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Abstract

In the stochastic multi-armed bandit problem, a
randomized probability matching policy called
Thompson sampling (TS) has shown excellent per-
formance in various reward models. In addition
to the empirical performance, TS has been shown
to achieve asymptotic problem-dependent lower
bounds in several models. However, its optimality
has been mainly addressed under light-tailed or
one-parameter models that belong to exponential
families. In this paper, we consider the optimality
of TS for the Pareto model that has a heavy tail
and is parameterized by two unknown parameters.
Specifically, we discuss the optimality of TS with
probability matching priors that include the Jef-
freys prior and the reference priors. We first prove
that TS with certain probability matching priors
can achieve the optimal regret bound. Then, we
show the suboptimality of TS with other priors,
including the Jeffreys and the reference priors.
Nevertheless, we find that TS with the Jeffreys
and reference priors can achieve the asymptotic
lower bound if one uses a truncation procedure.
These results suggest carefully choosing nonin-
formative priors to avoid suboptimality and show
the effectiveness of truncation procedures in TS-
based policies.

1. Introduction

In the multi-armed bandit (MAB) problem, an agent plays
an arm and observes a reward only from the played arm,
which is partial feedback (Thompson, 1933; Robbins, 1952).
The rewards are further assumed to be generated from the
distribution of the corresponding arm in the stochastic MAB
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problem (Bubeck et al., 2012). Since only partial obser-
vations are available, the agent has to estimate unknown
distributions to guess which arm is optimal while avoiding
playing suboptimal arms that induce loss of resources. Thus,
the agent has to cope with the dilemma of exploration and
exploitation.

In this problem, Thompson sampling (TS), a randomized
Bayesian policy that plays an arm according to the posterior
probability of being optimal, has been widely adopted be-
cause of its outstanding empirical performance (Chapelle
& Li, 2011; Russo et al., 2018). Following its empirical
success, theoretical analysis of TS has been conducted for
several reward models such as Bernoulli models (Agrawal
& Goyal, 2012; Kaufmann et al., 2012), one-dimensional
exponential families (Korda et al., 2013), Gaussian mod-
els (Honda & Takemura, 2014), and bounded support mod-
els (Riou & Honda, 2020; Baudry et al., 2021) where asymp-
totic optimality of TS was established. Here, an algorithm is
said to be asymptotically optimal if it can achieve the theo-
retical problem-dependent lower bound derived by Lai et al.
(1985) for one-parameter models and Burnetas & Katehakis
(1996) for multiparameter or nonparametric models. Note
that the performance of any reasonable algorithms cannot
be better than these lower bounds.

Apart from the problem-dependent regret analysis, sev-
eral works studied the problem-independent or prior-
independent bounds of TS (Bubeck & Liu, 2013; Russo
& Van Roy, 2016; Agrawal & Goyal, 2017). In this paper,
we study how the choice of noninformative priors affects
the performance of TS for any given problem instance. In
other words, we focus on the asymptotic optimality of TS
depending on the choice of noninformative priors.

The asymptotic optimality of TS has been mainly considered
in the one-parameter model, while its optimality under the
multiparameter model has not been well-studied. To the best
of our knowledge, the asymptotic optimality of TS in the
noncompact multiparameter model is only known for the
Gaussian bandits (Honda & Takemura, 2014) where both the
mean and variance are unknown. They showed that TS with
the uniform prior is optimal while TS with the Jeffreys prior
and reference prior cannot achieve the lower bound. The
success of the uniform prior is due to its frequent playing
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of seemingly suboptimal arms. Its conservativeness comes
from a moderate overestimation of the posterior probability
that current suboptimal arms might be optimal.

In this paper, we consider the two-parameter Pareto models
where the tail function is heavy-tailed. We first derive the
closed form of the problem-dependent constant that appears
in the theoretical lower bound in Pareto models, which is
not trivial, unlike those for exponential families. Based on
this result, we show that TS with some probability-matching
priors achieves the optimal bound, which is the first result
for two-parameter Pareto bandit models, to our knowledge.

We further show that TS with different choices of probability
matching priors, called optimistic priors, suffers a polyno-
mial regret in expectation. Therefore, being conservative
would be better when one chooses noninformative priors to
avoid suboptimality in view of expectation. Nevertheless,
we show that TS with the Jeffreys prior or the reference prior
can achieve the optimal regret bound if we add a truncation
procedure on the shape parameter. Our contributions are
summarized as follows:

* We prove the asymptotic optimality/suboptimality of
TS under different choices of priors, which shows the
importance of the choice of noninformative priors in
cases of two-parameter Pareto models.

* We provide another option to achieve optimality:
adding a truncation procedure to the parameter space of
the posterior distribution instead of finding an optimal
prior.

This paper is organized as follows. In Section 2, we formu-
late the stochastic MAB problems under the Pareto distribu-
tion and derive its regret lower bound. Based on the choice
of noninformative priors and their corresponding posteriors,
we formulate TS for the Pareto models and propose another
TS-based algorithm to solve the suboptimality problem of
the Jeffreys prior and the reference prior in Section 3. In
Section 4, we provide the main results on the optimality of
TS and TS with a truncation procedure, whose proof outline
is given in Section 6. Numerical results that support our
theoretical analysis are provided in Section 5.

2. Preliminaries

In this section, we formulate the stochastic MAB problem.
We derive the exact form of the problem-dependent constant
that appears in the lower bound of the expected regret in
Pareto bandits.

2.1. Notations

We consider the stochastic K -armed bandit problem where
the rewards are generated from Pareto distributions with
fixed parameters. An agent chooses an arm ¢ in [K] :=

{1,...,K} ateachround ¢t € N and observes an indepen-
dent and identically distributed reward from Pa(k,, a,),
where Pa(k, ) denotes the Pareto distribution parameter-
ized by scale x > 0 and shape o > 0. This has the density
function of the form

ak®

OE

K,

xa+1]l[x > k), (D
where 1[-] denotes the indicator function. We consider a
bandit model where parameters 6, = (kq,0q) € Ry X
(1, 00) are unknown to the agent. We denote the mean of
a random variable following Pa(6,) by p, = w(6.) =
2224 Note that o > 1 is a necessary condition of an
arm to have a finite mean, which is required to define the
sub-optimality gap A, = max;¢c (k] fti — fla- We assume
without loss of generality that the arm 1 has the maximum
mean for simplicity, i.e., 11 = max;e (k) pi- Let j(t) be the
arm played at round ¢t € N and N, (t) = Zi;ll 1[j(s) =
a] denote the number of rounds the arm « is played until
round ¢. Then, the regret at round 7" is given as

T K
Reg(T) = Y Ajy = AgNo(T +1).
t=1

a=2

Let rq ,, be the n-th reward generated from the arm a. In
the Pareto distribution, the maximum likelihood estimators
(MLESs) of &, « for arm a given n rewards and their distri-
butions are given as follows (Malik, 1970):

Rq(n) = min ry 5 ~ Pa(kq, nag),
s€[n]

n
>y log(ra,s) — nloghq(n)

~1G(n —1,na,), (2)

Gq(n) =

where IG(n, ) denotes the inverse-gamma distribution
with shape n > 0 and scale o > 0. Note that Malik (1970)
further showed the stochastic independence of &(n) and

2.2. Asymptotic lower bound

Burnetas & Katehakis (1996) provided a problem-dependent
lower bound of the expected regret such that any uni-
formly fast convergent policy, which is a policy satisfying
Reg(T) = o(T*) for all « € (0, 1), must satisfy

lim inf L [Reg(T)]
T—oo  logT
K

A
>) - < N E))
Z infg.,,(9)>p, KL(Pa(kq, aq), Pa(f))

a=2

where KL(-,-) denotes the Kullback-Leibler (KL) diver-
gence. Notice that the bandit model (6,) ¢k is considered
as a fixed constant in the problem-dependent analysis.
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The KL divergence between Pareto distributions is given as

KL(Pa(k1, 1), Pa(ka, as))

_ {log (g—;) + as log (%) + g—f -1

00 otherwise.

if ko < K1,

Here the divergence sometimes becomes infinity since the
scale parameter s determines the support of the Pareto dis-
tribution. We denote the numerator in (3) for a # 1 by
KLipt(a) ;= inf KL(Pa(k,, o), Pa(b))
0:00(0)> 1
= inf log%—l—alog@—i-g -1,
0€0, @ K Qg

where
Oq = {(k,a) € (0, ka] x (0,00) : pu(k, ) > pa}. (4)

Notice that ©, allows parameters whose expected rewards
are infinite (v € (0, 1]), although we consider a bandit
model with v, > 1forall @ € [K] so that the sub-optimality
gap A, becomes finite. This implies that KL;,¢(a) does not
depend on whether the agent considers the possibility that
an arm has the infinite expected reward or not. Then, we
can simply rewrite the lower bound in (3) as

> Ba

o P KLinf(a) -

The following lemma shows the closed form of this infimum,
whose proof is given in Appendix B.

Lemma 1. For any arm a # 1, it holds that

— 1
H1 ﬁa> + H1 1

Qg H1 — Ka

KLint(a) = log (oza
H1

2.3. Relation with bounded moment models

In MAB literature, several algorithms based on the upper
confidence bound (UCB) were proposed to tackle heavy-
tailed models with infinite variance under additional assump-
tions on moments (Bubeck et al., 2013). One major assump-
tion is that the moment of any arm « satisfies E[|r,,|7] < v
for some fixed v € [1,2) and known v < oo (Bubeck
et al., 2013). Note that the ~-th raw moment of the density
function of X following Pa(x, «) is given as

0 a <,
E[X7] = { NER v (5)
s 9,

which implies that the Pareto models and the bounded mo-
ment models are not a subset of each other.

Recently, Agrawal et al. (2021) proposed an asymptotically
optimal KL-UCB based algorithm that requires solving the
optimization problem at every round. Since the bounded
moment model only covers certain Pareto distributions in
general, the known optimality result of KL-UCB does not
necessarily imply the optimality in the sense of (3).

3. Thompson sampling and probability
matching priors

TS is a policy from the Bayesian viewpoint, where the
choices of priors are important. Although one can utilize
prior knowledge on parameters when choosing the prior,
such information would not always be available in practice.
To deal with such scenarios, we consider noninformative
priors based on the Fisher information (FI) matrix, which
does not assume any information on unknown parameters.

For a random variable X with density f(-|0), Flis defined
as the variance of the score, a partial derivative of log f with
respect to 6, which is given as follows (Cover & Thomas,
2006):

[1(0)]ij = Lij
—Ex | (5w 110 ) (55 o 10 ) |o] L ©

It is known that the FI matrix in (6) coincides with the
negative expected value of the Hessian matrix of log f(X|6)
if the model satisfies the FI regular condition (Schervish,
2012). However, Pa(k, ) does not satisfy this condition
since it is a parametric-support family. Therefore, for X
with density function in (1), one can obtain the FI matrix of
Pa(k, o) based on (6) as follows (Li et al., 2022):

- [f 3J-[ ) o

Q

o

a2

where I11(k) = %, I11(a) = o, and Iy (a) = 2. Note

that Iy differs from —E | 25 log /% (X360) | 6] = .
Based on (7), the Jeffreys prior and the reference prior
are given as 7y(k, ) x (/det(l) = % and g (K, )
VI (k)I22(a) = %, respectively. Here, the reverse ref-
erence prior is the same as the reference prior from the
orthogonality of parameters (Datta & Ghosh, 1995; Datta,
1996).

