|
2=
=
]
0]
7N\
3~
)
N~
+
R »
Y
S|~
®
~

First step: Decomposition of E[R,].

The total mean regret of a game Z = {I;}? ; at round n is given by

Ro=3 > 8GMO1=), (33)

t=1 j=1
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where G(t) is the greed function evaluated at time ¢, 1;7,—;y is an indicator function equal to 1 if arm j is
played at time ¢ (otherwise its value is 0) and A; = p* — p; is the difference between the mean of the best
arm reward distribution and the mean of the j’s arm reward distribution. By considering the threshold z which
determines which rule is applied to decide what arm to play, we can rewrite the regret as

n m
- Z Z NGO gawy<nlir,—jy +
t=1 j=1
—|-ZZAjG(t)]l{G(t)ZZ}]l{It:j}'
t=1 j=1

By taking the expectation with respect to the policy, we have that

=1 j=

= > A GO 6w PUT = 5}) +

1
+ Z Z A;G)Lew>4P{L = 4}),
t=1j

—1

which can be rewritten as

E[Rn] =

M

1 - N .
A;G() L)<z {ftm (1 —e)P (Xj,Tmfl) > Xime-1) W)}
1

+

M- IMM-
NgER

Il
—

AjG(t)IL{G(t)Zz}P (Xj,Tj(tfl) > )?i’Ti(tfl) V’L) . (34)

~
I

13

For the rounds of the algorithm where G(t) < z, we are in the standard setting, so for those times, we follow
the standard proof of Auer et al. (2002). For the times that G(t) is over the threshold, we need to create a
separate bound.

Second step: Upper bound for PP (vaTj(t—l) > Xi,T,;(t—l) Vi).

Let us now bound the probability of playing the sub-optimal arm j at time ¢ when the greed function is
above the threshold z. From Proposition 14 we have that

P (‘)?j,Tj(t—l) > X1, (6-1) Vi) < P (A)?j,Tj(t—l) > )?*,T*(t—l))

IN

Aj Aj
P( 5, T (t— 1)>ﬂj+7)+P<X*T*(t_1)<,u‘*—7j). 35)

Let us consider the first term of (35) (the computations for the second term are similar),

S A Aj
]P]<Xj,T]’(t71)>;U‘j+7]) = ZP( t*l —S XJS>/LJ+7>

= Z]P’( (t—1)=s

X]S>u]+—) (X]s>u]+—)

A _a%
< P(Tit—1)=s|X;. =4 et 36
_Z( S]>,u3+2)e (36)
where in the last inequality we used Hoeffding’s* bound.
3. Hoeffding’s bound: Let X1, - -+ , X, be r.v. bounded in [a;, b;] V3. Let X= % Ty Xiand p = ]E[)?}

2.2

Then, P ()/(\' — > 5) < exp{*%}'
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A2

Third step: Upper bound for Zﬁ;ll P (Tj t—1)=s )?j,s > s+ A27> e TS,

Let us define T]-R(t — 1) as the number of times arm j is played at random when exploring (note that
TfH(t—1) <Tj(t—1) and that T (t — 1) = S™'”) B, where B, is a Bernoulli r.v. with parameter ¢ /m),
and let us define

A2

A t—1 2
) 3 e
s=[A¢]+1

[Ae]
(36) < Z]P’( (t—1)

A 2 A%
+2j>+A2€ 2Lt’J

IN
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=
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e
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(37

a2
where for the first | A; | terms of the sum we used 1 as upper bound on e~ =", and for the remaining terms we
2

o . A2
used the fact that - e ks < Le=kT where in our case k = =L.
s=z+1 k 2

Fourth step: Upper bound for P (T (t — 1) < [\]).

We have that

E[TR(t—1)] = 2557 Var(TR(t - 1) :igs (1_7) < —ZES—ETR(t—l)]

s=1 s=1

and, using the Bernstein inequality P(S,, < E[S,] —a) < exp{f%} with S,, = T],R(t — 1) and
a = 3E[TF(t—1)],
1
P~ < ) = P (TR D) < BT - 1) - GBI 1))

e LE[TE( - 1))
P TETR( — 1)) + LE[TR(E - 1)

= exp {—ggJE[TR(t — 1)]} = exp {—;L)\tj} . (38)

IN

Fifth step: Lower bound for | \;].
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To get an upper bound for (38), we need a lower bound on | \;]. Let us define n’ = [km] and consider
the case when ¢ > n. The case when ¢ < n leads to an exponential decay of the bound (intuitively, at the
beginning of the game the values of € that compose ); are still high enough, see Remark 15). Then,

)\t = %255

2m - 2m \= s o s
/
> 23 (log(E+ 1) ~ (log(n) + log(e))
= 3o L g 08 n'e
k t
= 71 .
2 8 <mke> >

Remark 15 Note that if t (or t in the usual e-greedy algorithm) was less than n', then we would have
A =t/ 2m, yielding an exponential decay of the bound on the probability of j being the best arm. To
see this, t < n’ would imply that, using (37) and (38),

e (i, 2 [ mi
=om P U s2m S T A2 T2 2m [

Intuitively, if t < n/ then )\, is already big enough to guarantee an exponential decay. The interesting
case is instead when t > n/, for which we need to provide a lower bound for \; to prove that it will
still be large enough so that the bound on the probability of choosing a suboptimal arm j is of order

o(1/t).

Sixth step: Bringing together all bounding quantities.

Continuing the proof, we obtain a bound on the first term in (35) as follows. Using (39) combined with
(38) in (37), we get that

kA2

~ _k ~ ~ I
k t 10 t 2 t 4
< — | —— 1 - — | — .
first addend of (35) < 5 ( ke) 0g< k@) + A? ( ke) (40)

Since the computations for the second term in (35) are similar, a bound on P(X Gy (t—1) > )?i,Ti(t—l) Vi) is
given by

ok - L kA
. t 0 t 4 t o
filt) =k (mk‘e) log <mke> + K? (mk‘e) ’ “D
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We can use this to easily bound ]P’()? ST (t—1) 2 )A(i’Ti(t,l) Vi) in (34) which yields the following bound on
the mean regret at time n (recall that the first m turns are used in the initialization phase, each yielding a regret

of G(j)AA,):

E[Rn]

IN

=1

n 1 ~
> GWlene Y 8 (e + -]
t=m+1 Ty <pox

GWLiomz=y > A8

t=m+1 Jipg<prx
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Appendix B. Regret bound for Soft c-greedy algorithm

Theorem 4 The bound on the mean regret E|R,,] at time n is given by

n t%ilg(t) Z; A, <at + (1 — &) 3; (t))

where

First step: Derivation of E[R,,].

The total mean regret of a game Z = {I;}} ; at round n is given by

n

Ry =Y NGy, 42)

t=1 j=1

where G(t) is the greed function evaluated at time ¢, 1;7,—;y is an indicator function equal to 1 if arm j is
played at time ¢, and A; = p* — p; is the difference between the mean of the best arm reward distribution and
the mean of the j’s arm reward distribution. By taking the expectation over the policy, we have that

Second step: Upper bound for P({I; = j}).

At each round ¢, arm j is played with probability
Et S .
S (1—e)P (Xj > X w) :
m

where &, = min {¢(¢t), 22} and

log (1 + #t))
P(t) = 1 .
log (1 + Mg {1, on} G(s))

Recall that v = min; <<y, ¥(%).
Let us bound the probability P({I; = j}) of playing the sub-optimal arm j at time ¢. We have that

HI(A)?j,Tj(t—l) > )?i,Ti(tfl) w) < ]P()?j,Tj(tfl) > )?*,T*(tfl))

IN

=N A = A
P (Xj,Tj(t—l) > pj+ 7]> +P (X*,T*(z—l) < s — 7]) . (43)

35



TRACA, RUDIN, YAN

[ Third step: Upper bound for (43). ]

For the bound on the two addends in (43), we have identical steps to the proof for Theorem 1, and thus

- A 2 _ad
P <Xj7Tj(t_1) >+ ;) < (MJP(TRE-1) < M) + Ee*TW (44)
J
% Aj R 2 2
P X*,T*(tfl) < Wy — 7 S L)\tJP (T] (t - 1) S I_Atj) + Ee 2 ¢ (45)

J

and, similarly to the proof of the e-greedy algorithm with hard threshold (Appendix A), we have

P(f-1) < ) e {-F 10| (46)

[ Fourth step: Lower bound for |\ ]. ]

Now we need a lower bound on | A;|. Let £ > w (see Remark 16 for the case ¢ < w) where w = min{s :
St < 7v}. Then,

)\t = %ZES

\Y
[\&)
B
™
B
[\
|~
N
M-
m‘”
|
Me
m‘”
N————

Y
|
+

v
(TR R
o 0]
7 N 7N
35
| =
~~_
+
o}
/‘\
~__

7t > . (47)

Remark 16 Simalarly to what noted in Remark 15, if t < w then we would have Ay = ~t/2m,
yielding an exponential decay of the bound on the probability of j being the best arm. In fact, for
t < w, using (46) combined with (44) and (45), we have that

vt 1 ~t 2 A? vt
43y < Dexpd -V, 2 S RLIN
(3)—2meXp{ 52m}+A§eXp 2 2m

Intuitively, if t < w then )\ is already big enough to guarantee an exponential decay. The interesting
case is instead when t > w, for which we need to provide a lower bound for \; to prove that it will
still be large enough so that the bound on the probability of choosing a suboptimal arm j is of order

o(1/t).
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[ Fifth step: Bringing together all bounding quantities. ]

Using the upper bound for \; given in (46) and the lower bound in (47), from (43) the bound on
P (Xj7Tj(t_1) > Xi1i(t-1) Vi) is given by

E[R.) =Y AGOP{L =3}), (48)

the bound on the mean regret at time n is given by (recall that the first m turns are used in the initialization
phase, each yielding a regret of G(j)A;):

ER] < Y GG)A,

t=m+1 Jj=1
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Appendix C. Regret bound for the UCB algorithm with hard threshold

Theorem 8 The bound on the mean regret E|R,,] at time n is given by

m

B[R] < Y GU)A,

logn 2
+ =z 8'2 (Aj)+<1+3>
Jipg <M

m |B|

+ O A G287 (1)

j=1 k=1teYy

>4,
j=1

where
U 2 _ A—? (zr—1)
Bi (t) = el
J
and xy is the minimum amount of pulls for each arm at time t (see Lemma 6.)

First step: Decomposition of E[R,,].