From the orthogonality of parameters, the probability match-
ing prior when « is of interest and « is the nuisance parame-
ter is given as

mp(k, ) < V/Ingi(a) = %gl(a)

for arbitrary g; (o) > 0 (Tibshirani, 1989). In this paper, we
consider the prior 7(k, a) O‘—;k for k € Z since the cases
k = 0,1 correspond to the Jeffreys prior and the (reverse)
reference prior, respectively.

Remark 1. The Pareto distribution discussed in this paper
is sometimes called the Pareto type 1 distribution (Arnold,
2008). On the other hand, Kim et al. (2009) derived sev-
eral noninformative priors for a special case of the Pareto
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Algorithm 1 STS / STS-T
1: Parameter: k € Z, 17 = max{2,k + 1}.
2: Initialization: Select each arm n times.
3: Loop:
4: Sample &,(t) ~ Erlang (Na(t) -k, %)
5: @ (Na(t)) < min(Ny(t), da(Na(t))) -
6
7
8

: Sample &, (t) ~ Erlang (N(,, (t)—k
if {a € [K] : a,(t) <1} # 0 then

: Select j(t) = argmin, e @a(t).
9: else
10:  Sample u, ~ U(0, 1) for every a € [K].
1 Falt) = Ra(Na(t))ug/ Ne®3®),

Ra(t)aa(t)
Ga(t)—1

13: = arg max,¢ g1 fla(t)-
14: end if

Na(t) )
> @a(Na(t)) J°

12:  Play j(t) = arg max, ¢k

type 2 distribution called the Lomax distribution (Lomax,
1954), where the FI matrix can be written using the negative
Hessian.

In the multiparameter cases, the Jeffreys prior is known to
suffer from many problems (Datta & Ghosh, 1996; Ghosh,
2011). For example, it is known that the Jeffreys prior
leads to inconsistent estimators for the error variance in
the Neyman-Scott problem (see Berger & Bernardo, 1992,
Example 3.). This might be a possible reason why TS
with Jeffreys prior suffers a polynomial expected regret in
a multiparameter distribution setting. More details on the
probability matching prior and the Jeffreys prior can be
found in Appendix E.

3.1. Sampling procedure

Let F; := (j(s),rj(s))Nj(s)(s))i;ll be the history until round

P o
t. Under the prior *— with k € Z, the marginalized poste-
rior distribution of the shape parameter of arm a is given as

N (t)
aawa(t))) - ®

where Erlang(s, ) denotes the Erlang distribution with
shape s and rate 8. Note that we require 72 > max{2, k+1}
initial plays to avoid improper posteriors and MLE of a.
When the shape parameter «, is given as (3, the cumulative
distribution function (CDF) of the conditional posterior of
Kq 18 given as

ag | Fi ~ Erlang (Na(t) -k,

z BNa(t)
P[Ka§$|ft7aa=ﬁ]=(w> N C)]

if0 < & < Ra(IV,(t)). Since one can derive the posteriors
following the same steps as Sun et al. (2020), the detailed
derivation is postponed to Appendix E.3. At round ¢, we
denote the sampled scale and shape parameters of arm a
by Rq(t) and a,(t), respectively, and the corresponding

mean reward by i, (t) := pu(Rq(t), &q(t)). We first sample
the shape parameter from the marginalized posterior in (8).
Then, we sample the scale parameter given the sampled
shape parameter from the CDF of the conditional posterior
in (9) by using inverse transform sampling. TS based on this
sequential procedure, which we call Sequential Thompson
Sampling (STS), can be formulated as Algorithm 1.

In Theorem 3 given in the next section, STS with the Jef-
freys prior and the reference prior turns out to be suboptimal
in view of the lower bound in (3). Their suboptimality is
mainly due to the behavior of the posterior in (8) when
é1(n) is overestimated for small Nyi(¢) = n. To over-
come such issues, we propose the STS-T policy, a vari-
ant of STS with truncation, where we replace &(n) with
a(n) := min (n, &(n)) in (8). Note that such a truncation
procedure is especially considered in the posterior sampling
by (8) and (9). We show that STS-T with the Jeffreys prior
and the reference prior can achieve the optimal regret bound
in Theorem 4.

3.2. Interpretation of the prior parameter &

The Erlang distribution is a special case of the Gamma
distribution, where the shape parameter is a positive integer.
If a random variable X follows Erlang(s, 8), then it has the
density of form

/BS
I'(s)

where s € Nand 5 > 0 denote the shape and rate parameter,
respectively. Then, the CDF evaluated at x > 0 is given as

_ fo Tis—le—tde _ ~(s, Bz)
I'(s) I'(s) ’

where (-, -) denotes the lower incomplete gamma function.
Since y(s+1,x) = sv(s, xz)—x°e~ holds, one can observe
that for any = > 0

¥ e Pz € Ry, (10)

wp(@) =

(11)

FPh(z) > FE p(x). (12)

S

From the sampling procedure of STS and STS-T, i de-
pends on K only when & > 1 holds since & < 1 results
in u(-,&) = oco. Therefore, for any 5 > 1in (9), & will
concentrate on & for sufficiently large N, (t) = n. Thus, &
will be mainly determined by & and &, where the choice of
k affects the sampling of & by (8). From (12), one could see
that the probability of sampling small & increases as shape
n — k decreases. Therefore, i of suboptimal arms would
increase as k increases for the same n. In other words, the
probability of sampling large /i becomes large as k increases.
Therefore, TS with large k becomes a conservative policy
that could frequently play currently suboptimal arms. In
contrast, priors with small % yield an optimistic policy that
focuses on playing the current best arm.
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4. Main results

In this section, we provide regret bounds of ST'S and STS-T
with different choices of &k € Z. At first, we show the
asymptotic optimality of STS for priors 7(k, ) QT
with k € ZZQ.

Theorem 2. Assume that arm 1 is the unique optimal
arm with a finite mean. For every a € [K|, let ¢, =

where

min { N IR ST o e Er SR e }
0 = AQ“' for a # 1 and § = mingz 6. Given arbi-
trary € € (0, minge(x) €q), the expected regret of STS with
k € Z>> is bounded as

K
E[Reg(T)] < Z ADaal:i? +0(e7?).

Here, for b, i(€) = (1 + (max(0, k) + 1)age) ™1,

D, () = inf  KL(Pa(kq + €, agba i (€)), Pa(b)),

0:1(0)>p1—e

which satisfies lim._.o D, ;(€) = KLin¢(a) for any fixed
keZ.

By letting € = o0(1) in Theorem 2, we see that STS with
k € Z>o satisfies

liminf ————~=
T— o0

E[Reg(T) i A,
logT o Kme

which shows the asymptotic optimality of ST'S in terms of
the lower bound in (3).

Next, we show that STS with k € Z<; cannot achieve
the asymptotic bound in the theorem below. Following the
proofs for Gaussian bandits (Honda & Takemura, 2014), we
consider two-armed bandit problems where the full informa-
tion on the suboptimal arm is given to simplify the analysis.
We further assume that two arms have the same scale pa-
rameter k1 = Ko. A similar result for the case k1 < ks can
be found in Appendix D.

Theorem 3. Consider a two-armed bandit problem where
K1 = ke and 1 < a1 < aa. When a1 (t) and k4 (t) are sam-
pled from the posteriors in (8) and (9) with prior parameter
k € Z<, respectively and [i2(t) = po holds, there exists a
constant C(ay, ag) > 0 satisfying

lim inf
T—o00

E[Reg(T)] > C

IOgT (041,0(2),

where C(aq, o) > ﬁ holds for some instances. In
particular, for k € Z<, there exists C' (o, ag) > 0 satis-
fying
E[Reg(T
lim inf 7[ eg(T)]
T— 00 \/T

2 C'(al, 042).

From Theorems 2 and 3, we find that the prior should be
conservative to some extent when one considers maximizing
rewards in expectation.

Although ST'S with the Jeffreys prior (k = 0) and reference
prior (k = 1) were shown to be suboptimal, we show that a
modified algorithm, STS-T, can achieve the optimal regret
bound with k € Z>q.

Theorem 4. With the same notation as Theorem 2, the
expected regret of STS-T with k € Z>q is bounded as

A, logT

Dak (6 )7

E[Reg(T

where m = max(2,3 — k)

From Theorems 2 and 4, we have two choices to achieve
the lower bound in (3): use either the conservative priors
with MLEs or moderately optimistic priors with truncated
samples. Since initialization steps require playing every
arm max(2, k + 1) times, if the number of arms K is large,
the Jeffreys priors or the reference prior with the truncated
estimator would be a better choice. On the other hand, if the
model can contain arms with large «, where the truncation
might be problematic for small n, it would be better to use
STS with conservative priors.

S. Experiments

In this section, we present numerical results to demonstrate
the performance of STS and STS-T, which supports our
theoretical analysis. We consider the 4-armed bandit model
6, with parameters given in Table 1 as an example where
suboptimal arms have smaller, equal, and larger x compared
with the optimal arm. 64 has p = (4.55, 3.2, 2.74, 3) and
infinite variance. Further experimental results can be found
in Appendix H.

Table 1. 4-armed bandit model 0.

ARM1 ARM2 ARMJ3 ARM4

K 1.3 1.2 1.3 1.5
o 1.4 1.6 1.9 2.0

Figure 1 shows the cumulative regret for the proposed poli-
cies with various choices of parameters k£ on the prior.
The solid lines denote the averaged cumulative regret over
100,000 independent runs of priors that can achieve the op-
timal lower bound in (3), whereas the dashed lines denote
that of priors that cannot. The green dotted line denotes the
problem-dependent lower bound and shaded regions denote
a quarter standard deviation.

In Figures 2 and 3, we investigate the difference between
STS and STS-T with the same k. The solid lines denote
the averaged cumulative regret over 100,000 independent
runs. The shaded regions and dashed lines show the central
99% interval and the upper 0.05% of regret.
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Figure 1. The solid lines denote the averaged cumulative regret over 100,000 independent runs of priors that can achieve the optimal lower
bound in (3). The dashed lines denote that of priors that cannot achieve the optimal lower bound in (3). The shaded regions show a quarter
standard deviation. The green dotted line denotes the problem-dependent lower bound based on Lemma 1.
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(c) Prior with k = 3

Figure 2. The solid lines denote an averaged regret over independent 100,000 runs. The shaded regions and dashed lines show the central

99% interval and the upper 0.05% of the regret, respectively.