The total mean regret of a game Z = {I;}}; at round n is given by

n

Ry =Y A;G(0),—y, (49)

t=1 j=1

where G(t) is the greed function evaluated at time ¢, 1;7,—;y is an indicator function equal to 1 if arm j is
played at time ¢ (otherwise its value is 0) and A; = p* — p; is the difference between the mean of the best
arm reward distribution and the mean of the j’s arm reward distribution. By considering the threshold z which
determines which rule is applied to decide what arm to play, we can rewrite the regret as

R, < ZG(J A
j=1
+ Z ZAjG(t)]]-{G(t)<Z}]l{It:j}
t=m+1 j=1
+ DY A GG L=y

Let B={t: G(t — 1) < z,G(t) > =} be the set of rounds where the high-reward zone is entered. Let us call
Y1,Y2, - ,yp the elements of B and order them in increasing order such that y; < y2 < --- < yp. Letus
also define for every k € {1,--- ,|B|} theset Y, = {t : t > y, G(t) > 2z,t < yp+1} (Where yp11 = n) of
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times in the high-reward period entered at time y. By taking the expectation over the policy we have that

E[R,] < Y GG)A,

1

<

| B

+ Y A Y GOPL =), (50)

j=1  k=1teYs

where 7 is the number of turns played when G(¢) is under the threshold z at the end of the game, and
E[T;(R)] = E[Y>—,11 Lic(t)<=11{1,—;}] is the expected number of time arm j is played when G(t) is
under the threshold z. For the rounds of the algorithm where G(t) < z, we are in the standard setting, so for
those times, we follow the standard proof of Auer et al. (2002). For the times that G(t) is over the threshold,
we need to create a separate bound. Let us now bound the probability of playing the sub-optimal arm j at time

t when the greed function is above the threshold z.

Second step: Upper bound for P({I; = j}) when G(t) > .

From Proposition 14, we have that

P()?j,Tj(t—l) > X -1 Vi) < 1P>()?j,Tj(t—l) > Xo o (1-1))

~ A
P(X¢QQ4J>yj+7f)+P(

IN

A,
X, (t-1) < b — 7]) : 1)

Let us consider the first term of (51) (the computations for the second term are similar), and let us call x; the
minimum number of times an arm is pulled at turn ¢ when G(t) is under the threshold (see Lemma 6). We

have that
. A; — > A;
]P)<X_j,Tj(t—1) >Mj+27> = ]P’<Tj(t1)s,Xj,3>uj+2]>
s=1
t—1
- A;
= Z]P’ <Tj(t —1)=s|Xs>u;+ 2J> P (X],s > pj+ ])
s=1
t—1 A A]z.
< P(Tj(tl)s X]s>ug+zj> 2 (52)
s=1
t—1 N Aj 7&5
- Xﬁ”ﬂﬁ*UisXﬁ>ur“j e (53)

<

»
[\)
e M‘ 8
&
|
"’L.w
—
8
o
|
-
=
c
—
~~
~—

(54)

where, from (52) to (53), we used the fact that, for s < x4, Tj(t — 1) can not be equal to s since x; is the
minimum number of pulls, and for the remaining terms we used the fact that Y oo e~ < Le=*@=1) where

2
in our case k = %. By symmetric argument, we can bound P({I; = j}) by QﬂjU(t).

Third step: Upper bound for E[T;(7)] when G(t) < z.
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When G(t) < z, we balance exploration and exploitation by classic UCB. The bound of E [T;(7)] follows
from the usual bound on the UCB algorithm: for n rounds the UCB algorithm has a mean regret bounded by

" 8logn 72 —
14+ — A
A; +( ' 3>; !

Jj=1

[ Fourth step: Bringing together all bounding quantities. ]

The bound on the mean regret E[R,,] at time n is given by (recall that the first m turns are used in the
initialization phase, each yielding a regret of G(j)A;):

E[R,] < Y G()A,

i=1
+ logn (14T Y4,
A 3 L™

Jit <u* Jj=1

m |B|

+ AN G287 (1)

j=1 k=1teYy

Lemma 6 Suppose the rewards of the arms are bounded in [a, b] and let us define r = b — a the range
of the possible rewards. When using the UCB policy for a game consisting of n turns, each arm will
be pulled at least x,, times, where

z, = max{yeN:(m—1)p(r,y) <n}+1,

2 log(t)

2 2 log(t) 2 log(t)
4+ — 27‘\/77!

¢(r,y) = mindt>7(rj,y),t €Nt >

T(r,y) = min{tGN: ng(t)zfr}.
Y

During the initialization phase, each arm is pulled once, so by turn ¢ = m we have that T;(m) = 1 Vi. Let
us consider arm j, and ¢t > m. After arm j has been played T (¢ — 1) times, the algorithm will play arm j for
the (T (t — 1) + 1)-th time when the following condition is met:

- [ 2 log(t) - [ 2log(t) . , .
X, + m>X¢—|— mw;&].

Since rewards are bounded in [a, b], we have that X > g and X < b. Therefore,

| 2 log(t) /2log /2log [ 21og(t) . , .
a—+ 77}(t71)> Tt 1) V#y:X—i— 1) 771“71) Vi £ j.

The algorithm is forced to play arm j at time ¢ when each of the T;(¢ — 1)’s are large enough so that the

following holds:
2 log(t) 2 log(t)
—_— Vi 55
“NTe—y P\ Te—y T (53)
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We want to solve (55) for T;(¢ — 1), to see how many times the algorithm is required to pull each arm i # j to
satisfy (55), which can be rewritten as:

2 log(t) 2 log(t) .,
\/Ti(t—l)<\/Tj(t—1)_rvz7&j' (56)

Let us define
2log(t
7(r,Tj(t — 1)) = min {t eEN: 2log(t) > r} .

T;(t—1) —

For t < 7(r,T;(t — 1)), there is no solution to inequality (56) for T;(t — 1) (because the right hand side of
(56) is negative), and therefore arm j is not necessarily being pulled in turns ¢ < 7(r, T;(t — 1)).
Fort > 7(r,T;(t — 1)), for (56) to hold, we need that Vi # j

2 log(t) 2 2 log(t) o 2 log(t)
Tt 1) Te-1 T\ L1

2 log(t
e Lt-1> 21 (t)og() 2 log(t) |
P aaen 2 T
Let us define
2 log(t)

d(r,T;j(t—1)) =min t > 7(r,T;(t — 1)), t e N : ¢t >

2 log(t) 2 log(t)
rF Taen 20 e

which can be interpreted as the minimum number of times to pull arm ¢ such that (56) is satisfied if there were
only two arms in the game (arm j and arm ).
We will show that the algorithm will have pulled arm j for the (7} (¢ — 1) + 1)-th time before or at round

(m = 1)¢(r, Tj(t = 1)).

In order to prove this, assume for the sake of contradiction that the algorithm has played the j-th arm 7} (¢ — 1)
times at turn ¢, and will not play arm j thereafter. Then, there will eventually be a time s; such that for some
arm 7; we have

Ti, (s1) = o(r, Tj(s1)).

In other words, we will play arm ¢; at least T, (sq) times. By definition of ¢(r, Tj(s1)), this means that

2log(s1) o n 2 log(s1)

Thus, between arm 7; and j, the algorithm will always prefer arm j. Since by assumption the algorithm does
not play arm j, it will not choose either arm j nor arm ¢; for all the following turns ¢ > s1:

N 2log(t) o 2 log(t)
X; X; t > s1.
OISR ORI

Therefore, there will be a time s5 such that, for some arm i5 # i1, j, we have

T;,(s2) = ¢(r, Tj(s2))-
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By the same argument, neither arm ¢5 nor ¢; (nor j) can be pulled in the following turns ¢ > s,. Since there
are m — 1 arms different from j, this argument repeats m — 1 times, until we have that

T;i(si) = ¢(r, Tj(s:)) Vi #j.

Since by assumption the number of times the algorithm pulls arm j never changes, at turn ¢ we have
T;(s;) = T;(t — 1) Vi. Thus, after (m — 1)¢(r, T;(t — 1)) pulls, the algorithm will prefer arm j to all the
other arms. This means arm j will be pulled the next turn, leading to a contradiction. Thus after at most
(m —1)¢(r, T;(t — 1)) turns, the algorithm must have pulled arm j once more.

Now that we can compute the turns at which the algorithm will have pulled arm j for at least the [T} (¢ —1)+1]th
time, we can define the minimum number of times x,, that the algorithm will play arm j during a game of n
rounds:

xp =max{T;j(t—1)eN: (m—-1)o(r,T;(t — 1)) <n} +1.

Intuitively, the term max {T;(t — 1) € {1,--- ,n} : (m — 1)¢(r, T;(t — 1)) < n} is the maximum number
of pulls to arm j such that the next pull is still p0s51ble before the game ends. Therefore, by adding one more
pull, z,, counts the minimum number of pulls for arm j. Note that this proof holds for each arm, so the lower
bound on the number of times the algorithm plays an arm is the same for each arm and depends on the number
of arms m, the range r, and the maximum number of turns in the game, n.

Corollary 17 is generalization of this result.

Corollary 17 Suppose the rewards of arm i are bounded in [a;, b;], and let us define rj; = b; — a;.
When using the UCB policy for a game consisting of n turns, each arm j will be pulled at least x,(j)
times, where

zn(j) = max{y€eN :Z¢(Tjivy) <np+1,
iR
2 log(t
¢(T]27y) = min<t Z T(Tjivy); t e N t > Og( )

2 log(t /2 log(t
7”]2-1--1- Oyg()—?Tji Oyg()

2log(t
T(rjiay) = min{teN: Og()>rﬁ}.
Y

The proof of this corollary closely follows the proof of Lemma 6.

During the initialization phase, each arm is pulled once, so by turn ¢ = m we have that T;(m) = 1 Vi. Let us
consider arm j, and ¢ > m. After arm j has been played T} (t — 1) times, the algorithm will play arm j for the
(Tj(t — 1) + 1)-th time when the following condition is met:

S [ 2 log(t) S [ 2log(t) . , .
j Tt 7Tj(t—1)>Xi+ 7117;(?5_1) VZ#].

Since rewards are bounded in [a;, b;] Vi, we have that X > a; and X, < b;. Therefore,

2 log(t) 2 log(t) 2 log(t) 2 log(t) . , .
AL oy R ey v¢]¢X+\/ -1 ey "7

The algorithm is forced to play arm j at time ¢ when each of the T;(¢ — 1)’s are large enough so that the

following holds:
[ 2 log(t) 2 log
—_— Vi 57
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We want to solve (57) for T;(¢ — 1), to see how many times the algorithm is required to pull each arm i # j to
satisfy (57), which can be rewritten as:

\/2 log(t) - \/ 2 log(t) — i Vi A . (58)

L1\ G-

Let us define

T(Tji,Tj(t—l)):miH{tGNi jii(;g_(ti)>7’ji}.

Fort < 7(r;;, T;(t — 1)), there is no solution to inequality (58) for T} (¢ — 1) (because the right hand side of
(58) is negative), and therefore arm j is not necessarily being pulled in turns ¢ < 7(r;;, T; (¢t — 1)).
Fort > 7(r;;, T;(t — 1)), for (58) to hold, we need that Vi # j

2 log(t) 2 log(t) 2 log(t)
Tt-1) ° it Ty(t—-1) 2%\/ T;(t—1)

2 log(t)

2 log(t) 2 log(t)
it Ty 20 Ty

4 Tl(t—].) >

Let us define
2 log(t)
2 log(t) 2 log(t)
3+ Tt — 2 T

We will show that the algorithm will have pulled arm j for the (7} (¢ — 1) + 1)-th time before or at round

> d(rsi, Ty(t = 1).

i#]

qS(rji,Tj(tfl)):min tZT(T’j%Tj(t*l)),tGN >

In order to prove this, assume for the sake of contradiction that the algorithm has played the j-th arm 7} (¢ — 1)
times at turn ¢, and will not play arm j thereafter. Then, there will eventually be a time s; such that for some
arm 7; we have

T;, (s1) = ¢(riy, Tj(51)).