The Jeffreys prior (¢ = 0) In Figure 1(a), the Jeffreys
prior seems to have a larger order of the regret compared
with priors £ = 1, 3, which performed the best in this set-
ting. As Theorem 4 states, its performance improves un-

der STS-T, which shows a similar performance to that of
k=1,3.

Figure 2(a) illustrates the possible reason for the improve-
ments, where the central 99% interval of the regret notice-
ably shrank under STS-T. Since the suboptimality of ST'S
with the Jeffreys prior (k = 0) is due to an extreme case
that induces a polynomial regret with small probability, this
kind of shrink contributes to decreasing the expected regret
of STS-T with the Jeffreys prior.

The reference prior (¢ = 1) The reference prior showed
a similar performance to the asymptotically optimal prior

k = 3, although it was shown to be suboptimal for some
instances under ST'S in Theorem 3. Similarly to the Jeffreys
prior (k = 0), the reference prior (k = 1) under STS-T
has a smaller central 99% interval of the regret than that
under ST'S as shown in Figure 2(b), although its decrement
is comparably smaller than that of the Jeffreys prior. This
would imply that the reference prior is more conservative
than the Jeffreys prior.

The conservative prior (k = 3) Interestingly, Figure 2(c)
showed that a truncated procedure does not affect the central
99% interval of the regret and even degrade the performance
in upper 0.05%. Notice that the upper 0.05% of the regret
of k = 3 is much lower than that of £ = 0, 1, which shows
the stability of the conservative prior in Figure 2.

Since a truncation procedure was adopted to prevent an
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Figure 3. The solid lines denote an averaged regret over independent 100,000 runs. The shaded regions and dashed lines show the central

99% interval and the upper 0.05% of the regret, respectively.

extreme case that was a problem for k € Z<;, it is natural
to see that there is no difference between STS and STS-T
with k& = 3. This would imply that ¥ = 3 is sufficiently
conservative, and so the truncated procedure does not affect
the overall performance.

Optimistic priors (¢ < 0) In Figure 1(a), one can see that
the averaged regret of £ = —1 and £ = —3 increases much
faster than that of £ = 0,1, 3 under the ST'S policy, which
illustrates the suboptimality of STS with priors k € Z (.

As the optimistic priors (k < 0) showed better perfor-
mance under STS-T in Figure 1, we can check the effec-
tiveness of a truncation procedure in the posterior sam-
pling with optimistic priors. However, as Figures 3(a)
and 3(b) illustrate, there is no big difference in the central
99% interval of the regret between STS and STS-T with
k = —1, —3, which might imply that a prior with k € Z
is too optimistic. Therefore, we might need to use a more
conservative truncation procedure such as the one using
aq(n) = max(y/n,é&q(n)) or max(logn,de(n)), which
would induce a larger regret in the finite time horizon.

6. Proof outline of optimal results

In this section, we provide the proof outline of Theorem 2
and Theorem 4, whose detailed proof is given in Appendix C.
Note that the proof of Theorem 3 is postponed to Ap-
pendix D.

Let us first consider good events on MLEs defined by
Kan(€) == {ka(n) € [ka, ka + €]}

Agn(€) = {aq(n) € [ag — €a,i(€), g + €a0,u(€)]}
Ean(€) :=Kan(e) N Agn(e),

where n € N and

ea? eaZ(k, +1)
a = > y a,u = “ . (13
€a(€) 1+ eaq €ou(€) Ka — €q(kq + 1) (13)

Note that @, (n) = éq(n) holds on A, ,(¢) for any n >
oy, + 1. Here, we set g, to satisfy fi, € [ttq — Oa fa + 4]
on &,(e) for any € < ¢,. Define an event on the currently
optimal sample, /i*(t) = max,¢[x] fia(t),

M(t) = {"(t) = 1 — ).

Then, the expected regret at round 7' can be decomposed as

follows:
T
> Ajw
t=1

3, <n+ > Emw):an)

t=nK+1

E[Reg(T)] = E

T

<Ay Z

t=nK+1

K
FE[LH0) £ 1K w0 @ M0 ) + 3 Auf
a=2

<E (L[5 (t) # 1, K1 n, 1) (€), ME(D)]]

E[1[j(8) = a, Mc(8), €6 v, 0y (€)]] )}

where £¢ denotes the complementary set of £. Lemmas 5-8
complete the proof of Theorems 2 and 4, whose proofs are
given in Appendix C.

Lemma 5. Under STS with k € Z>5,
T

> E[L0(1) # LK (0, MEW]] < O(2).

t=aK+1
and under STS-T with k € Z>,
T

> E L) # 1K 0 (0, MED)]] £ O(™),

t=nK+1
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where m = max(2,3 — k).

Although Lemma 6 contributes to the main term of the
regret, the proof of Lemma 5 is the main difficulty in the
regret analysis. We found that our analysis does not result
in a finite upper bound for STS with k € Z 5 and designed
STS-T to solve such problems.

Lemma 6. Under STS and STS-T with k € 7Z, it holds
that for any a € [K]|

T
Z E[L[j(t) = a, Mc(t), Ea,n, (1) (€)]]
t=nK+1

| log T
1k > 0] + —2

< 0,k 1 .
<max(0,k) +1+ > o

where Dq ,(e) > 0 is a finite problem-deterministic con-
stant satisfying lim_,o Dg 1,(€) = KLint(a).

Since large k yields a more conservative policy and requires
additional initial plays of every arm, large k& might induce
larger regret for a finite time horizon 7', which corresponds
to the component of the regret discussed in Lemma 6. Thus,
this lemma would imply that the policy has to be conserva-
tive to some extent, and being overly conservative would
induce larger regrets in a finite time.

Lemma 7. Under STS and STS-T with k € Z>,

T

Yo EL[(#) # LKy nn(€), MEWD]] < 0.

t=nK+1

The key to Lemma 7 is to convert the term on fi(t),
M(t), to a term on &4 (). Since p(x, ) = oo holds
for « < 1, i3 = p(R1,01) becomes infinity regard-
less of the value of K if &; < 1 holds, which implies
P[ME(t), &1 (t) < 1] = 0. Therefore, it is enough to con-
sider the case where &;(¢) > 1 holds to prove Lemma 7.
Although density functions of &; under STS and STS-T
are different, conditional CDFs of 5; given a; = & are the
same, which is given in (9) as

T 5(1N1(t)
P[/%l §$|ft,d1 :Oll] = (l%l(jvl(t))) .

Therefore, for sufficiently large V1 (¢) and &y () > 1, %1(t)
will concentrate on %1 (N (t)) with high probability, which
is close to its true value 1 under the event {KCy n, (+)(€)}-
Thus, ji; = 229 > 19 — 4k, @) holds with high
probability, which implies that P[/Cy n, 1 (€), ME(1)]|F]
can be roughly bounded by P[KCy n, (+)(€), a1 (t) > c[F]
for some problem-dependent constants ¢ > 1. Since K; is
deterministic given J;, we have

PIK1 v, (1) (€), a1 (t) > | Fi]
= 1[K1,n, (1) ()Pl (t) > c|Fi],

which implies fi;(t) is mainly determined by the value
of & (t) under the event {Ky n,(+)(€)} for both policies.
In such cases, STS and STS-T behave like TS in the
Pareto distribution with a known scale parameter, where
f1(t) := u(k1,a1(t)) for t € N. Here, the Pareto distri-
bution with the known scale parameter belongs to the one-
dimensional exponential family, where Korda et al. (2013)
showed the optimality of TS with the Jeffreys prior. Since
the posterior of o under the Jeffreys prior is given as the Er-
lang distribution with shape N (¢) + 1 in the one-parameter
Pareto model, we can apply the results by Korda et al. (2013)
to prove Lemma 7 by using some properties of the Erlang
distribution such as (12).

Lemma 8. Under STS and STS-T with k € 7Z, it holds
that for any a # 1

T

> E[1(0) = 0,y 0] <0 ().

t=nK-+1

Lemma 8 controls the regret induced when estimators of the
played arm are not close to their true parameters, which is
not difficult to analyze as in the usual analysis of TS. In fact,
the proof of this lemma is straightforward since the upper
bounds of P[K¢] and P[K,, AS] can be easily derived based
on the distributions of %, and &, in (2).

7. Conclusion

We considered the MAB problems under the Pareto dis-
tribution that has a heavy tail and follows the power-law.
While most previous research on TS has focused on one-
dimensional or light-tailed distributions, we focused on
the Pareto distribution characterized by unknown scale and
shape parameters. By sequentially sampling parameters via
their marginalized and conditional posterior distributions,
we can realize an efficient sampling procedure. We showed
that TS with the appropriate choice of priors achieves a
problem-dependent optimal regret bound in such a setting
for the first time. Although the Jeffreys prior and the ref-
erence prior are shown to be suboptimal under the direct
implementation of TS, we showed that they could achieve
the optimal regret bound if we add a truncation procedure.
Experimental results support our theoretical results, which
show the optimality of conservative priors and the effective-
ness of the truncation procedure for the Jeffreys prior and
the reference prior.
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A. Notations

Tables 2-5 summarize the symbols used in this paper.

Table 2. Notations for the bandit problem.

Symbol Meaning

K the number of arms.

T time horizon.

j(t) the index of the played arm at round ¢.
keZ prior parameter, see Section 3 for details.
7=max(2,k+ 1) initial plays to avoid improper posteriors.
N, (t) the number of playing arm a until round .
Tan n-th reward generated from the arm a.
w(8) the expected value of the random variable following Pa(6).
e = p(64) the expected rewards of arm a.

A, sub-optimality gap of arm a.

0q = % fora # 1
01 1= ming+ 6q

a half of sub-optimality gap of arm a.
defined as the minimum of sub-optimality gap.

the history until round .

conditional probability given F;.

KL-divergence from Pa (”7“, a) to Pa(kqg, o) fore > 1.
the upper bound of « satisfying yu (2, o) > iy forc > 1.

Fi = (j(8)7rj(s),Nj(3))2;11
P[] == P[[F¢]

ga(C,OL)

ha(c, ) = ha(c)

Table 3. Notations for probability distributions and estimators

Symbol Meaning
Pa(k, a) Pareto distribution with the scale x > 0 and shape o > 0.
,5 2 (x) density function of Pa(k, «).

Erlang distribution with the shape s > 0 and rate 8 > 0.
density function of Erlang(s, 3).

Fog(x) CDF of Erlang(s, 3) evaluated at x > 0.

I1G(s, ) Inverse Gamma distribution with shape s > 0 and scale § > 0.
F,(x) CDF of the chi-squared distribution with n degree of freedom.
I'(s) Gamma function.

(s, x) the lower incomplete gamma function.

(s, ) the upper incomplete gamma function.

MLE:s of the scale and shape parameter of arm a after n observations, defined in (2).
sampled parameters at round ¢ from posterior distribution in (9) and (8).

truncated estimator of the shape parameter.

a temporary notation that can be replaced by both &, (n) (STS) and &, (n) (STS-T).
computed mean rewards by the MLEs after n observation.

computed mean rewards by sampled parameters &, (¢) and &, (t) at round ¢.

tuple of true parameters of arm a € [K].

Oia’n (Fa(n),dq(n)) tuple of MLEs of arm «a after n observations.
Oo.n = (Ra(n),aq(n)) tuple of estimators with a truncation procedure of arm a after n observations.
Oo.n = (Fa(n), an) a temporary notation that can be replaced by both 6, ,, (STS) and éa’n (STS-T).

11
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Table 4. Notations for the regret analysis

Symbol Meaning
D, 1. (€) a function contributes to the main term of regret analysis defined in (44).
Kan(e) an event where MLE of « is close to its true value at round ¢ after n observations.
Aqn(€) an event where MLE of « is close to its true value at round ¢ after n observations.
Eanle) intersection of /Cy ,, (€) and A, , (€).
M. (%) an event where sampled mean of the optimal arm is close to its true mean reward at round ¢.
pn(x|01,,) probability of {fi1(t) < 1 — =} after n observation of arm 1 given 61 ,,.
G (z;n) another expression of the CDF of the Erlang distribution in (21).
Table 5. Notations for (deterministic) constants
Symbol Meaning
€a problem-dependent constants to satisfy i, (n) € [q — g, fta + 04) 00 Eq pn(€) for any € < g,.

€a,1(€), €q,1(€)

constants to control a deviation of &, (¢) under the event A, ,, (€).

po,(€),p = po,(¢/2) adifference from its true shape parameter o to satisfy pi(kq, o + py, (€)) > p1 — 5.

Cl (Mla €, TL) =

CQ (/Lla €, k)
Cﬂl (6)

Ci,n  aconstant smaller than 1 in (21).
an uniform bound of py, (¢|-) under K ,,(¢) N A1 n(e/2).
a small constant with O(e~2).

B. Proof of Lemma 1

Lemma 1. For any arm a # 1, it holds that

— Ky 1
KLint(a) = log (aaw) + — e,
H1

Ag U1 — Rq

Proof. Recall the definition

KLint(a) = KLine(Pa(6,), Pa(f)) := inf log =4 alog — —|— — -1,

€O, Qg

where 0 = (k, «) and ©, defined in (4).

Here, we consider the partition of O,

O = {(k, @) € (0,ka] x (0,1] : p(r, ) > pu} = (0, 4] x (0,1]

0l = {(/{,a) € (0,Kq) x (1,00) : pu(k, ) = /6041 > ul}, (14)
o —
where 9(1) U 9(2) O,. Therefore, it holds that
KLipf(a) = min mf log— +alog— + — -1, 1nf log— +alog— + — -1
ool Qa 0o’ Qa
For (k,a) € oV, (K, o) = oo holds regardless of . Therefore, we obtain
mf log—Jralog—Jr—flf inf log—+—71
peol Qg a€e(0,1] Qg

1
=loga, + — — 1,

a

12



Optimality of Thompson Sampling with Noninformative Priors for Pareto Bandits

where the last equality holds since log z + % — 1 is an increasing function for x > 1.

Let %= = ¢ > 1 to make KL divergence from Pa(f,) to Pa(x, o) be well-defined. From its definition of 0 in (14), any
0= (k,a)€ 9((12) satisfies =% > iy, i.e.,

Note that it holds that

ha(1y=—t1 < Ho 4,
H1 — Kq Ha — KRa

since x—fy is decreasing with respect to z > y. Then, we can rewrite the infimum of KL divergence as

1
KLin = mi 1 ot — -1 f inf a\&, ;
¢(a) = min ( og o, + ~ Inf aglfrzl,,,(c)g ( c))

where gq(a, ) :=log 4 + aloge + 5~ — 1 satistying

0 1 1
99alave) - L qope L (15)
Jda Qg o
Then, the inner infimum can be obtained when o = #ﬂlogc holds if #ﬁogc < hg(c), where g, (#“'logc, c) =

log(1 + a4 loge).

Let ¢, > 1 be a deterministic constant such that

Qg

ha(C*) _ Calt1

= =4 a * 1 * — Qg == alva 16
e = o © (0w o8 € (1 — 0pn)c = o (16)

so that hq(c) > 155245, holds for any ¢ > cj. Since the solution of ax log(z) + bz = —cis exp (W (— Ce:;/a> - g) for

principal branch of Lambert W function W (-), one can obtain ¢ by solving the equality in (16), which is

Kaq 1 _ 1
ch =exp <W <—aeaa 1) +1- ) . 17
M1 Qg
1 1 1

Notice that %eﬁ_l < Z—“eﬁ_l < (1 — ai) e_(l_ﬂT) < e~ ! holds so that cy is a real value. Here, we consider the

principal branch to ensure ¢} > 1 since the solution on other branches, W_1 (-), is less than 1, which is out of our interest.

LetA, =1— ai, which is positive as a, > 1 and B, = % < Z—“ = O‘g{—*l = A,. Then, we can rewrite ¢ as

* Aq W(—Bge #a) A, —A —B, W (z) z
c, =e’e a =elre Nt ———————. e =

W(—Bge 4a) W (z)

Since the principal branch of Lambert W function, W (z), is increasing for z > — é, we have
0> W(=Bge %) > W(=Bse B*) = —B,,

which implies that ¢}, > 1. Therefore, the infimum of g, can be written as

nf gl;?f “ 9ga(a, ¢) = min (Cel[?i . ga(ha(c), c), clélcf; log(1 + a, log C)>

= min ( inf  gq(ha(c),c),log(1l + aglog CZ)) ,

cell,cz]

where we follow the convention that the infimum over the empty set is defined as infinity.

13
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By substituting ¢, in (17), we obtain

log(1 + o, logc)) = log (aa +W <Haeala_1>) .
H1

Let us consider the following inequalities:

10g <aa + W <_K/aealal>> Z log (aa + W (_Klaealal)>
H1 Ha
1l—a, 1 _
— log (aa + W <Olea1a 1>>
Qg

= log (oza + i — 1) , (18)
«

a

where the first inequality holds since the principal branch of Lambert W function W (z) is increasing and negative with
respect to x € [—1/e,0).

It remains to find the closed form of inf (1 cx] ga(ha(c), ¢). From the definition of hq(c) = 22—, we have hy (c) =
T —ray7 2nd
0ga(ha(c),c) 0O Qg he(c) Qg x
Palla’€) 9 _ 2 (4 ha(c)1 A/ |  galz,c) = log 22 4+ 21 S
e e Ogha(c)Jr (c)logc+ ~ da(x, ) = log . +x ogchaa
Rl (c) ho(c) 1
- h! (c)1 = —nh,
P20 eoge+ 21+ o
Ka H1Kq M1 Rq 1
= - log c + —
clep —ra) (e — a2 0 Cp — Fa Galcin — fia)?
a a 1 — Ka — %
- " - M ogetpy o Be, (19)

clepr — Ka) (1 — Ka) (ch1 — Fa)?

Since the first term in (19) is positive for ¢ > 1 and p11 > pg > Ka, let us consider the last two terms for ¢ € [1, ¢],

—ﬁlo c+ Cm_%_%— it} cul — K —&—KJIOC
O L 7P R 7R L S
M1 K
W(Mnaanr(cl)ulnalogc)
a a
K K
:mz(m—/ﬁa—a—i—ul(c—alogc—l)).
(cp1 — Ka) Qq f1
Here,
Ml_ﬁa_ﬁzua_ﬁa_@:,@aaa _Ka_&:L>O7
Qg a, 0g—1 aa aglag —1)

and ¢ — ;—" log ¢ — 1 is increasing with respect to ¢ so that ¢ — ¢ log ¢ — 1 > 0 for ¢ > 1. Therefore, %ga(ha(c), c) is
positive for ¢ > 1, i.e., ga(ha(c), ¢) is an increasing function with respect to ¢ > 1.

Thus, we have for ¢ € [1, ¢%],

. M1 11— Kq 1 m
' ga(ha(c), ¢) = ga (ha(1),1) = 1) =1lo +— 1
cel[rll,cz]ga( 2(0):€) = o (ha(1). 1) = ga (m — Fa > & <% 11 ) Qg fi1 — Fa

Denote X, = aa% € [1, a,) where X, = 1 happens only when p, = p;. Then, we have for o, > 1

1 1 1
log(X,) + < = 1<loga, + — —1<log <aa + — - 1> <log(l+ a,logc),
e e

a a a

14
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where the last inequality comes from the result in (18). Therefore, we have

1
KLinf(a) = min <log a, +— —1, i[nf ]ga(ha(c), ¢),log(1 + «a, log c:))
Qg cell,c}

— Kq ]_
1og(%“1”>+ Mmooy
K1 Qg 41 — Kq

which concludes the proof. O

C. Proofs of lemmas for Theorems 2 and 4
In this section, we provide the proof of lemmas for the main results.

To avoid redundancy, we use a temporary notation ¢, , when the same result holds for both &, (n) and &, (n). When o,
notation is used, one can replace it with either &, (n) or &, (n) depending on which policy we are considering. For example,
it holds that

<15 dq(n) <1 under STS policy.,
’ aq(n) <1 under STS-T policy.
Similarly, we use the notation 6, , := (£4(n),a,n) When it can be replaced by both Oun = (Ra(n),dq(n)) and
Oun = (Fa(n),@q(n)) for any arm o € [K] and n € N. Based on 6, , notation, we provide an inequality on the
posterior probability that the sampled mean is smaller than a given value with proofs in Appendix C.5.

Lemma9. Forany arm a € [K] and fixedt € N, let N, (t) = n. For any positive §¢ < —— and k € Z, it holds that

Y—Ka

(eS) n 13
1) < WBLE0) < il < [ 15 e et (Sl ) [ (o

where §Ef3() denotes the probability density function of the Erlang distribution with shape s € N and rate 3 > 0.

Based on 6 ,, notation, we denote the probability of sample from the posterior distribution after n times playing is smaller
than py — x by

Pn(2)01,5) == Plitn < p1 — z|R1(n), a1 p]. (20)
Let K(€) = (k1 + €, 11 — €) be an open interval on R. The Lemma 10 below shows the upper bound of p,, conditioned on
917n.
Lemma 10. Given ¢ > 0, define a positive problem-dependent constant p = py, (€) :=
max(2,k + 1), then for k € Z>g

2(#1—5/2_21)(1“_&1). Ifn>n=

e ", if K1(n) > p1 — ¢,
pn(6|91}n) < < h(p,€e,n), if £1(n) € K(e),a1,, < a1 + p,
Ci(p1,6,n)Gr(1/arn;n) +1 —Gr(1/ain;n) if k1(n) € K(€),a1,n > aq + p,

where

e 1 1
h(p1,e,n) :=e By (1 - 26_"0"'1(€)> + ie_"c“l(e)
Cl(ﬂllvea n) = (/141_6) < 67n2u15*f <1

p — €/2
Gr(zin) = Fy pu(on + p) 1)

for F¥ defined in (11). Here, c,,, (€) = ¢ —log(1 4 ¢) = O(e™?) and ¢ = 15— € (0,1) are deterministic constants of
w1 and e.