In other words, we will play arm ¢; at least T;, (s1) times. By definition of ¢(7;,, T;(s1)), this means that

21log(s1) o 2 log(s1)

Thus, between arm 7, and j, the algorithm will always prefer arm j. Since by assumption the algorithm does
not play arm j, it will not choose either arm j nor arm ¢; for all the following turns ¢ > s;:

S 2log(t) o 2 log(t)
N T ST T T
Therefore, there will be a time s5 such that, for some arm i5 # i1, j, we have

T;, (s2) = ¢(1iy, Tj(52))-

By the same argument, neither arm %2 nor ¢; (nor j) can be pulled in the following turns ¢ > ss. This argument
repeats for all the arms, until we have that

Ti(si) = o(rji, Tj(si)) Vi #j.
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Since by assumption the number of times the algorithm pulls arm j never changes, at turn ¢ we have
Tj(si‘) = T;(t — 1) Vi. Thus, 'flfter D i Tl(sz) =D i O(ryi, Ti(t — 1)) pul}s, the algorithrr.l \yill prefer
arm j to all the other arms. This means arm j will be pulled the next turn, leading to a contradiction. Thus
after at most » 3, ; ¢(r;;, Tj(t — 1)) turns, the algorithm must have pulled arm j once more.

Now that we can compute the turns at which the algorithm will have pulled arm j for at least the
[T;(t — 1) + 1]th time, we can define the minimum number of times x,,(j) that the algorithm will play arm j
during a game of n rounds:

on(j) =max{ Tj(t—1) € N: Y ¢(rji, Tyt — 1)) <mp + 1.
i#]

Intuitively, the term max {Tj(t —1) eN:Y T d(r, Tt — 1) < n} is the maximum number of pulls to

arm j such that the next pull is still possible before the game ends. Therefore, by adding one more pull, ., (j)
counts the minimum number of pulls for arm j.

Theorem 7 Suppose the rewards of the arms are bounded in [a,b] and let us define r = b — a the
range of the possible rewards. Let x,, be the minimum number of times each arm will be pulled when
using the UCB policy for a game consisting of n turns (n. > m). Then,

Zn € Q(log(n)).

In other words, the minimum number of times the algorithm pulls an arm in a game of n turns grows
at least logarithmically*in n.

Recall that
z, =max{y > 1,y € N: (m —1)¢(r,y) <n}+1,
2 log(t
o(ry,y) =minc t > 7(r,y), t e N:t > os(1) ,
r2 + 2 loyg(t) _ o 2 loyg(t)
and

21
T(r,y):min{tEN: Og(t)ZT}.
Y

-

1 n
qn = \‘ Ja QnEQ+

Let us define the following:

%

2
+1> , ceRT,

n|im-—1
cr? 1
a, = —————— o, €RT, 0<B<=.
' Blog, (¢.) +26" " 7=y

To show that z,, € Q(log(n)), let us choose

-

o2

4. f(n) € Q(g(n)) if Ik > 03ng: Yn > ng f(n) > kg(n). In our case, k = % andng = m + 1.
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and prove that (m—1)¢(r, y) < n (first, second, and third step). This implies that ,, > y+1 > 21(;%*5("). Then,
by finding an upper bound on «,, that does not depend on n (fourth step), we conclude that z,, € Q(log(n)).

First step: 7(r,y) < [nﬁrﬂ

By definition,

T(ry) =7 <r, {QIOg(")D —min{teN:

Qn

2107g(t)27’ <min<teN: MZT .
FIOg(n)J log(n)

For s € R*, we have that

oy, log(s)
log(n)
= log(s) > ir2 log(n)

1,2

= s>non’

) ay, log(t) 1,2
: —_— > = an,
= min {t eN log(n) = r} [n —‘

= 7(ry) < [n%nﬂ :

Second step: ¢(r,y) < [nﬁ”ﬂ

By definition,

2log(n)

Qp

2 log(t)

2 log(t 2 log(t

an

¢(T,y)=¢<n{ ngin tz[nﬁﬂ,teN:w

an

where the inequality follows from the fact that are using an upper bound on 7(r, y).
Let us prove that

X 2 log(t .

min ¢ ¢ > [n%nﬁ—‘ ,teN:t> o8 (*) < [nﬁ”ﬂ . (59)

1 1

Let us call
2 log(t
t> og(*) (60)
2 log(t 2 log(t
r?+ ﬁ —2r %&QJ
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. . . 12 . . o .
the “inequality constraint”. Let us set ¢t = [n an €7 W and prove that the inequality constraint is satisfied. We

have that

1 2 1 2
210g([nﬁ” —‘) 210g([n7n” —D
_ __ = . (61)
_ n 2
210g<[nﬁcr2—‘> 210g( n%ncrz > 2 log nﬁ‘”z
r2 4 T pE— 2r 2Tog(n) 5T -r
| 2 | | = | et |
Since

then,

(61) < log ([nﬁ”ﬂ) < [nﬁ”j .

1 2 . . . . . . . . .
Thus, {nﬁ” —‘ is an integer that satisfies the inequality constraint (60). Therefore, the minimal integer

t> [nﬁrﬂ satisfying the inequality constraint (60) must be less or equal to [nﬁ”f‘ , proving (59) and

concluding the proof that ¢(r,y) < [nfn”f‘ , where y = FIL‘(")J .

Qn

Third step: (m — 1)¢(r,y) <n

Using the upper bound on ¢(r, y) from the previous step, we have that, for y = VI%(")J ,
(m=16(ry) < (m—1)[nme]
m— 1) [l J)W
= m — n cr
i B
1 n
— -1 - 26
o0 |l ))
i B
_ _1 28—1 n
L P
[ n
-1 62
< -] ©
n
= -1
(m—1) o1
< om,

where in (62) we used the fact that 23 — 1 < 0 (therefore, n?’~! < 1), and that n/(m — 1) > 1 (because
n > m, and therefore [n/(m — 1)|” < [n/(m — 1))).

Fourth step: —1 <log,,(g,) <0
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Since n > m,

v

71 n
qnin m—1

= log, (qn) > log, (

1
n
)=

1 n < n 1
=0 m—1 “nm—-1) m-—1

1
1og,, (qn) < log, [ —— :
= log,(qn) <log, <m—1) <0

S|

‘We also have that

cr

Fifth step: 21‘;%575") > klog(n), k=2&

Using —1 < log,,(gn) < 0,

CT2 CT2 C"I"2

Qp = < = 5
Blog, (gn) +28 — =B+28 B
2log(n) _ 28
c

o2

In conclusion, we showed that

> — log(n).

2log(n) Pl 2log(n) S 28
- o, cr?

n

This means that x,, is lower bounded by a quantity that increases logarithmically in n: z,, € Q(log(n)).

Corollary 18 Suppose the rewards of arm i are bounded in [a;, b;] and let us define r;; = b; — a; the
range of the possible rewards. Let x,,(j) be the minimum number of times each arm will be pulled
when using the UCB policy for a game consisting of n turns (n > m). Then,

zn(5) € Qlog(n)).

In other words, the minimum number of times the algorithm pulls arm j in a game of n turns grows at
least logarithmically’ in n.

The proof closely follows the proof of Theorem 7, with some adjustments to account for the different r ;.
Recall that

To(j) =max{y > 1,y €N: Y d(rji,y) <np+1,

i#j
2 log(t
¢(rjiy) = min Qg t > 7(rji,y), t €N ¢ > og(t)
r 4 2 gy, 20
2log(t
T(rj%y)zmin{tEN: Oyg()ZTji}.

5. f(n) € Q(g(n)) if 3k > 0 Ing: Vi > ng f(n) > kg(n). In our case, k = (28)/(cr?) and ng = m + 1.
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Let us define the following quantities:

T = 1Nnaxrj;

i#]
V2 ’
ci< +1>, c; ERT Vi#j
’I“ji
¢ = max ¢;
i#£]
1 n
qn{ J7 (]ne(@+
n|im-—1
2
cre. 1
It Qni €RT, Vi # 3, 0<3<5

Ani= 7 7~  a
Blog,, (gn) + 20

o = min oy ;.
i#]

To show that z,,(j) € Q(log(n)), let us choose

-

o2

and prove that } -, ¢(r;;,y) < n (first, second, and third step). This implies that z,,(j) >y +1 > 21%5(”).
Then, by finding an upper bound on «,, that does not depend on n (fourth and fifth step), we conclude that

Zn € Q(log(n)).

First step: 7(rj;,y) < [nﬁrfi—‘ Vi £ j

Same proof as in Theorem 7 for each i # j, with rj;.

Second step: ¢(7;,y) < [nﬁ”ﬂ Vi #j

Same proof as in Theorem 7 for each ¢ # j, with rj;, ¢;, and oy, ; to prove that

! -Cq T2‘i
O(rjiny) < [n=i 7]
Then, since ¢ > ¢; , v > r;; , and o, <, ; Vi # 7, it follows that

d(rjiy) < [no%n”z-l , Vi

Third step: >, ; ¢(rji,y) <n

Same proof as in Theorem 7 since

oriiny) < [nﬁcﬂ Vi#j =y o(riy) < (m—-1) [niwﬂ <n.
i
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Fourth step: —1 < log,, (¢,,) < 0.

Same proof as in Theorem 7.

Fifth step: Zlog ) > klog(n), k= 28

Using —1 <log,,(¢,) < 0,7 >1r;; Vj # i

(o) = crs; __cr cr?
apn = min{ay,;} = < = —
i#] Blog, (qn) + 28 -B+28 B
2log(n) _ 28
0
anp, cr?

In conclusion, we showed that

cr

n an

This means that x,, is lower bounded by a quantity that increases logarithmically in n: z,, € Q(log(n)).

Corollary 19 Suppose we used a P-UCB policy that plays at turn t arm j with highest upper
conﬁdence bound )A(j 4 1; i‘zg 8 (the classic UCB is a P-UCB policy with P = 2). Then, x,, >

crz log( )

To prove this define

P log(t)

2 P log(t) /P log(t)
T Ty T2 Ty

t>71(rj,y),teN:t>

o( Tjis y) = min

Pl
T(rji,y) =mins t € og( ) > Tji}v

c; = ( ) c; €ERT Vi34,
{Plog J
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Appendix D. The regret bound of the Soft UCB algorithm

s ~

Proposition 20 When
> [21og&(t) _ < 2 log&(t)
]l{Xj—i- 7Tj(t—1) X+ T*(t—l)} (63)

is equal to one, at least one of the following has to be true:

- [2 log & (1)
X < pe— m7 (64)
, )

2 log &(t

Y

X;

v

Tt -1) (65)

My +
. [2 log&(t)
py + 2 7Tj G—1) (66)

Assume for the sake of contradiction that none of them hold simultaneously. Then from (64) we would have
that

A

P

~ 2log &(t)
X* * T o
s T.(t—1)

then, by applying (66) (with opposite verse since we are assuming it does not hold) we have that

. 2log £(t) 2log (1)
X > pj+ 2\/Tj(t ) - \/T*(t -1)

and then from (65) (again, with opposite verse) follows that

A 2log £(t) 2log(t)
X.>X; + \/Tj(t— 1) \/T*(t— 1)

which is in contradiction with (63).

Proposition 21

o 2logé(t) _ o 2 log £(1) < 2 log £(t)
ﬂ{XjJr\/ T;(t—1) ZX*+\/ T*(t—l)} < H{X*Su*_ T*(t—l)}

o1 {)?j > o+ 4 | 2BEE) logé(ti} ©7)
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We have that

2log &(t)

* =2
Hoe = 1 Ti(t—1)
2log&(t
SO L0

log £(t)

= M= — A
1 /
[Og (te{mrﬁ?f- ' )ﬂ

> pe—p; — A5 =0,

therefore, with this choice of u, (66) can not hold. Using Preposition 20 we have the result.

Theorem 9 Let S = {m + 1,...,n}. The bound on the mean regret E[R,,] at time n is given by

E[Ra] < D G(U)A;
j=1

] e L 2(t—1—m)?
+ IgleaSXG(t)|: Z Kbg(%aé(g(t))—i_ZAj (1+ Z §(t)4>:|

Jipg<ps Y Jj=1

First step: Derivation of E[R,,].

The total mean regret of a game Z = {I;}}*; at round n is given by

Ry = Y GiA+ Y Y AGMHL=

i t=m+1 j=1

<
—

n

G(H)A; + <te{mni?§..,n}G(t)> ;Aj > L=

t=m-+1

<

Jj=1

The expected regret E[R,,] (expectation taken over the policy) at round n is bounded by

te{m+1,.,n

E[Rn}<za<jmj+( max }G<t>)ZA]-E[Tj<n>]. (68)
j=1 j=1

where T;(n) = 3, 1{;,—;} is the number of times the sub-optimal arm j has been chosen up to round n.

Second step: Upper bound on the probability of overestimating or underestimating the expected
reward of arm j by more than /2 log £(t)/s; when T (t — 1) = s;.

Recall from (1) that
T;(t—1)

S 1

s=1
Suppose rewards are bounded® in [0, 1]. From Hoeffding’s inequality we have that

1 &
P <ZX —p; < —¢
5=

6. If rewards are bounded in [a, b], with » = b — q, in the following choose ¢ = 4 / %
J

T;(t—1) = sj> < exp{—2s,¢?},
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and
< ZXM piz e,

Let us define the following function:

(t—1) = sj> < exp{—2s;e?}.

é0=(1+ 50 ).

by selecting ¢ = Ql%f(t) we have
PN 2 log &(t _
P <Xj + %ﬂ) < i | Ty — 1) sj> <€) (69)
J
and
s 2 log &(t _
v (Xj P |1 —sj> <€) (70)
J

Third step: Upper bound on 7;(n) (the number of times that arm j is played by the end of the game).

In order to emphasize the dependence of X j from T} (t — 1) we will sometimes write X 5,75 (t—1)- In the
following, notice that in (72) the summation starts from m + 1 because in the first m initialization rounds each
arm is played once. Moreover, step (73) follows from (72) by assuming that arm j has already been played u
times. Then, for each ¢,

/210g§ /210g§
{ 3T (t=1) T 1) > X L (t—1) Go1) Bt —1)>wu

~ 21 t ES 21 t
max Xjs + 2log£(t) > min Xis, + Zlog£(t) (71)
s;€{u Ty (t—1)) 1% sj s2€{1,T. (t—1)} S

which justifies (75). We also have that (71) is included in

T, (t—1) T; (t—1)
s 2log&(t > 2log &(t

U U {%.+ /57?()2)(*’8*+ /5750

Se=1 5= J *

Thus, for any integer u, we may write

n
Tj(n) = 1+ Y 1{l;=j} (72)
t=m++1
= u+ Z 1l = 4, Tj(t — 1) > u} (73)
t=m+1
n 2log £(t) 2log £(t)
= > X Ti(t—1) > 74
U+t_;+1]1{ im0 Tl ) 2 *<t*1)+\/:r*(t_1)’ j(t—1)>u (74)
< wu+ Z 1 max ijsj + QILE() > min )?* 5. T M (75)
a1 sje{u,..., T;(t—1)} i s« €{1,..., Ty (t—1)} Sx

IN

n T (t—1) T(t 1)
21 t 21 t
S S s { AN S EEED } -
t=m-+1 sx=1 sj=u
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Now, by setting u = [A% log ( . max }f(t))—‘ and using Proposition 21, for T;(t — 1) > u we have
J te{m+1,--,n
that Thus, using this choice of u and (76), we have that

8
T < —1 t
j(n) < Li og (te{mrrﬁfg’n}ﬁ( )ﬂ
n T*(tfl) Tj(t*l)
% 2log &(t)
D DRED DD DIE L P CHEITETE
t=m+1 Se=1 sj=u
n Tu(t—1) Tj(t—1)
2log &(t)
SIS S ST EREE S
t=m+1 Sx=1 J

Fourth step: Upper bound on E[T;(n)] (the expected number of times that arm j is played by the end
of the game).

By taking the expected value of 7);(n) and using the result from the Second step, we have that

E[T;(n)]

8
— 1 t
Az og <te{mngy>g,n}£( )ﬂ

n T(t-1) T;(-1)
N 2log&(t
+ 0D Y Y P X < 2logt(t)
=m+1 sx=1 sj=u x
n T.(t—1) T;(t—-1)
> 2log&(t)
P< X >y e
=m se=1 sj=u
< ilog max  &(t) | +1+2 Zf Yt —1-m)2
A te{m+1,--- ,n}

J t=m+1

where in the last step we use (t — 1 — m) as upper bound for T, (¢ — 1) and T (¢ — 1) (cases where we have
only played the best arm or arm 7).

Fifth step: Determine the upper bound on E[R,,].

Using (68) and the result from the previous step, we have that
E[R.) < > GGHA

8 m 4 )2
repiax G0 ( > xlos (tG{mT?,)‘{“,n} f(t)) +;AJ [l+ Z D '

Jipg<ps Y t=m+1
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Lemma 22 Suppose the rewards of the arms are bounded in [a,b] and let us define r = b — a the
range of the possible rewards. When using the UCB soft policy for a game consisting of n turns and a
bounded multiplier function G(t), each arm will be pulled at least x,, times, where

r, = max{yeN:(m-1)¢(r,y,G) <n}+1,
| 2 log(@0)

G) = t> teN:t

o(r,y,G) min{ ¢ > 7(r,y), t € Z 2 lese®) 3 log(c(0) [’
Tt = 2 —
Yy Yy
2log(&(t
T(Tvva) = min{teN: MZT )
Y

During the initialization phase, each arm is pulled once, so by turn ¢ = m we have that T;(m) = 1 Vi. Let
us consider arm j, and ¢ > m. After arm j has been played T (¢ — 1) times, the algorithm will play arm j for
the (T;(t — 1) + 1)-th time when the following condition is met:

. 210g(£(t) o 21og(€®) ., .
+\/E>X¢+\/E Vi#J.

Since rewards are bounded in [a, b], we have that X j = aand X; < b. Let us define

Then,

2 log 2 log 2 log 2log(€(t)) . , .
oo [ D mwgwu\/i e LR

The algorithm is forced to play arm j at time ¢ when each of the T;(¢ — 1)’s are large enough so that the

following holds:
2 log 2 log
Vi 77
N TE-1) 1 NTe-1 1 ) 77

We want to solve (77) for T;(t — 1), to see how many times the algorithm is required to pull each arm i # j to
satisfy (77), which can be rewritten as:

\/2 log(€(1)) _ \/ 2108C0) _, v 5. (78)

Ti(t —1) T;(t—1)

Let us define
2log(£(2))

T(r,Tj(t—1)) =min ¢t > m: 1) =

Fort < 7(r,T;(t — 1)), there is no solution to inequality (78) for T;(¢ — 1) (because the right hand side of
(78) is negative), and therefore arm j is not necessarily being pulled in turns ¢t < 7(r, T;(t — 1)).
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Fort > 7(r,T;(t — 1)), for (78) to hold, we need that Vi # j

2log(E(t) o  2log€®)  [2log(£(t))
-0 - T Ty T\ -y
& Tit—-1)> 2 log(£(1)

2 log(£(t)) 2 log(&(t)) .
?tmen 2\ ey
Let us define

2 log(£(2))

2 log(&(t))
treen

¢(Ta,11j(t71)aG>:min tE{T(TvTj(til))a"'7n}:t>
2 log(£(1))
T;(t—1)

which can be interpreted as the minimum number of times to pull arm ¢ such that (78) is satisfied if there were
only two arms in the game (arm j and arm 12).
We will show that the algorithm will have pulled arm j for the (7} (¢ — 1) + 1)-th time before or at round

(m—1)o(r, T;(t —1),G).

In order to prove this, assume for the sake of contradiction that the algorithm has played the j-th arm T} (¢ — 1)
times at turn ¢, and will not play arm j thereafter. Then, there will eventually be a time s; such that for some
arm 7; we have

T, (s1) = ¢(r, Tj(51), G).

In other words, we will play arm ¢; at least T, (sq) times. By definition of ¢(r, Tj(s1), G), this means that

2logEln) _ o . [2loB(El1)

Since by assumption the algorithm does not play arm j, it will not choose either arm j nor arm ¢; for all the

following turns ¢ > s;:
N 2 log(@) = 2 log(§(¢))
X, 2SN\ X A R
N e SV e e

Thus, between arm ¢; and j, the algorithm will always prefer arm j. Therefore, there will be a time s such
that, for some arm i, # i1, j, we have

Tiz (82) = ¢)(T, Tj(52)> G)

By the same argument, neither arm i, nor ¢; (nor j) can be pulled in the following turns ¢ > ss. Since there
are m — 1 arms different from j, this argument repeats m — 1 times, until we have that

Ty(s) = 6(r Tj(s:),G) Vi #j.

Since by assumption the number of times the algorithm pulls arm j never changes, at turn ¢ we have
T;(s;) = T;(t — 1) Vi. Thus, after (m — 1)¢(r, T;(t — 1), G) pulls, the algorithm will prefer arm j to all
the other arms. This means arm j will be pulled the next turn, leading to a contradiction. Thus after at most
(m —1)¢(r, T;(t — 1), G) turns, the algorithm must have pulled arm j once more.

Now that we can compute the turns at which the algorithm will have pulled arm j for at least the [7);(t—1)+1]th
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time, we can define the minimum number of times x,, that the algorithm will play arm j during a game of n
rounds:

zp, =max{T;(t—1) e N: (m—-1)¢(r,T;(t —1),G) < n}+1.

Intuitively, the term max {7;(t — 1) € N : (m — 1)¢(r, T;(t — 1), G) < n} is the maximum number of pulls
to arm j such that the next pull is still possible before the game ends. Therefore, by adding one more pull, x,,
counts the minimum number of pulls for arm ;. Note that this proof holds for each arm, so the lower bound on
the number of times the algorithm plays an arm is the same for each arm and depends on the number of arms
m, the range 7, and the maximum number of turns in the game, n.

Lemma 23 is generalization of this result.

~ a

Lemma 23 Suppose the rewards of arm i are bounded in [a;,b;], and let us define r;j; = b, — a;.
When using the UCB soft policy for a game consisting of n turns and a bounded multiplier function
G(t), each arm will be pulled at least x.,,(j) times, where

zn(j) = maxqy>1,yeN: E o(rji, v, G) <np +1,
i#£]j
o | 2 log(€(0))
o(rji,y,G) = minct>7(rj,y),teN 1t > T = [
rht — 2 —
21o t
7(rji,y,G) = minqteN: gg(f(» 2T ¢

&) = 1og<1+,t)> and §(t):log<1+t>.

mings.,, G(s maxssm, G(s)

The proof of this Lemma closely follows the proof of Lemma 22.