Notice that p((x1, @1 + p)) = 1 — €/2 holds and there exists a problem-dependent constant C2 (1, €, k) < 1 such that for
anyn > 71 =max(2,k+1)ande >0
h(/,&hﬁ,n) S 1-— 02(H1»€7k)~ (22)

15
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C.1. Proof of Lemma 5

Let us start by stating a well-known fact that is utilized in the proof.

Fact 11. When X ~ Erlang(n, 8) with rate parameter /3, then % follows the inverse gamma distribution with shape n € N
and scale 8 € R, i.e., % ~ 1G(n, B).

Lemma 5. Under STS with k € Z>o,
T
> E L) # LKy (0 MEW)]] < 0.
t=nK-+1
and under STS-T with k € Z>,
> [10(8) # 1,5 vy 0y (€ MED]] < O™,

t=nK+1

where m = max(2,3 — k).

Proof. Let us consider the following decomposition that holds under both STS and STS-T:

T T T
>0 00 £ 1K O MEO] = 30 D 1[50 # 1S, 0 MEE) N 0) = 0]
t=Kn+1 n=nt=Kn+1

T T T
:Z Z]].|fn§ Z l[j(t)#lv-/\/lg(t% T,Nl(t)(e)le(t)_n:|‘|'

Notice that

m < Z t) # LK w1y (€), ME(2), Na(t) = n]

t=Kn+1

implies that /i1 (¢) < pu1 — € occurred m times in a row on {¢ : Kf . ) (€), ME(t), N1(t) = n}. Thus, we have

T T T
El Y 1[0 # LK ny(©, MEDI| <E DY 1K ()]paleldrn) ]
t=Kn+1 n=nm=1
= c pn( |01,n)
STLX:;LE |:]l [ ln(e)] 1_pn( |01,n):| (23)

for p,,(+|-) defined in (20). From now on, we fix n > 7 and drop the argument n of %1(n), &1 (n) and a; (n) for simplicity.

Under STS with k£ € Z>5: By applying Lemma 10 and (22) under STS with k € Z>, we can decompose the expectation
in (23) as

—n

. pn(eé n) . e . R h(pi,€,n)
E|1 [K17n(€)} ]A—pl(elél) S P[Hl Z M1 — 6] P +P[K1 S K(€),Oél < o +P]m

]].[I:Cl € K(e),dl > o +p]
Gr(1/ain)(1=Cip) |
()

+Ey | (24)

where we denoted C ,, = C4 (111, €, n). For simplicity, let us define z := ar where z ~ Erlang(n — 1, na1) holds from
Fact (11) since &; ~ IG(n -1 nal) in (2). From the independence of & and & and distributions of z and & in (10) and (2),

16
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respectively, we have

_1 _ P ~
(*) — /QI_H’ Zn—2e—na1z (nal)n ! fﬁﬁnal (Hl) d;‘%le
0

[(n—1) /f"sleK(e) Gr(z;n)(1 = C1n)

R ErEr Zn7267nalz (nal)nfl
=Plr e K dz.
[ @”A Gr(zin)(1—Cia) D(n—1)

By substituting the CDF in (11), we obtain

Gk(z; n) = ngk,nz(al + p)

1 n(ai1+p)z . 1
= “tgnklgy
anmz; ‘

—n(a1+p)z  pn(ai+p)z
> 67/ gn—k—14y
0

I'(n—k)
e—nla1tp)z _—

= f?;;jfi;;fij(n(oﬂ +p)2)"

Therefore,
_ (*) < /aler P(n —k :_ 1) en(aler)z (nal) S 2€7nalzdz
Plre K(e)] ~ Jo  (n(loa+p)z)" (1 = Crp) ( 1)
P(n—k+1) k-1 ( a1 ) k1 /“1+p k—2
= + npzq
Tm-na-c @t a5 0 o

T(n—k+1)
=T(n—-1)(1-CLn)

By letting npz = y, we can bound the integral in (26) as

_ __»p 1 'n, a1+p
(ay + p)Fte mm ("™ ) e 2/ (npz)*=2em*dz.
0

k—1 == e
n a1+ X a1+
/ 1+p (an)k_2€npde — p—(k—l) / 1te yk—Qeydy
0 0

(np)k—2
a1+
< p~k=be a1+PL/n "2y
0

enﬁ n k—1
- < ) ik € Zss

k—1 \a1+p
where (28) holds only for k£ € Zx since the integral in (27) diverges for k € Z<;.
By applying (28) to (26), we obtain for k € Z>5

emFr  pkl Mn—k+1)
1-Cipnk—1 T(n—-1)
el TRRen I'(n—k+1)nF!
1—C’1n 'n-1) k-1

(%) <P[F € K(e)]

— O(ne™™),

where (29) can be obtained by Lemma 15 and —

T s + le—mcu ()

E[ 3 1600 #1.K 0 (,Mi(t)]]SZ(liZ_nﬂL G )

t=Kn+1

T
< Z OEe™)+0(e ") + (’)(e_"ez) + O(ne™"°)

n=n
=0(1)+0(e )+ 0(e?) +0(e?),
which concludes the proof under STS with k € Z>».

(25)

(26)

27

(28)

(29)

5 < 1. By combining (29) with (24) and (23), we obtain for k£ € Z>»
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Under STS-T with k € Z>o: Under STS-T, we have the following inequality instead of (24):

- h(pi,€,n)

Co(p, €, k)

1[#1 € K(e), a1 € (g +p,n]]}
Gr(1/ar; )1 — Cin)

()

pn(€|§1,n) e

]E ]]' [KfL(E)] 1 —p (€|9_1 ) S ]P)[}%l Z ,LLl - E] 1— e~

+]P[I%1 S K(E),C_Yl < a1 +P]

+ Eg, ,, [ (30)

From 1[&;(n) < n] = 1[a@1(n) = &1(n)], it holds that

_m. ]].[I%léK(G),OAq G(al +p,n)} ~ 1[/261 GK(G),dlzn]
) =Fi... { Gr(1/ar;n)(1 = Crp) ] o {Gk(l/al;”)(l - Cl,n)] '

Since 1[&;(n) = n] = 1[d1(n) > n] holds and & and & are independent, we have for z = a% ~ Erlang(n — 1, nay)

(%) s ZnTZemaiz (poy)nel 1 1 1
Pl € K()] = / Grlen) (1= Co) T =1 T Gt 0 = Con) - [@1 < n] G

) (0)

where the same techniques on () can be applied to derive an upper bound of (f). By following the same steps as (26) and
(27), we obtain

np V1 '
. (w) - ke,
“dy < n el
/p YUy < qog (1), itk =1,

pkil/(l — k), if ke Zk§07

as a counterpart of the integral in (27). By following the same steps as (28) and (29), we have

T'(n—k+1) enk—1 .
w E—1 lf k (S Zzg,
M < m-1og (). k=1, (32)

T'(n—k+1) e .
Fn=1) (=h)agp=F i k€ Zi<o.

Note that the probability term in (¢) is the same as the CDF of the Erlang(n — 1, naq) with rate nay evaluated at % since
d1 ~ IG(n — 1,naq) from (2). Thus, we have

B 1 1 F(n—1,a1)
 1-C10 Gr(1/n;n) T(n—1)
et Tn—k+1)v(n—1,a09)

(0)

TG (it Tm-1) 2@

- et T(n—k+1) aof 1’ 33)
1-Cin T(n—=1) (ar+p)"*

< ent? T'(n—k+1) 1

“1-Cy, T(n—=1) (aq+p)t-*k

= 0(n*™"), (34)

where (33) holds from ~y(s,z) < z° forany s > 1 and z > 0. Therefore, by combining (32) and (34) with (31) and
Pk € K(€)] = O(e™ "), we have

O(ne="c), itk eZs>o
(x) << O(nlog(n)e™¢), ifk=1, (35)
O(nQ—ke—ne)) if k e Zgo.

18
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By combining (35) with (30) and (23), we obtain for k € Z>¢

r T n L nen
E[ 3 w(t)#LK%,M@)(e),Mi(t)]}sZ( SN L +<*>>

t=Kn+l n=n l—emm Co(p, €, k)

T

< (0(6-”) L OE )+ O (e-"€2) +0 (¢(n, k)e™") >

n=n

O(1) + O(e™) + O(e72) + O (e mx(23-1)
where
Y(n, k) =nlk > 2] +nlog(n)l[k = 1] + n> *1[k < 0].

Note that the analysis on term (*) also holds for STS-T with k € Z .. However, differently from the case of k € {0, 1},
priors with k& € Z . have additional problems in Lemma 10 under the event {#; € K (€),a1(n) < a1 + p}, where the
upper bound becomes a constant % O

C.2. Proof of Lemma 6

Firstly, we state a well-known fact that is utilized in the proof.

Fact 12. When X ~ Erlang(n, 8) with rate parameter 3, then 28X follows the chi-squared distribution with 2n degree
of freedom, i.e., 26X ~ x3,.

Lemma 6. Under STS and STS-T with k € Z, it holds that for any a € [K]

T
> EL[() = a, Mc(t), Ean, ) (€]
t=nK+1
1 logT
< .
<max(0,k) + 1+ aael[k > 0]+ Dar(®

where Dy, ;(€) > 0 is a finite problem-deterministic constant satisfying lim¢_,o Dg () = KLin¢(a).

Proof. From the sampling rule, it holds that

T T
S OPL) =a, i (t) = 1 — €, Ean, ()] = Y P [j(t) = a, max fig(t) 2 p1 — € Ea, N, (1) (€)
t=nK+1 t=nK+1 a€[K]
T
< Z P [J(t) = CL,‘LNLa(t) > p1 = 67511,1\7@(75) (6)] :
t=nK+1

Fix a time index ¢ and denote ;-] = IP[- | ;] and N, (t) = n. To simplify notations, we drop the argument ¢ of &, (1), &, (1)
and i, (t) and the argument n of i, (n), &q(n), @ (n).