During the initialization phase, each arm is pulled once, so by turn ¢ = m we have that T;(m) = 1 Vi. Let us
consider arm j, and ¢ > m. After arm j has been played T (¢ — 1) times, the algorithm will play arm j for the
(T;j(t — 1) + 1)-th time when the following condition is met:

S [2log(t) o | [2log(t) .,
j+ 7Tj(t—]_)>Xi+ Ti(t_l)VZ#].

Since rewards are bounded in [a;, b;] Vi, we have that X j = aj and X i < b;. Let us define

Then,

210%(@) 2 log(£(t) 2 log(¢ 2 log(&(t)) . , .
YN Te-y TV Te-n t—1 it X N T t—l N Te-n T

The algorithm is forced to play arm j at time ¢ when each of the T;(¢ — 1)’s are large enough so that the

following holds:
2 log(£(2)) 2 log
N R | e (79

56



REGULATING GREED OVER TIME IN MULTI-ARMED BANDITS

We want to solve (79) for T;(¢ — 1), to see how many times the algorithm is required to pull each arm i # j to
satisfy (79), which can be rewritten as:

2 log(£(t)) 2 log(&(t)) .,
\/Ti(t—l) <\/Tj(t—1) — Tji Vl?é]- (80)

. 2log(£(t))
T(Tji,Tj(t — 1)) =mint>m: \/E > T4

For t < 7(r;;, T;(t — 1)), there is no solution to inequality (80) for T} (¢ — 1) (because the right hand side of
(80) is negative), and therefore arm j is not necessarily being pulled in turns ¢ < 7(r;;, T;(t — 1)).
Fort > 7(r;;, T;(t — 1)), for (80) to hold, we need that Vi # j

2 log(£(t)) 2 log(£(1)) 2 log(£(1))
Ti-1 <t oe-y 2 Te-)

2 log(&(1))

2 log(£(t)) 2 log(£(t)) .
%+ T 2’7%’m

Let us define

54 Tl(t—l) >

Let us define

2 log(£(1))

2 log(£(t)) 2 log(&(1))
it e - %‘im

We will show that the algorithm will have pulled arm j for the (T (¢ — 1) + 1)-th time before or at round

Z ¢(’I‘ji,Tj(t - 1))

i#]

(b(rjinj(t — 1)) =min< t € {T(’I“jz',Tj(lf — 1)), s 77’L} it >

In order to prove this, assume for the sake of contradiction that the algorithm has played the j-th arm T} (¢ — 1)
times at turn ¢, and will not play arm j thereafter. Then, there will eventually be a time s; such that for some
arm 27 we have

T, (s1) = ¢(rji,, Tj(s1)).

In other words, we will play arm ¢; at least T;, (s1) times. By definition of ¢(7;,, T;(s1)), this means that

210g(&(s1)) o, [21os(€(s1))

Thus, between arm 7; and j, the algorithm will always prefer arm j. Since by assumption the algorithm does
not play arm j, it will not choose either arm j nor arm i; for all the following turns ¢ > s1:

S 2log(t) & 2 log(t)
X, X; VE> sy
TN ST Iy T

Therefore, there will be a time sy such that, for some arm i5 # i1, j, we have

T;, (s2) = ¢(riy, Tj(52)).
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By the same argument, neither arm %2 nor ¢; (nor j) can be pulled in the following turns ¢ > ss. This argument
repeats for all the arms, until we have that

Ti(si) = (rji, Tj(si)) Vi#j.
Since by assumption the number of times the algorithm pulls arm j never changes, at turn ¢ we have
Tj(s;) = Tj(t — 1) Vi. Thus, after » -, Ti(s;) = >2,4; ¢(rji, Tj(t — 1)) pulls, the algorithm will prefer
arm j to all the other arms. This means arm j will be pulled the next turn, leading to a contradiction. Thus
after at most  _,,; ¢(rji, T;(t — 1)) turns, the algorithm must have pulled arm j once more.
Now that we can compute the turns at which the algorithm will have pulled arm j for at least the [T} (¢ —1)+1]th

time, we can define the minimum number of times x,,(j) that the algorithm will play arm j during a game of
n rounds:

2n(j) = max { Tj(t—1) € N: > (i, Tyt —1)) <m p + 1.
i#]
Intuitively, the term max {Tj(t —1) eN:Y 0, o(r, Ti(t— 1)) < n} is the maximum number of pulls to

arm j such that the next pull is still possible before the game ends. Therefore, by adding one more pull, z,,(5)
counts the minimum number of pulls for arm j.
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Appendix E. Regret bound proof for regulating greed with variable arm pool size

Proposition 24 Let us call A;fmt = pu*=™t — p; the difference between the mean reward of the
myth-best arm and the mean reward of arm j (following definition, A; = A;_l and p* = p*~1). Let
us define the following events:
A = {Xj,Tj(t—l) > X*—mt,T*,mt(t—n}a
. ASTT
B = Xj’Tj(tfl) > 127 + ]2 5
. AN
C = (Xeme-y<p ™™ -5 '
Then,
AC(BUC). @81)

Intuitively, inclusion (81) means that we play arm j when we underestimate the mean reward of the mth
best arm, or when we overestimate that of arm j. Assume for the sake of contradiction that there exists an

element w € A that does not belong to B U C.. Then, we have thatw € (B U C)°©

- AT - A\ ©
= w € Xjmyen) > ps+ —5— 0 U Xaome 1, o) <p7 = =5 (82)

N x—my _ N
= w € {Xj,Tj(tl) < pi+ ]2 } n {X*mt,nmt(tl) >ptm — J2 } (83)
By definition we have p*~"t — ;;H = [y — ”*7";_“1 _ ";“rw = pj+ ;zm . From the inequalities
given in (83) it follows that
~ AFT AT
Xeomy T, (t-1) = 7 = ]2 =+ > Xj1(t-1)

but this contradicts our assumption that w € A = {)A(j,Tj(t,l) > )?*,mt,;p*fmt(t,l) }
Therefore, all elements of A belong to B U C.

Theorem 12 The bound on the mean regret E[R,,] at time n is given by

n

E[R,) <) ) AjG(f)m%ﬂj,

t=1 j=1

where
gl ([ 4 g T
(t) = () ——t
B0 =ToB(OO ™" + s

First step: Derivation of E[R,,].

The total mean regret of a game Z = {I;}}_; at round n is given by

n

Ry => > A;G(t)l,—p, (84)

t=1 j=1
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where G(t) is the greed function evaluated at time ¢, 1;7,—;y is an indicator function equal to 1 if arm j is
played at time ¢ (otherwise its value is 0) and A; = p* — p; is the difference between the mean of the best arm
reward distribution and the mean of the j’s arm reward distribution. Similarly, A;_mt = '™ — pj is the
difference between the mean reward of the m;th-best arm and the mean reward of arm j (with this definition
we can also write A; = A;fl and p* = p*~1). By taking the expectation with respect to the policy of (84)
we get

n

E[R,] Z

Z ( 5.5 (t—1) >X1T(t 1) foratleast m —m; indexes z) (85)

where m; is the size of the pool of arms at time ¢, defined by m; = min (m, max (1, {%J ) >

Second step: Upper bound on P ()?j,Tj(t_l) > )?i7Ti(t_1) for at least m — m, indexes z)

We have that
P ( Aijj(t,l) > Xi,Ti(tq) for at least m — m; indexes z)

<P (Xj,Tj(t—l) > X*—mt,T*,mt(t—l))

R x—m ~ AT
<P (XLTj(t—l) > pj+ J2 ) +P (X*,T*(t—l) <ptmm = J2> (86)

the last inequality follows from Proposition 24.

[ Third step: Upper bound for (86). ]

Let us consider the first term of (86) (the computations for the second term are similar),

A*Tme AXTTE
T ) I YL CUEIEPE PRIy
A*T™Mt AYTT
= Z]P’( (t—1)=s|Xjs > pj+ 12 >1P’<Xj,5>uj+ ]2 )
AR

< ZIP( (t—1)=s

where in the last inequality we used the Hoeffding’s bound’.

s(A;_mt )2

XJS>HJ+ z >627 87)

2

Fourth step: Upper bound for (87).

Let us define TjR(t — 1) as the number of times arm j is played at random when the pool size is full before
round ¢ starts, and let us define

- oo 5) -

7. Hoeffding’s bound: Let X1, - - - , X, be r.v. bounded in [a;, b;] V. Let X= % Ty Xiand p = ]E[)?}
2_2

Then, P ()/(\' — > 5) < exp{*%}'
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Then,
< S TR B T e
®7) < §;<jWJw» 2 g+ >+L§L5
< ; <j(t—1)—sz’52uj+ 5 >+A§€ P
< e[ ¢ i) 2 e
= SZ:; (j(t—l)SSXj,sZNj‘F 5 >+A§€ 2
2 (a2
< NJP(TRE—1) < A) + Weffp\d (88)
a2

where for the first | A; | terms of the sum we upper-bounded e~ =" by 1, and for the remaining terms we used

) - . A2
the fact that Z(Eitjﬂ e ks < 2e7k* where in our case k = .

[ Fifth step: Upper bound for P (T]*(t — 1) < \y). ]

Since T}*(t — 1) is a sum of A = 22:1 1 {ms = m} independent Bernoulli r.v. with parameter 1/m,

we have that
Lo e ) o)
Var(TF(t - 1) % (1 - %) Sz:ﬂ {min (m,max (1, {%&)D) — m} < E[TR(t - 1)),

and, using the Bernstein inequality P(S,, < E[S,] —a) < exp{f%} with S,, = TJR(t — 1) and
a = sE[TF(t—-1)],

E[T}7(¢ - 1)]

PTft-1)<xn) = P (TJR(t - 1) <E[Tf(t-1)] - %E[T].R(t - 1)])

Y R L )
PRI - 1)+ BT 1)

41 1
= exp {—58E[T]R(t - 1)}} = exp {—5)\t} : (89)

IN

In order to bound (89) we need A; > ~log(t) with v > 5 so that P(Tf{(t — 1) < \;) < ts.

s ~

Remark 11. If G(t) does not satisfy the requirement that \; > ~log(t) it is easy to construct a new
multiplier function G’ (t) by first finding the set S = {t : \; > [ylog(t — 1)]} and then by defining

G(s) = (c—=1)/s forse{t,t+1,---,t+2m}ifse S
G(s) otherwise.

If we do use G’ (t) instead of G(t) in the algorithm, the bound holds for G’ (¢) instead of G(t).
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[ Sixth step: Bringing together all bounding quantities.

We have that (88) is bounded by

BYF(t) = ’ylog(t)(t)—v/S n Lt_w
J (A2

The computations for the second term in (87) are similar, therefore

BIR < 3050 80002 87 (1)
t=1 j=1

my
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Appendix F. Regret bound proof for the UCB soft mortal algorithm

Proposition 25 The event

~ . 2 10g§ resen t— s, ~ - 2 logf resen (t — 37;*)
A= {X] + wfuture(],t)\/ " r( ]) > Xz? + ¢futur6(ltvt)\/ ,157 (t t_ 1) t
(2

T;(t-1) :

is included in B U C U D, where

-~ . 2log &,y t— s
B = {Xﬁ < ,Ufzz - wfuture(lt7t)\/ jf ezinf 1) Zt) }

5
t

= . 2log fpresent(t _ Sj)
C = X > i + uture 7t
{ i > g+ Vurure(J )\/ T;(t—1)

. 2 log gpresenl(t - Sj)
D = & = '<2¢uure Jyt .
{:U’t 122} fut ( )\/ jwj(t_l)

The inclusion A C (B U C U D) intuitively means that if the algorithm is choosing to play suboptimal
arm j at turn t, then it is underestimating the best arm available (event B), or it is overestimating arm
7 (event C), or it has not pulled enough times arm j to distinguish its performance from the one of
arm i} (event D).

For the sake of contradiction let us assume there exists w € A such that w € (B UC U D)C. Then, for that
w, none of the inequalities that define the events B, C, and D would hold, i.e. (using, in order, the inequality
in B, then the one in D, then the one in C):

- 2 log 5 resent(t - 51:)
i Z /14;‘ - wfulure(zt ) t)\/ Tp (t _ 1) ’

=

*
t

. 210 T nt—S‘ » 210g§r nt—S‘*
Hj + wauture(], t)\/ gjg"p E:;e_t(l) ]) - wfuture(l t)\/ prese [( Zt)
J

v

to Tl: (t — 1)
~ ) 21o t—s; » 2log & n(t—Si;)
> 5 s ) gy )
J i

which contradicts w € A.

Proposition 26 When

8 2 .7t lo resen t—s;
jy(t—l) > ’V wfuture(] ) %gp t( ])—‘

"
5%t

event D in Preposition 25 can not happen.
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In fact,

. 2 108; gpresent@ - Sj)
= 1y — 2 (o
tiz = tg — 2Vfuure (J )\/ Tt 1)

2 IOg fpregem (t - Sj)

> i =ty — 2V (45 )
81#3,1“,0 (jat) log gpresenl(t_sj)
e
S o ( ) t) log gpresent(t - Sj)Aii;f
> ir — i — 29p ) -
H — 1 wurel] 4wf2ulure(] :1)10g Epresent (T — s5)

priz = pij — Ajiz = 0.

The proof of the following theorem follows steps similar to the proof of the UCB-L algorithm presented in
Traca et al. (2019).

Theorem 13 Let Uf;l L% be a partition of L; into epochs with different best available arm, s and [5
be the first and last step of epoch L%, and for each epoch let u; , be defined as

uture ‘a t)1 resen. t—sj
Uj7z _ max Swfl‘ (j ) Oggf[’ l( 8]) ; (90)
te{sz, 12} ALZ
where
Aj,i;f = Aj,z fort € L; 91

Then, the bound on the mean regret E[R,,] at time n is given by
E;
. . M
ElRn] < D GWAjir+ > D) <tng%)]c_ G(t>> Ajomin (15 = 53, g1,
JEM] JEM z=1
where
_4 ; _4 i
ﬁM — 'Ufj,z+ (t*Si* )(t*Sj 7uj,z+1) 5presenr(t _ Sj) 2 #’fumm(],t) + £presenr(t _ Si*) ) qumre(lt ,t) . (92)
J t t

teL?
t>my

First step: Decomposition of E[R,,].

Let us partition the set of steps L; during which arm j is available into E; epochs L%, such that
“UP L= 1,

. L;l QL? = 0 if 21 # 2o,

o i F£itift e L; Yand s € L’;T2 (i.e., if different epochs have different best arm available).

Since during the same epoch the best arm available does not change, let us define

A]’,i: = Aj,z fort € Lj, (93)
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and s7 = min L7, [ = max L7 the first and last step of epoch L?.

‘We have that
Ry o= > G +), Y GOAI{teI()} 94)
JjEM; JEM teL;
t>mr
< .
< Y Aty Z (%rel%XG ) e > H{teI()} 95)
JEMy JEM =z=1 teL?
t>mr
Let us call
TP = > H{teI()}
tel;
t>mg

the total number of times we choose arm j in epoch z during the game (after initialization). Then, by taking
the expectation with respect to the policy of (95) we get

B[R] = > GU)Au:; + ) Z(?g%xG )Aj,zE[Tf(li)]- (96)

JEM; JEM =z=1

Therefore, finding an upper bound for the expected value of (94) can be accomplished by bounding the
expected value of T7(I%).

Second step: Decomposition of 77 (1%).

Recall that with T (¢ — 1) we indicate the number of times we played arm j before turn ¢ starts. For any
integer u; ., we can write

TP(Z) =uj=+ > W{teI(G),Ty(t—1) > u;.}
teLJz.
t>myg

Uj,z

~ . 21lo s.(t — s = o
+ Z 14 X5 + (4, t) M > Xix 4+ (7, 1)
er T;(t—1) t

J

t>my

2 1Og gpfes (t - szt )
T’Lt (t - 1)

Tt —1) > u]‘,z}

< Uj,z

t—s; tSix 2log épm (t 2log £Pf€* (t— SZ?)
+ > > Z 19X + v (G, t >X + P (iF :
tEL kj=uj . k; = =1

t>m1

Therefore we can find an upper bound for the expectation of sz(lj ) by finding an upper bound for the
probability of the event

~ . 21o ent(t — S5 ~ . 2log¥¢, t— s
A= {Xj + ¢future(], t)\/ ggpres]:r_n( ]) > XiZ + wfuture(’tt ) t)\/ PI‘ES]:I.H( ) } .
J i

[ Third step: Upper bound for E[T7 (I%)]. ]

2 j —s7 . ‘e ..
} [%—‘ and using Proposition 25 and Proposition 26,

By choosing u; , = MaXe fsz,... 12 _
1,Z

we have that,

N . 21og Epresent (t — ;%) —~ . 2log & t—s;
AC ({Xzz‘ < P‘i;‘ - wfuturc(zt 7t)\j k—lt U Xj > Mg + ¢futurc(]7 t) W . (97)
iy J
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Using Hoeffding’s® bound we have that

2 log Epres. (t—siz )

2 12 (%
& ok 2 log €pres. (t — 81;‘) Qk’: wﬂ“' (Zt ) t) kq
P\ Xy < gy — thr (3, 1) W < expl — o2
4 <k
— gprcs, (t _ Siz‘ )_ ﬁwful.(lf, ,t)
22 (. 4\ 21ogEpres.(t—s;)
o , 21og Epres. (t — 55) 2k h (4, ) ——%
P X; i u. (7, — = 7/ < _ J
( i >ty + PG, 1) Tt — 1) < exp e

4 .
= gpres, (t — Sj)7 ﬁ’/’rm.(],t) )

Using the inclusion in (97) in combination with Hoeffding’s bounds, we have that

E[T7(5)] < uj.z

Lo by [
e . 2lo res. (¢ — S S e 2 lOg gpres_ (t - Si*)
+ Z Z Z P Xj + ¢fut,(]7t) w > Xz: + wfun(lt 7t) k—t
teLi kj=uj .z kix=1 7 i

k2
t>my
t—

t—s; Si;‘
4 <k _ 4 .
Syt Z Z Z |:€PresA(t - slf) vz Y () + &pres.(t — 55) 77 wfu"<]’t):|

teLi kj=uj. kix=1

t>my
—ujet Y (st s s D) {fpres(t — ) IO L (- i f%w““@’t)} ™
teL?
t>mp
Fourth step: Upper bound for E[R,]. ]

Combining (98) with (96) we get that the bound on the cumulative regret is given by

Ej
E[R.] < > GWAs+ > > (max G(t)) Ajz x min (I — s,

teE;
JEM] JEM z=1 cEj

— A e (G A o (¥
Uj,z + Z (t — si;ﬁ)(t — 8 —Uj 2 + 1) [Epres.(t — Sj) ﬁwm(.(],t) 4 fpres.(t _ sz;‘) ﬁwtu(_(lt 1t)i| )
tGL;
t>my

Notice that if Ve (4,t) = 1, G(t) = 1, s; = 0 and [; > n Vj, t, you can recover the bound of the

standard UCB algorithm used in the stochastic case. (Note that you should use P > 2 instead of 2 when r is
not 1 to create the UCB.)

8. Hoeffding’s bound: Let X1, - , Xy, be r.v. bounded in [a;, b;] Vi. Let X = 1 52 | X; and p = E[X].
2_2

Then,IP’()?—/,L 25) < exp{—%}.
i=171 %

. . . . . 21o sent (t—5 5
In our case, n is k; or kiz, b; — a; is v, p is p; or Hiz s and ¢ is wfmure(],t),/g%ra%”j(l)’) or

" 2log Eprcscm(tfsiz< )
¢fulure(7ft 7t) Ti;‘ (t—1)
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Figure 16: Shapes of the multiplier functions used in the experiments.

(a) The Wave Greed (b) The Christmas Greed (c) The Step Greed
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Appendix G. Experiments in a simulated environment

We present plots on the average final rewards in different settings for each type of the greed functions introduced
in Section 4 (Wave, Step, and Christmas) and shown again in Figure 16.

The red part of the bars indicate the portion of the final cumulative rewards coming from “pure exploitation”.
The definition of “pure exploitation” depends on the algorithm used:

e pure exploitation in e-greedy algorithms: when the algorithms decide to exploit. This is forced in
algorithms with threshold when the greed function is above that threshold;

e pure exploitation in UCB algorithms: when the arm played has the highest estimated mean reward. This
is forced in algorithms with threshold when the greed function is above that threshold;

e pure exploitation in the variable-pool algorithm: when the pool size is 1.

The rewards are generated from Bernoulli distributions (each arm has probability of success drawn from
a Uniform distribution in [0, 1]) or from Truncated-Normal distributions (each arm has mean drawn from a
Uniform distribution in [0, 1] and standard deviation equal to 1, and the rewards are bounded in [0, 1]). The list
of figures regarding experiments in various settings that used a Wave-type greed function is reported in Table
7, the list of the ones using a Step-type greed function is reported in Table 8, and the list of the ones using a
Christmas-type greed function is reported in Table 9.

We also report the average increase in rewards with respect to the (smarter) versions of the standard
e-greedy algorithm (Algorithm 6) and the standard UCB algorithm (Algorithm 7). The list of figures that
show the average percentage increase in rewards is reported in Table 10. In these plots, on the x-axis there are
different combinations of number of arms and number of turns played in each game (for example, 100a, 1500¢
means that there were 100 arms and the game had 1500 turns.) On the y-axis is reported the average increase in
rewards for each of the algorithms that regulate greed over time. For example, each dot in Figure 29 represents
the percentage increase of rewards for a regulating greed over time algorithm compared with the standard
e-greedy algorithm. The reward multiplier function is Wave-type greed function. For instance, the green circle
in the upper left indicates that there was a 68% increase in rewards of Soft e-greedy as compared with smarter
e-greedy for a simulation with 25 arms and 500 rounds. The plot shows that across different numbers of arms,
across different rounds, the algorithms that regulate greed over time generally increase rewards by anywhere
between 10 and 80%.
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Table 7: List of the figures showing the final cumulative rewards when using a Wave-type greed function.