Since &, € (0, k4] holds from its posterior distribution, if &, > m £1=¢_ holds, then fi, = 229 < ;; — ¢ holds for any

1—€—Rq ag—1 —

Fq. Recall that fE7 k,—n (+) denotes a density function of Erlang (n —k, QL) with rate parameter ﬁ, which is the

a,n

marginalized posterior d{;tribution of @ under STS and STS-T. From the CDF of % in (9), if K, < @1 — €, then

a_]- ~ -
Py [fia > p1 — €] = Py [Gg <1+ Py [Fa > 2" (i1 —e)Nag e (1, 1"
a 7

a

1

Hny—e
nl—e—#& _
= fsik,#(fﬂ)df +/ Er,k L(l‘)Pt |:Iia >
0 a,n 1
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Since xfy is increasing with respect to y < x and & < K + € holds on &, we have for £
M1 — € _ < M1 — € .
p1—€—k " pp—e—(k+e)
Let

Ka(Agq — €) — €lig
Ma — Ha)(/ftl — Raq — 26)
be a deterministic constant that depends only on the model and e and satisfies

al€) = 7 >0 (36)

Qa — Tal€) = Ha Ka(Ag — €) — €llg
fa —Ka (Mo — Ka)(i1 — Kq — 2€)
fall — Kalla — 2€ftq — Ka(j1 — fg — €) + €fiq
(Ha — Ka) (1 — Ka — 2¢)

fi1(tta — Ka) — €(pta — Ka)
(Ha = Ka) (i1 — Ka — 2€)

___Mm—e

L — Kg — 26

Since 7, (€) > 0, it holds that for any € € (0,¢,)

Oéa—77a(€) = ﬁl _52 < /-ﬁl = Ogq- (37)
H1 — Ra € Ha — Ka

Note that ﬁ = « holds and the change of p to p/ with fixed s that is H,“—_/K, implies how the value of the shape

parameter o should be to satisfy p((x,a’)) = u'. For example, 0 = (ko + €4, o) satisfies u(0) < po + %‘1 Thus, if
(kg + g, @) =1 —€> g + %“, then « should be smaller than «,. Hence, we have

e (0P| 2 10

< 1[Ean(e)] ( / e a (2)da - / (@) (mflml—e)) dx)
0 ag,n 1 Qa,n X
<) [T S (@) (38)
0 Qa,n
a—"a(€)
< 1[Ean () / B (2)dz = 1[0 n(O)Py[Ga(t) < aa — 1a(6)]: (39)

Therefore, by taking expectation and using Fact 12, we have

P [laa(t) > 1 — evga,n(e)] < P[da < ag — na(e)vgam(e)]’
2n

=P|Z< (O‘ - na(e)) aga,n(e) (40)

aa,n
where Z is a random variable following the chi-squared distribution with 2(n — k) degrees of freedom, i.e., Z ~ Xgn_? K
C.2.1. UNDER STS

Here, we first consider the case of STS where we replace ¢, ,, With &q(n).

Since &g € [aq — €41, g + €4,) holds on &, ,, (€), we have

1 1 1 1 1 1
—e(l-l-):S <———=—+e (41)

Qg Ra Qg + €a,u Qg Qq — €q,l Qg

by the definition of €, ;(¢) and €, ,,(€) in (13).

20
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By replacing a, , with &,(n) in (40) and applying (41),

we have

. [ 2n
P li) 2 1 — €. E0nl] < B[ 2 2 2 (00 = 1m(6) 06|
L a
<P|Z<2n (1 + e) (g — na(e))}
Qq
_p|z<om-m—"m (o) (€)) (42)
= i < n n— k o € Qg MNa € .
Priors with k£ € Z<. Let us first consider the case k € Z<o, where we have - < 1. It holds that
1
Pl 2 i~ e Eanl@] < |2 <20 0" (L4 6] (0 = (o)
<P [Z <2(n—k) (1 + e) (g — na(e))} .
Qg

Note that the definition of ¢, in Theorem 2 is set to satisfy (é + e) (o — nq(€)) < 1 forany € < g,. Thus, we can apply

Lemma 19, which shows

P{Z<2(n—k) (1—”‘;(6)
where
Dmkg);_-40g<1-»75¢)+(nmx«Lk)+1)daa

T efon - na<e>>)] < e~ (nRIDu(E), @3)

“ e ) - 4

a

+ (max(0,k) + 1)e(aq — nq(€)) >0 (44)

is a finite constant that only depends on the model parameters, ¢, and prior parameter k.

For arbitrary n, > 0, applying (43) to (40) gives

T T
Yo Bl =am®) = m-eEanm@l < Y PLt) = a falt) = m — € Eanle)]
t=nK+1 t=nK+1
T
<ng+ Z Pliia(t) > p1 — €, &, Na(t)(e)v No(t) > na)
t=nK+1
T
Cnt Y e umBDa
t=nK+1
< ng + Z e~ MaDak(e) — = ng + Te ™ Pe, k(€)
t=nK+1
Letting n, = Dlogk 7(;) concludes the cases of priors with k € Z<o.

Priors with k € Z~

Next, consider the case k € Z~ (. Recall that we first play every arm k + 1 times if £ > 0, which

implies that n — k > 0. For n > -1 + k + 1, it holds that

- Q€

n
n—k

By applying (45) to (40), we have for n > i +k+1,

Bl < o — 1(6), Eap, (0 ()] < B [z < 2n— k) (1 1

<;+Q§

Z 4 (k+1e (45)
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Similarly, by applying Lemma 19, one can see that for n > - + k + 1

s
Plaa < aq — 1a(€), Ea na 1y (€)] < e (MR Parle), (46)

where D, . (¢) is defined in (44).
When k € Z~, let ng > a%e + k + 1 be arbitrary. By applying (46) to (40) again, we have

T T
> EALE) =a, () > — € Eanyiy (@O < Y PLE) = a, fia(t) > p1 — €, Ean(€)]
t=nK+1 t=nK+1
T
<ng+ Z Pliia(t) > 1 — €,&, Na(t)(e)v Na(t) > ng
t=nK+1
T
<n,+ Z e~ (na=F)Dak(e) — Na + Te—(ma=Fk)Da,x(€)
t=nK+1

Lettingng, =k + 1+ a%e + Dlogk {6) concludes the cases of priors with & > 0.

C.2.2. UNDER STS-T

Here, we consider the case of STS-T where we replace o, With &, (n) = min(é,(n), n). From the definition of &, (n),
it holds that for € < ¢,
Vn > ag+1: Las(n) = dq(n), Agn(e)] = 1.

Therefore, for n > a, + 1, the analysis on ST'S can be applied to STS-T directly.

Let us consider the case where &, (n) = n < ¢, + 1 holds under the condition A, ,,(¢). By replacing «, ,, with n in (40)
and following the same steps as in (40) and (43), we have for any k € Z,

Plin(t) 2 1~ €. Ean(@)] <P |2 < 2 (00 = 1a(0) (6]

<P :Z <2(n— k)~ i - (OL + e) (ata — 1a(e)) ,5a,n(6)}

<[220 (24 ) (00— £an (0]

Qq

< e~ (=R Dak(e)
where D, j,(¢) defined in (44). Therefore, the same result follows by the analysis in Section C.2.1.

C.2.3. ASYMPTOTIC BEHAVIOR OF D, 1 (¢)

Here, we first provide the alternative formulation of D, () defined in (44). Let us rewrite the definition of Dy, j(€) as

Day(e) = — log (1 1D 4 (max(0,K) + Ve ~ na(6)> — 1l (max(0, &) + 1)e(@ta — 7a(€)

o (20 = (D (L (max(0,) + D)\ | (0 = a1+ (max(0,F) + Dawe)

o g g

toe (o 1 (g — Ma(€))(1 + (max(0, k) + 1)age€) 3

-8 Yoy —na€) 1T+ (max(0, k) + 1)age oy

By injecting the closed form of v, — 7,(€) given in (37) and defining b, 1 (¢) = m, D, ), can be written as
M1—€—(f€a+€)) 1 py — €
D, =1 aba + -1
JC(G) 0g <O¢ ,k(e) [ — € aaba,k:(G) [ —€— ("ia ¥ 6)
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From Lemma 1, one can observe that

D, x(e) = inf  KL(Pa(kq + €, agba i (€)), Pa(f)).
’ 0:p0(0)>p1—e ’

Since lim¢_, by 1 (€) = 1 for any a € [K] and k € Z, it holds that

lim D, x(e) = inf KL(Pa(kqe, ), Pa(f)) = KLin¢(a),
0 0:11(0)> 111

C.3. Proof of Lemma 7

Firstly, we state two well-known facts that are utilized in the proof.

Fact 13. When X ~ Pa(k, ) with the scale parameter x € R and rate parameter & € R, then log (%) follows the
exponential distribution with rate o, i.e., log (&) ~ Exp(a).

Fact 14. Let X1,..., X, be identically independently distributed with the exponential distribution with the rate parameter

a,ie, X; = Exp(«) for any 7 € [n]. Then, their sum follows the Erlang distribution with the shape parameter n € N and
rate parameter , i.e., y ., X; ~ Erlang(n, o).

Lemma 7. Under STS and STS-T with k € Z>,

T

> E[L[(#) # L,Kin (e, ME@D]] < O(e).

t=nK+1

Proof. When one considers the Pareto distribution with known scale parameter « that belongings to the one-dimensional
exponential family, the posterior on the shape parameter a°™° > 0 after observing n = Ny (t) rewards is given for k € Z

a®® | Fy ~ Erlang (n — k+ 1, X,,), 47)

where X, = Y7 log(r1 ) — nlog(k1). Note that X,, ~ Erlang(n, a;) from Facts 13 and 14. Let "¢ be a sample
from the posterior distribution in (47). Then, for one-dimensional Pareto bandits, it holds from (11) that

I'(n—k+1,5X,)

Pl (t) < pn — el F] = Plai™ > B| Fi] =

'n—k+1) ~’
where we denoted 3 = m“_le__em satisfying p(x1, 8) = p1 — €. Therefore, Lemma 23 can be written as
T T T
YBR[ #ALMON =D D E[Lj() # 1, M), Ni(t) = n]]
t=1 t=1 n=1

I
[M]=
WE

E[P[j(t) 7é 17Mg(t)7N1(t) = n|]:t”

~
Il

1 n=1

I
[M]=
M=

> F(n+ 1751’.) a? n—1_—oajx -1
1 <
/0 Tt Tm® ¢ ws0E)

~
Il

1 n=1

where we injected the density function of the Erlang distribution into the last equality.

On the other hand, for two-parameter Pareto bandits where the scale parameter is unknown, it holds by the law of total
expectation that

E[L[j(t) # 1, K1 ny ) (€), MEW@)]] = Eiy sy [PLI(E) # 1 Ki vy o (€), ME()|F]]
= El%l,&l []l[lcl,Nl(t) (G)HP[J(t) 7& LM:(t)I]:tH s

where the last equality holds since K is determined by the history F;.
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From Lemma 9 with y = p1 — €, it holds for any £ < —1=°_ = 3 that

— M1—€—R1

K;la

LKy n ()Pl (t) < p1 — €| Ft] < 1[Kq n(e€)] (( . ) b r)dz +/ i - ”( )d$>

e\ T (n—k 2-¢ [{n—k %
1[K1 n(e)] (M) 1= (F(n—k) ) * (F(n—k) )

(48)

I(n—k,—n—¢
which is a convex combination of 1 and ( { (H 5))) . Therefore, RHS of (48) increases as 7}(717%)) increases. From

the deﬁmtlon of F(n x), it holds that I'(n, ) > I'(n, z + y) for any positive y > 0 and I'(n + 1, z) = nI'(n,z) + z™e~".
Since o (n) < al(n) holds for any n € N, it holds for k£ € Z> that

T (n =k 5t5¢) T (n— & 525¢) T (n. #24:7¢)
T'(n—k) - T'(n—k) - I'(n) ’

Let us denote Yy, := 55 = Yo log(ry,s) — nlog(#1(n)), which follows the Erlang distribution with shape n — 1 and
rate o (Malik, 1970). By taking expectation with respect to 1 (n), we have for any £ < 3 that

B, (16 ([ 0) < pur — 7] < [ + ((M) (1= HEEn)) o D)) bl ) = alaa

i (i) (-7 )

-(-(G5) ) (Gws) (-80S

where we used R1(n) ~ Pa(k1, naq) in (2) for the last equality.