Figure | Number of arms | Number of turns | Reward distribution
" 17a 25 500 Bernoulli
I 17b 25 500 Truncated Normal
| 18a 50 500 Bernoulli
I 18b 50 500 Truncated Normal
| 19a 100 500 Bernoulli
I 19b 100 500 Truncated Normal
| 20a 200 500 Bernoulli
I 20b 200 500 Truncated Normal
| 2la 25 1000 Bernoulli
I 21b 25 1000 Truncated Normal
| 22a 50 1000 Bernoulli
I 22b 50 1000 Truncated Normal
| 23a 100 1000 Bernoulli
I 23b 100 1000 Truncated Normal
| 24a 200 1000 Bernoulli
| 24b 200 1000 Truncated Normal
| 25a 25 1500 Bernoulli
I 25b 25 1500 Truncated Normal
| 26a 50 1500 Bernoulli
| 26b 50 1500 Truncated Normal
| 27a 100 1500 Bernoulli
| 27b 100 1500 Truncated Normal
| 28a 200 1500 Bernoulli
| 28b 200 1500 Truncated Normal
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Table 8: List of the figures showing the final cumulative rewards when using a Step-type greed function.

Figure | Number of arms | Number of turns | Reward distribution
| 33a 25 500 Bernoulli
I 33b 25 500 Truncated Normal
| 34a 50 500 Bernoulli
| 34b 50 500 Truncated Normal
| 35a 100 500 Bernoulli
| 35b 100 500 Truncated Normal
| 36a 200 500 Bernoulli
| 36b 200 500 Truncated Normal
| 37a 25 1000 Bernoulli
I 37b 25 1000 Truncated Normal
| 38a 50 1000 Bernoulli
| 38b 50 1000 Truncated Normal
| 39a 100 1000 Bernoulli
39 100 1000 Truncated Normal
| 40a 200 1000 Bernoulli
| 40b 200 1000 Truncated Normal
| 41a 25 1500 Bernoulli
| 41b 25 1500 Truncated Normal
| 42a 50 1500 Bernoulli
| 42b 50 1500 Truncated Normal
| 43a 100 1500 Bernoulli
| 43b 100 1500 Truncated Normal
| 44a 200 1500 Bernoulli
| 44b 200 1500 Truncated Normal
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Table 9: List of the figures showing the final cumulative rewards when using a Christmas-type greed function.

Figure | Number of arms | Number of turns | Reward distribution
| 49a 25 500 Bernoulli
| 49b 25 500 Truncated Normal
| 50a 50 500 Bernoulli
| 50b 50 500 Truncated Normal
" 5la 100 500 Bernoulli
I 51b 100 500 Truncated Normal
| 52a 200 500 Bernoulli
I 52b 200 500 Truncated Normal
| 53a 25 1000 Bernoulli
| 53b 25 1000 Truncated Normal
| 54a 50 1000 Bernoulli
| 54b 50 1000 Truncated Normal
| 55a 100 1000 Bernoulli
| 55b 100 1000 Truncated Normal
| 56a 200 1000 Bernoulli
| 56b 200 1000 Truncated Normal
| 57a 25 1500 Bernoulli
I 57b 25 1500 Truncated Normal
| 58a 50 1500 Bernoulli
| 58b 50 1500 Truncated Normal
| 59a 100 1500 Bernoulli
59 100 1500 Truncated Normal
| 60a 200 1500 Bernoulli
I 60b 200 1500 Truncated Normal

Table 10: List of the figures showing the average increase in rewards with respect to the (smarter) versions of
the standard e-greedy algorithm (Algorithm 6) and the standard UCB algorithm (Algorithm 7).

Figure | Greed function | Baseline | Reward distribution
29 Wave e-greedy Bernoulli
30 Wave UCB Bernoulli
31 Wave e-greedy Truncated Normal
32 Wave UCB Truncated Normal
45 Step e-greedy Bernoulli
46 Step UCB Bernoulli
47 Step e-greedy Truncated Normal
48 Step UCB Truncated Normal
6l Christmas e-greedy Bernoulli
62 Christmas UCB Bernoulli
63 Christmas e-greedy Truncated Normal
64 Christmas UCB Truncated Normal
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Figure 17: Comparison of average final rewards in games with 25 arms, 500 turns, and a Wave-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 18: Comparison of average final rewards in games with 50 arms, 500 turns, and a Wave-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 19: Comparison of average final rewards in games with 100 arms, 500 turns, and a Wave-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 20: Comparison of average final rewards in games with 200 arms, 500 turns, and a Wave-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.

8000
4000
60
3000
4000
2000
1000 2000
0 0
2 > 1
5 S ; ) S ps. )

& $ 5

S
S

3 )
P § E &

;
&

N
%

&
R
&

S & R S
& 2 V2 2 ,,o'“s» § &8
& &
@Q”

&
o &
&

s
5%

Figure 21: Comparison of average final rewards in games with 25 arms, 1000 turns, and a Wave-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 22: Comparison of average final rewards in games with 50 arms, 1000 turns, and a Wave-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 23: Comparison of average final rewards in games with 100 arms, 1000 turns, and a Wave-type greed
function.

(a) Rewards from Bernoulli distributions.
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(b) Rewards from truncated Normal distributions.
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Figure 24: Comparison of average final rewards in games with 200 arms, 1000 turns, and a Wave-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 25: Comparison of average final rewards in games with 25 arms, 1500 turns, and a Wave-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 26: Comparison of average final rewards in games with 50 arms, 1500 turns, and a Wave-type greed

function.

(a) Rewards from Bernoulli distributions.
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(b) Rewards from truncated Normal distributions.
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Figure 27: Comparison of average final rewards in games with 100 arms, 1500 turns, and a Wave-type greed

function.
(a) Rewards from Bernoulli distributions.

15000

10000

5000

P

2
& ¢ s
S ®
$ ¥ &
&
K

< <
& $ &

(b) Rewards from truncated Normal distributions.
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Figure 28: Comparison of average final rewards in games with 200 arms, 1500 turns, and a Wave-type greed

function.

(a) Rewards from Bernoulli distributions.
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(b) Rewards from truncated Normal distributions.
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Figure 29: Average increase in rewards (coming from Bernoulli distributions) compared to the (smarter)
version of the e-greedy algorithm (Algorithm 7) with a Wave-type greed function.
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Figure 30: Average increase in rewards (coming from Bernoulli distributions) compared to the (smarter)
version of the UCB algorithm (Algorithm 7) with a Wave-type greed function.
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Figure 31: Average increase in rewards (coming from Truncated-Normal distributions) compared to the
(smarter) version of the e-greedy algorithm (Algorithm 6) with a Wave-type greed function.
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Figure 32: Average increase in rewards (coming from Truncated-Normal distributions) compared to the
(smarter) version of the UCB algorithm (Algorithm 7) with a Wave-type greed function.
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Figure 33: Comparison of average final rewards in games with 25 arms, 500 turns, and a Step-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 34: Comparison of average final rewards in games with 50 arms, 500 turns, and a Step-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 35: Comparison of average final rewards in games with 100 arms, 500 turns, and a Step-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 36: Comparison of average final rewards in games with 200 arms, 500 turns, and a Step-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 37: Comparison of average final rewards in games with 25 arms, 1000 turns, and a Step-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 38: Comparison of average final rewards in games with 50 arms, 1000 turns, and a Step-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 39: Comparison of average final rewards in games with 100 arms, 1000 turns, and a Step-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 40: Comparison of average final rewards in games with 200 arms, 1000 turns, and a Step-type greed
function.
(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 41: Comparison of average final rewards in games with 25 arms, 1500 turns, and a Step-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 42: Comparison of average final rewards in games with 50 arms, 1500 turns, and a Step-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 43: Comparison of average final rewards in games with 100 arms, 1500 turns, and a Step-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 44: Comparison of average final rewards in games with 200 arms, 1500 turns, and a Step-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.

15000 25000
220000
10000 15000
5000 10000
5000
0 ]

m@’@ < . 0}9 4 Q&y ao\vé 4 o"‘b?& %@\W : \\009.#"\ < 0}9@6&\ 0@’ BOK\/Q@W& o@?&\ éfwé}

<« «9”@ Nl N ol ‘é’(}o &@«/ N

80



REGULATING GREED OVER TIME IN MULTI-ARMED BANDITS

Figure 45: Average increase in rewards (coming from Bernoulli distributions) compared to the (smarter)
version of the e-greedy algorithm (Algorithm 6) with a Step-type greed function.
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Figure 46: Average increase in rewards (coming from Bernoulli distributions) compared to the (smarter)
version of the UCB algorithm (Algorithm 7) with a Step-type greed function.
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Figure 47: Average increase in rewards (coming from Truncated-Normal distributions) compared to the
(smarter) version of the e-greedy algorithm (Algorithm 6) with a Step-type greed function.
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Figure 48: Average increase in rewards (coming from Truncated-Normal distributions) compared to the
(smarter) version of the UCB algorithm (Algorithm 7) with a Step-type greed function.
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Figure 49: Comparison of average final rewards in games with 25 arms, 500 turns, and a Christmas-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
5000
8000
4000
6000
3000
4000
2000
1000 2000
0 ]
Y i Y ¥ S & & Y 4 Y ¥ S & 3
& K & > & < & & o4 & /e°
o8 S I P, o5 T ST
& 8 & & S
<« & « N

Figure 50: Comparison of average final rewards in games with 50 arms, 500 turns, and a Christmas-type greed
function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 51: Comparison of average final rewards in games with 100 arms, 500 turns, and a Christmas-type
greed function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 52: Comparison of average final rewards in games with 200 arms, 500 turns, and a Christmas-type
greed function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 53: Comparison of average final rewards in games with 25 arms, 1000 turns, and a Christmas-type
greed function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 54: Comparison of average final rewards in games with 50 arms, 1000 turns, and a Christmas-type
greed function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 55: Comparison of average final rewards in games with 100 arms, 1000 turns, and a Christmas-type
greed function.
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Figure 56: Comparison of average final rewards in games with 200 arms, 1000 turns, and a Christmas-type
greed function.
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Figure 57: Comparison of average final rewards in games with 25 arms, 1500 turns, and a Christmas-type

greed
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(b) Rewards from truncated Normal distributions.

1.500e+5
1.000e+5
5.000e+4 I
0.000e+0
Vv ‘(\ S
o & » o ) $ &
& & RS & 7 5
S S S & o
&7 17 7 N &
& & £ &
& & 5
<



TRACA, RUDIN, YAN

Figure 58: Comparison of average final rewards in games with 50 arms, 1500 turns, and a Christmas-type
greed function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 59: Comparison of average final rewards in games with 100 arms, 1500 turns, and a Christmas-type
greed function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
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Figure 60: Comparison of average final rewards in games with 200 arms, 1500 turns, and a Christmas-type
greed function.

(a) Rewards from Bernoulli distributions. (b) Rewards from truncated Normal distributions.
1.000e+5
1.500e+5
8.000e+4
6.000e+4 1.000e+5
4.000e+4
5.000e+4
2.000e+4
0.000e+0 0.000e+0
S & 3 ¥ S & o o ® iy [ S § N
09& R ﬁ&b & (\9& &Q’? c\j 9@0 RS & e q@“b & L 0\99“()
& & K & 5 @“y & N &
< & &° & & ,é;*&

86



REGULATING GREED OVER TIME IN MULTI-ARMED BANDITS

Figure 61: Average increase in rewards (coming from Bernoulli distributions) compared to the (smarter)
version of the e-greedy algorithm (Algorithm 6) with a Christmas-type greed function.
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Figure 62: Average increase in rewards (coming from Bernoulli distributions) compared to the (smarter)
version of the UCB algorithm (Algorithm 7) with a Christmas-type greed function.
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Figure 63: Average increase in rewards (coming from Truncated-Normal distributions) compared to the
(smarter) version of the e-greedy algorithm (Algorithm 6) with a Christmas-type greed function.
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Figure 64: Average increase in rewards (coming from Truncated-Normal distributions) compared to the
(smarter) version of the UCB algorithm (Algorithm 7) with a Christmas-type greed function.
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Table 11: Raw structure of the Yahoo! dataset. Each user receives a personalized recommendation. The value
of G(t) is computed by binning records that appear within a second.

turn | timestamp user | displayed article | cliced? | article pool | G(t)
1 1317513291 | wuserl 1d-560620 0 id-560620, ... | 32
2 1317513291 | user2 id-565648 0 id-560620, ... | 32
3 1317513291 | wuser3 id-563115 1 id-560620, ... | 32
32 | 1317513291 | user32 id-563115 0 id-560620, ... | 32
33 | 1317513292 | user33 id-552077 1 id-552077, ... | 13
34 | 1317513292 | user34 id-564335 0 id-552077, ... | 13

45 | 1317513292 | userd5 id-564335 1 id-552077, ... | 13

Appendix H. Experiment details
H.1 Offline evaluation methodology

Each entry of the Yahoo! Webscope dataset contains information on:
e the arm pulled (which is the article shown to the human viewing articles on Yahoo!);
e the outcome (whether the article was clicked or not);
e the pool of arms (articles) available at that time and the associated timestamp.

A unique property of this dataset is that the displayed article was chosen uniformly at random from a pool of
available articles. Therefore, it is possible to use an unbiased offline evaluation method (see Li et al., 2010) to
compare bandit algorithms in a reliable way. The key point of the method is to ignore the events in which the
article chosen at random does not match the article chosen by the algorithm. This means that a large portion of
the dataset gets discarded because it is very common that the random choice and the algorithm choice do not
match. In the initialization phase, we made the simulation faster and simpler: by pre-scanning the dataset, we
can detect the articles that never match the recommendations chosen by the algorithm, and therefore we do not
initialize such articles.

A difference that the Yahoo! dataset has from our setting is that each visitor receives a different article
recommendation (as opposed to customers receiving the same recommendation as is common in application
like retail). Table 11 shows how the data is structured in the Yahoo! dataset, while Table 12 shows how the data
is expected by the setting described Section 3.1. In order to reconcile this difference, we follow the structure
of the event stream, treating each turn associated with one user, but we use G(¢) to decide at each turn how to
balance exploration and exploitation according to the strategy of our algorithms.

H.2 Choice of the parameters

The algorithms have some tunable parameters. Table 13 lists the parameters chosen for each algorithm. They
were chosen by tuning them on a small sample of the data. In practice, it is always useful to have data that
resembles the one that the algorithm will use so that parameters can be tuned. The value of z = 31 corresponds
to the 75th quantile of G/(t).
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Table 12: Expected structure of the dataset following the setting described in Section 3.1. Visitors are binned
in groups of size G(t) and they all receive the same recommendation.

turn | timestamp user | displayed article | clicked? | article pool | G(t)
1 1317513291 | userl 1d-560620 0 id-560620, ... | 32
user2
user3

user32
2 1317513292 | user33 1d-552077 1 1d-552077, ... 13
user34

userd5

Table 13: Parameters of the algorithms used in the simulation.

algorithm hyperparameters
e-z Greedy z=31
Variable Pool | ¢ =10,z =31
UCB-L c=0.011
UCB-z z =31

Appendix I. When G(?) is not known exactly

In this Appendix we show how to change the theorems when G(t) is not known. We also show that the final
regret did not change considerably in the simulations when using some standard predictive methods to estimate
G(t + 1) by using the information available in turn ¢.

L1 Adapting regret bound theorems for the case of estimated G ()

The theorems regarding the regret bound on the final cumulative reward are similar to the case when G(t) is
known. Suppose we estimate G(t) with H (¢), where H () is estimated using any method. Then, for example,
Theorem 1 becomes:
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Theorem 27 (e-greedy algorithm with hard threshold and estimated multiplier function) 7he
bound on the mean regret E[R,,] at time n is given by
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and t is the number of times the estimated multiplier H (t) has been under the threshold.

. J

Summations (99) and (100) are the extra addends that appear when the estimator and the true multiplier
function are not both either under or above the threshold z:

e the term in (99) represents the regret incurred when the algorithm balances exploration and exploitation
(because the estimated H (t) is below the threshold z) when it should have been exploiting (because
G(t) is actually above the threshold z);

e the term in (100) represents the regret incurred when the algorithm is exploiting (because the estimated
H (t) is above the threshold z) when it should have been balancing exploration and exploitation (because
G(t) is actually below the threshold z).

Similarly, it is possible to rewrite the regret bound theorems of all the other algorithms for the case when G(t)
is estimated by H (t):

e for the UCB-z algorithm, the regret bound would have two extra terms for when G(¢) and H (¢) are not
above or below the threshold z at the same time;

for the Soft e-greedy algorithm, the regret bound still depends on G (), but ¢(t) depends on H (t);

for the Soft UCB algorithm, the regret bound still depends on G(t), but £(¢) depends on H (t);
e for the variable pool algorithm, the regret bound still depends on G(¢), but A; depends on H (t);

e for the Soft UCB mortal algorithm, the regret bound still depends on G(t), but ¥puwure (7, t) and Epresent (t)
depend on H (t).

I.2 Rewards change when estimating G(¢ + 1) in turn ¢

We used some standard methods for predicting G(¢ + 1) by using the information available in turn ¢:

e simple random walk;

e simple average;
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Figure 65: Final rewards when predicting G (¢) step by step compared to when knowing G(t), with Bernoulli

rewards and Wave-type greed function.

¢ °® ®
3.0% 7 @ é
®
2.0% 1 * 4
® . g A A
1.0% 1 2
¢ °
0.0%] ® o A ®
O
5] @ i
-1.0% 1
: 23
-2.0% 1
H
3.0% ‘ | ‘ ‘ N .
N ) Q2 (] O .
Sl & & e & 5
& & & & & &
& @ & 1% o S
s & & © Y Y
o s 3 S & &
) \@Q\ < ;“@ o‘\e 00@
) 04.\(\@ @.\.Q Q]&
& \Q} 7 e@ 7
B S

e moving average;
e moving weighted average;
e simple exponential smoothing;

e double exponential smoothing.

¢ Epsilon greedy

4 ucB

° Epsilon-z greedy

4 UCB-z

@ Epsilon-soft greedy
# UCB-soft

* Variable pool

The difference in final rewards is not significantly different from when G(t) is known. Figures 65-70 show the
percentage change in final regret from the case of known G(¢) in the simulation.
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Figure 66: Final rewards when predicting G(t) step by step compared to when knowing G(t), with Bernoulli
rewards and Christmas-type greed function.
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Figure 67: Final rewards when predicting G(¢) step by step compared to when knowing G(t), with Bernoulli
rewards and Step-type greed function.
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Figure 68: Final rewards when predicting G(t) step by step compared to when knowing G(t), with Truncated-
Normal rewards and Wave-type greed function.

2.0%

1.5%

1.0%

0.5%

-0.5%

0.0%] ﬁ

B b @
<D
Dbt
=® P> e
¥BH

(/]
) ™ N
4"}0 2 @ S S
Ly & & <° <
©’ & &7 $
L & R\ > Y
o 3 - & &
<& © & &
o )
& o &
) - o/
AX AX
< & S
& ®

* Epsilon greedy
+ucB

° Epsilon-z greedy
+UCB-z

@ Epsilon-soft greedy
# UCB-soft

* Variable pool

Figure 69: Final rewards when predicting G(¢) step by step compared to when knowing G/(t), with Truncated-
Normal rewards and Christmas-type greed function.
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Figure 70: Final rewards when predicting G(t) step by step compared to when knowing G(t), with Truncated-
Normal rewards and Step-type greed function.
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Appendix J. Notation summary

° f (t): upper bound on the probability of considering arm j being the best arm at round ¢ when using
Algorithm 1;

) Bjs (t): upper bound on the probability of considering arm j being the best arm at round ¢ when using
Algorithm 2;

° B}’ld(t): upper bound on the probability of considering arm j being the best arm at round ¢ when using
Algorithm 6;

. ﬁ]U (t): upper bound on the probability of considering arm j being the best arm at round ¢ when using
Algorithm 3;

° 5}”3 (t): upper bound on the probability of considering arm j being the best arm at round ¢ when using
Algorithm 5;

° B]M : upper bound on the expected number of times suboptimal arm 7 is pulled when using Algorithm 8;

e B: set of rounds when the “high reward" zone is entered in Algorithm 3 (B = {t : G(t—1) < z,G(¢t) >
z});

e c: a constant greater than 10 in Algorithm 6;

e A;: difference between the mean reward of the optimal arm and the mean reward of arm j (A; =
Pos — )3

e A, .: difference between the mean reward of the optimal arm in epoch z and the mean reward of arm j;

e d: a constant such that d < min; A; and 0 < d < 1 in Algorithm 6;

e ¢;: probability of exploration at turn ¢ (used in Algorithm 1 and Algorithm 2);

e E;: number of epochs in which L; is partitioned depending on ¢}
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7: lowest value of 1 (t) (7 = minge frm11,... n} ¥(5));

Q

:{1,---,n} = R*: known multiplier function;

I;: arm played at turn ¢;

73 best arm in turn ¢ (mortal case);

k: a constant greater than 10 such that k > 4/(min; A%) in Algorithm 1 and Algorithm 2;
Lj: set of turns during which arm j is available;

L7: epoch z of the set L; depending on 7;;

l;: last turn in L;;

[5: last turn in epoch L7;

ft+«: mean reward of the optimal arm (pt, = maxi<;j<m [;);

m: number of arms;

my: size of the arms pool in Algorithm 5;

M;: set of arms available in turn ¢ (mortal case);

n: number of rounds;

n: number of rounds under the threshold z by the end of the game;

n': particular time defined as km in the comparison between Algorithm 2 and Algorithm 6 in Section
3.3;

1(t): smoothing function used to define the probabilities of exploration ; in Algorithm 2 (see Figure
4);

Yrure (7, ): function that compares the scores of available arms in Algorithm 8;

R,,: total regret at round n;

score;: score given by the sum of the values of G(t) over the lifespan of arm j (mortal case);

s;: first turn in L;;

s5: first turn in epoch L7;

T;(t — 1): number of times arm j has been played before round ¢ starts;

t: number of rounds under the threshold z up to time ¢;

w: first round such that f(s) = km/s is less than v (i.e., w = min{s : f(s) <~});

£(t): smoothing function used to define the decision rule in Algorithm 4,

&present (1)1 smoothing function used to define the decision rule in Algorithm 8;

X (t): unscaled random reward for playing arm j in turn ¢;

X j: current estimate of f1;;

Yi={t:t>yr, G(t) > z,t < ygs1}: set of rounds in the high-reward period entered at time yj;

z: regulating threshold (used in Algorithm 1 and Algorithm 3);
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