Therefore, under the two-parameter Pareto distribution, the following holds for any ¢ < 8 under both STS and STS-T with
ke ZZO that

Eiyon [LK1Ln (O)IP[A1(8) < pa — €| Fi]]
o K1 e > H1 — € " - r (TL, 5y)> I (7’L, fy)> a? ! n—2 -y
- <1 <~1 + > > / <(u((f<1,€))) (1 tw ) Tw) JTe-n?
Therefore, Lemma 23 concludes the proof for any n € N, by carefully selecting £ < 3 satisfying
. K1 e ° M1 — € " . F (TL, 5y)> F (’I’L, 53/)) OZ? ! n—2_—a1y
(1 <m+e> >/ ((u«m,a») (1 O AR A CE A

< /OO F(Tl + 13 6y) CY? nflefoqydy.

Note that when we consider STS with k = —1, we have to find £’ < 3 such that

no n n—1
(1_< R1 ) 1) /OO (( M1 — € ) (1_F(n+1a€/y)>+F(n+17§/y)) Q; yn—Qe—alydy
K1+ € 0 w((k1,&")) P(n+1) I'(n+1) I'(n—1)
“Ln+1,8y) af 4 _

< T reT Y dyd.
—/0 T(n+1) T(n)’ Y
From I'(n, z) > I'(n, z + y) for any positive =,y > 0 and £’ < 3, we have for any = > 0 that

T(n+1,&s) _ T(n+1,6)

'n+1) — T(n+1) °

Therefore, for k € Z<_1, we might not be able to apply the results by Korda et al. (2013). O
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C.4. Proof of Lemma 8

We first state two lemmas on the event K and A.
Lemma 15. For any algorithm and a € [K, it holds that for all e > 0,t > 0, and n € N

Qg€
¥ {’Cimt)(e)’ No(t) = n} < exp < n) ,

Kq 1 €

Lemma 16. For any algorithm and for any a € [K), it holds that for all € € (O, m) andt > 0,andn > n

Q€

2.2
P [,A;Na(t)(eLlCa,Na(t)(e), N,(t) = n] < 2exp (— Z n) ,

Lemma 8. Under STS and STS-T with k € 7Z, it holds that for any a # 1

T

> E[1(0) = a,& 0] <O ().

t=nK-+1

Proof. From the Lemmas 15 and 16, one can see that for n > n,

P (€5 nu((O)s Nalt) = ] =P [KE v ((€); Nalt) = 1 + P [ (), Ky (€), Na(t) = ]

02e2
Qg€
Sexp(—l{ :—e )+2exp( A
a

Since {;(t) = a, Eqn(€), Na(t) = n} occurs only once for any n € N, it holds that

S B[ [0 =0 8mn@]] = Y E[[i0) = £y o0, Nat) = 1]
t=nK+1 t=nK+1n=n

< 38 [t ez 0000 =]

-yp [/CiNa(t)(e), Na(t) = n} +P [A;Na(t)(e) 1 Ko, (€), Nalt) = n

n=n

a?e?
<Zexp< +€ >+Zexp( Z n)

Since exp(—an) with a > 0 is a decreasing function with respect to n, it holds that

Z exp(—an) < /100 exp(—an)dn = M7

a

which concludes the proof.

C.4.1. PROOF OF LEMMA 15

Lemma 15. For any algorithm and a € [K], it holds that for alle > 0, t > 0, and n € N

Qg€
P |:IC<617NQ(t) (e)aNa(t) = n] < exp (_ TL) .

Kg 1+ €

Proof. Since kq(n) ~ Pa(kgq, na,) holds for any n € N in (2), it holds that
P K5 v, (s Na(t) = 1] = Plaa(Na(t) = ka + € Na(t) = 7]

Ka % Qg€
S exp | — nj,
Kq + € Kq + €
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C.4.2. PROOF OF LEMMA 16

Lemma 16. For any algorithm and for any a € [K], it holds that for all € € (0, m) andt > 0,andn > n

: a?e?
P1AG N (1)(€), Ka N, (1) (€), Na(t) = n} < 2exp (—Zn) ,

Proof. Fix a time index ¢ and denote ;] = P[- | F3] and N,(t) = n. To simplify notations, we drop the argument n of
Ra(n) and &4 (n).

Let 7, ;. be the k-th order statistics of (r4,5)5—; for arm @ such that r;, ; <7, < 1y, ,- From the definition of MLE of
aa’

n

Pla, < aq —€q 7’Ca y Na(l) = <P
[da < g — €a1(€), Ka,n, (1) (€), Na(t) = 1] D logr;s—nlogr{“

<o — 6a7l<€)]

=P ta — earle <Zlog

n o,
=P|— <nlo ——I— lo
_aafeayl(e) & o1 ; &k ]

<P < I
- Qg —Gal ;Og Ka

1 « r 1
<P <,§ log =% — —
S €_n5:1 0og Ko aa]’

where the first equality holds from the definition of MLEs in (2), the second inequality holds since any sample generated
from the Pareto distribution cannot be smaller than its scale parameter «, and the last inequality holds from the definition of

€q,1(€) in (13).

Similarly, one can derive that

P[da > oq + Ea,u(e)v ICa,Na(t) (6)7 Na(t)

IN

. /
n| <P Zlogra’s #qtnlogr—lﬁlC
Ka € K

IN

[ n
<P Zlog Tas o | plog A
K € K

[ n
Ta,s n ne
<P E log —= _+ —
- — & Ko — 04+ €qu(€) + 1

N

n

1 Ta.s 1
<]P>fE log —2 — — < — ,
< n Og/-g S 6‘|

i a Qg

where the second inequality holds since 77, ; = &, < kg + € holds on KCq ,, the third inequality from log(1 + x) < x for

(T,Z) ~ Exp(a,) and the
last probability can be considered as a deviation of the sum of exponentially distributed random variables.

x > —1, and the last inequality comes from the definition of ¢, ,,(¢). From Fact 13, y, s := log

For the exponential distribution Exp(«), we say that Bernstein’s condition with parameter b holds if
1.1
E[My] < Skl—b"2 fork=3.4,...,
2 «

where M}, implies the k-th central moment. For Exp(a,), it holds that

k k1 1\"?
ebil= <y (o)
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where !k is the subfactorial of k such that 'k < % + % < % for k > 3. Hence, the exponential distribution with parameter
a, satisfies Bernstein’s condition with parameter ai, so that it is subexponential with parameters ( 2. o ) Therefore, by

applying Lemma 20, we have

a

— > e) < 2exp (—g min{a?e?, aae}) .

Note that it holds for e < —=

IED[daSOéa_Ea,l(ﬁ)ﬁ’Can S ( Zyas_if )

P[dazaa+6a,u()ﬂlcan<}?< Zyas___>a

eai(na-l-l)

2
for €q,1(€) = 22— and €4, (€) = Fa—€aq(fatl)’

14ecaq
the original notations, we obtain

P[AZ,Na(t)(€)7Ka.,Na,(t)(E)v Na(t) = n] = P[@a(n) < ag — 6a,l(e)a ’Ca,Na(t)v No(t) = n]
+ P[da(n) > g+ 6a,u(€>7 ICa,N,,,(t)7 Na(t) = n]
2

which satisfy lim,_,o max{€q (€), €q,.(€)} = 04. Hence, by recovering

for € <= w1th ag > 1. O

C.5. Proof of Lemma 9

Before beginning the proof, we first provide the intermediate equation for the probability that the sampled mean is less than
the given value, which is used several times in the proof.

Lemma 17. For any arm a € [K] and fixed t € N, let N, (t) = n. For any prior parameter k € Z, if y > Rq(n), then

~ yiéya(n) Er xr — 1 " * Er
Plia(t) < ylban] = nek,-n(2) | ===y ) dz+ ek, o (v)dw.
1 Y

‘Tam Fa(n)x ‘Tam

y—Fa(n)

Proof. Fix a time index t with N, (t) = n and denote P,[-] = P[- | F]. To simplify notations, we drop the argument n of
Rq(n) and the argument ¢ of R, (t), &, (t), and fig(t).

When &, < y holds, fi, <y can hold regardless of the value of &, if &, ddjl < y holds since &, € (0, #4] holds from its
posterior distribution in (9). Hence, if <, < y, then

at)> —— = <y (49)
Y — Ra
When 1 < da < y_%,
fla = o~ <y o Re <ytis (50)
Qg — (7%
Since a, < 1 implies fi, = oo, from (49) and (50), it holds that
. e 1 >
Pl <ol = [ 1 e @B < T ok [ g e @
1 y*y"‘u. '
j/'%a . 1 n oo
_ / B (2) (x y> dz + / B (2)da, 51)
1 7ua n Kaq® yfy;a Yaa,n
where we recovered the CDF in (9) in (51). O]
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and k € Z, it holds that

Lemma9. Foranyarma € [K] and fixed t € N, let Nq(t) = n. For any positive { <

(%S) n 13
15 (n) < y1PLR(0) < vl < | fuag>M+(Mf’»)Lffu ()d,

K/aag ’a o

where ( ) denotes the probability density function of the Erlang distribution with shape s € N and rate 8 > 0.

Proof. From Lemma 17, if y > R,(n), it holds that

Y

-y 1 nx 00
Pl < ol0unl = [T 1 e @) (S0) m+/u B ()de,

an RaT

Y—Ra

Take any finite ' > y and let £ := y,ﬁ’ﬁ < yf’ﬁ such that p((kq,&))) =
a > b > 0, one can see that

% is decreasing with respect to

y,,

Tt 1 nx o)
o) < 9Pl < ol < [ 15 @) (S0) M+/’ B ()
1 @a,n P

al aag,n

“Fa

Py r—1 \" o
< [T @ () et [ e @
1 Qa,n /{,a{E Yy Qa,n

v/ —Ra

U/z/’c r—1 nx [e%e]
<[ &knu(A Q dr [ e @
1 Yaa,n RaT Y’ Yaa,n

y' —ka

13 -1 n o
1 ’aa n Ko ¢ ‘aa,n

< <£ -1 )n /£ Er /oo Er
=< y kg (2)da + ok, o (z)dz (53)
K/ag 1 T aq 13 7(1(1 n

Er Er
= x)d d
( ﬁaag ) / f x+/ fn k’aan( ) L
where (52) comes from 4, > K, and we used the increasing property of % in (53). ]
C.6. Proof of Lemma 10
Lemma 10. Given ¢ > 0, define a positive problem-dependent constant p = py, (€) := mie Ifn>n=

2(p1—€/2—k1)(p1—rK1)"
max(2,k + 1), then for k € Z>g

—n

e ", if 1(n) > p1 — ¢,
P (€l01,n) < < h(p1,€,n), if k1(n) € K(€),a1,n < a1 + p,
Ci(p1,6,n)Gr(1/ar nin) + 1 — Ge(1/arn;n) if R1(n) € K(e), 01, > 01 + p,

where

_n 1 1
h(ﬂ“lv €, n) =€ 4“1 (]— - 5 _nc‘bl(€)> + ie_nc‘”(e)

M1 — 6/2
Grlwsn) = Fy o (on + p)

n
— € — €
Ci(p1, e,m) = (ul) <e "mie <1

for F¥r defined in (11). Here, c,,, (€) = ¢ —log(1+¢) = O(e™?) and { = T e € (0, 1) are deterministic constants of
w1 and e.

Proof. Similarly to other proofs, fix ¢ and let N1(t) = n. To simplify notations, we drop the argument ¢ of %1 (¢), &1 (t) and
i1 (t) and the argument n of #1(n), &1 (n), @1 (n).
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Case 1. On {#; > 1 — €} Under the condition {#; > p1 — €}, the event {/i; < 3 — €} is eventually determined by the
value of & since {k1 € (11 — €, #1]} is a sufficient condition to {fi; > u; — €}. Therefore, if &1 > p1 — €, then

o o 1 nT
(€l61,n) / (x) (MA €L ) dz.
’al K1 x

o R oo . o 1 nx
LAy = = elpn(elfrn) = 1[E1 = i — €] (/ ) (ul . > dx)
1 1,n

Then,

:‘%1 X
o0 1 nT
< 1Ry > 1 — e]/ EZ n () (1 - > dz
1 Taln X
<]1[%1()>M1—6/ frlp

< 1[R1(n) > p1 —€ele™™,

where the second inequality holds from p; — € < &;.

(x)e™"dx

)
O‘1 n

Case2.On {i; € K(¢),a1,, < a1+ p} Byapplying Lemma 9 with y = pi1 — €, we have for any { < m — ., that
LA < p1 — €, a1 < o+ plpn(€lfin) < ( M;* ¢ ) Er (z)dz +/ B (z)de
la I3 "l

e N\ R
S(u((m,ﬁ))) /o nek g (@)de /E Chn (@)dz. (54

Let us define p := pg(€/2). Then, it satisfies yu((k1, 1 + p)) = 1 — § and

— /4 —
poe/t _ _p—e

atp= w—e/d— Ky u—efnf

. By replacing ¢ with
a1 + pin (54), we have

Lk < p1 —€,000 <0 + P]Pn(dél,n)

n £ 0
A M1 — € Er Er
<1 < — n < _ _ n d d
>~ [Hl M1 €, 01 n S Q] +p](<,u1_6/4) /0 n k,al, ( ) $+/(11+p n—k, Ty n(”)( ) .’E)

Sﬂ[l%l <,LL1*€,0417n§041 +p]( (4“1 E) (17[@[5[1 20114’[7])4’?[641 > aq +ﬁ]) (55)

Let Z,, be a random variable that follows the chi-squared distribution with n degree of freedom and F,(-) denote the CDF
of Z,,. Then, it holds that

2
P 071>Oz1+p,a1’n<a1+p] =P |Z> "

(1 +p)yarpy <og+ p] by Fact 12

1,n

<P Z>2n0‘1+”]
ap +p

<P|z>ont" e/ﬂ
i p1 —€/2

=1- an_gk(Qn(l + C)), (56)

where ( = € (0,1). By applying Lemma 21, we have if n{ > —k,

4,[1,16—26
Pl > a1+ p,on,n < a1 +p] <1 — Fop_or (2n(1 4 ¢))

T(n — n—k—l/Qe—(n—k) n
< %\/T( Ilfzn s erfc (\/n(C +k)—(n—k)log S—FC)> ,
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where I'(-) denotes the Gamma function. For n > 1/2, it holds from Stirling’s formula that
Vo 1/2e7m < I'(n) <V 27‘1’61/6%”_1/26_”7

which results in

Pla; > a1+ p, a1 < a1 +p] < %erfc (\/n(C +k)—(n—k)log W) . (57)

Notice that (n — k) log - (HO > 0 always holds from the assumption of n{ > —k where priors with k € Z> satisfies
regardless of n. Thus, if C T k < 0, then the argument 1n the complementary error function in (57) becomes negative. This
makes the upper bound in (57) greater than or equal to 2. Therefore, for the priors with k € Z ., the right term in (57) is
bounded by a constant since ¢ € (0, 1).

Since the complementary error function is a decreasing function, for priors with k € Zx, it holds from (57) that

1
]P)[dl > a1+ ﬁa A1.n <a;+ p] < Eerfc ( n(C - 1Og(1 + C)) )

where we substitute £ = 0. By the change of variables, the complementary error function is bounded for any > 0 as
follows (Simon & Divsalar, 1998):

2

erfe(z) <e ™™,
which implies

1
Pmlzay+amm<a1+ms§aW%“% (58)

where ¢, (¢) = ( — log(1 + ¢) > 0 is a deterministic constants on £; and . By combining (58) with (55), we have

s 1 1
1[i1 < p1 — €1 < a1 + plpn(elbrn) <e i (1 - 26_ncu1(5)) + 56—"%1(6) =: h(py, €6,n).

From the power-series expansion of log(1 + x), we have log(1 + z) > = — ””—22 + %3 forz € (0,1) and

2 3 2
(@) =C—log1+ Q) < & — S =S (3-2)
< g =0(e7?).
-2

Case 3. On {#; € K(¢),a1,, > a1 + p} By applying Lemma 9 with y = p1 — e and £ = a1 + p, we have

~ H1 — € " arte Er > Er
1ry < p1 — €lpn(elbin) < | —F g, (z)dw + ek, (z)dx
1 1,n o aln

1= 6/2 1+p
= Cl(p’laea n)]P [dl € [1,0[1 + P] | al,n] +]P)[O~Q > a1+ 1Y | a1,71]
<Ci(p1,6n)Plér <ar+plorn +Plan > a1+ p | a1n],

where C1(u1,€,n) 1= ( p1—e ) ) < e "Tm—¢ < 1. Since a; follows Erlang (n -k, ﬁ), it holds that

p1—e/2
3 (2o
]

Plan <aq+plaiy] = F(n—z;n )

where (-, -) denotes the lower incomplete gamma function. Therefore, letting

v (n =k, n(en + p)z)
I(n—k)

Gr(z;n) =
concludes the proof. O
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D. Proof of Theorem 3

As shown in proofs of Theorem 2, the integral term in (27) diverges for k € Z<; without the restriction on &. In this
section, we provide the partial proof of Theorem 3 for k € Z<, which shows the necessity of such requirement to achieve
asymptotic optimality.

Proof of Theorem 3. Recall that ST'S starts from playing every arms twice for priors k < 1, i.e., N,(s) > 2 holds for all
a € {1,2}. We have for T' > 5

E[Reg(T)] = AsE

> i) = 2]1
t=1
Z AQE 3

1j(6) = 2, N3 (8) = 2}] |

t=
From the definition of Ny(-), {j(s) # 2, N1(s) = 2} implies N1 (¢) > 2 for ¢t > s. Therefore, for any t > 5,
{j&) =2, N1(t) =2} =« {Vse [1,t —4] : j(s+4) =2}
< {Vse[l,t—4]: i1(s+4) < pa}.

Let 7' =T — 4, then we have

E[Z 1[j(t) = 2, Ny (t) = 2}] =K [Z]l Vs € [1,t —4] : i (s +4) < ug]]

=E | ) (Pl < palfr(2),a1(2)))° | - (59)

s=1
Notice that the above discussion is applicable to any bandit instance.
Then, let us consider a two-armed bandit problem with #; = (k, o) and 03 = (K, a2). Let v = max{[az], a2 | + 1} and

m = ﬁ, so that £2 = m%% > k. Assume 1 < o < g and fio(s) = po = K ?31 for all s € N.

[e3%

Notice that &1 (N1(s)) = £1(2) and &;(N1(s)) = &1(2) hold for all s > 2 since only j(s) = 2 holds for all s > 2. Here,
we first provide the lower bound on P[fi; < po|i1, é1]. Since £2 = =o2 =1 >  holds, we can consider the case where

az—1
k1(2) < £2 occurs.
From Lemma 17, it holds for y > &1 (n) that
Y nT
. Y=RL(7) r—1 o
Pl < 0 _ Er " d Er i " d
o <olbund = [ @ (St e [T g @
y—k(n)
o0
E
> . nik’d;fn) (z)dx.

By letting n = 2 and y = o, we have for k € Z<;

Plin < alin () n(2) 2 1 [ < 2] [ gt o oy
>1 [k < %] L fE o (n)da (60)
_ [~ H2 F(2 - k7 24)
== 2 Fa g )

where (60) holds from - 7”51(2) < Mj:i Tim
simplify the notations, we drop the arguments on n and ¢ of fi1(t), £1(n), and &1 (n) in the following sections.

= o =5 = [ag] and I'(-, -) is the upper incomplete Gamma function. To
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D.1. Priors k € Z<;

Note that I'(n, x) is an increasing function with respect to n for fixed x. Therefore, (68) implies that if the lower bound of
regret for the reference prior is larger than the lower bound, then every prior with k € Z<( are suboptimal. Therefore, let us
consider the case k& = 1, where we can rewrite (68) as

(1, %) 2
~ A I K2 ' & —=1
Pliy < , >1[ <—]71: a1, 62
[fir < palfy, du] K1 m (1 e 1 (62)
Since ¢1(2) ~ IG(1,2a1) in (2), z := %Y follows an exponential distribution with rate parameter o /7, i.e., z ~
Exp(as /7). By combining (62) with (59), we have
T T s
E| > 1[i(t) =2, Ni(t) = 2]] >Er: | (11[/% < ,ug/m]ez>
t=5 s=1
T/
= P[’% < I’LQ/m]EZNEXp(al/’\/) Z e ’ (63)
s=1

where we used the stochastic independence of & and . Here,

1 oo
=(1-2=) [log(e® —1) — —
( e)[og(e Jmete g

1 3
> N / -
> (1 e) <logT +1 2T’) , (64)

where the last inequality holds from its power series expansion

3
log(e® — 1) —x+e * >log(x)+1— 2%

and lim,_, log(e® —1) — x + e~* = 0. By combining (64) with (63) and (59) and elementary calculation with
k1(2) ~ Pa(k1, 2a1), we have

E[Reg(T)] > A, (1 - (72:)2&) (1 - i) (logT’ 1 2;)
= A, (1 = (’Z:)m> (1 - i) <10g(T+4) c1- 2(T3—|—4)> .

Therefore, under ST'S with k € Z<1, there exists a constant C'(ov1, 2) such that

lim inf 7E [Reg(T)]

> .
Toeo  logT  — Clan, az)
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D.2. Priors k € Z<

Similarly to the last section, it is sufficient to consider the case k = 0, where we can rewrite (68) as

~ A~ A ~ M2 F(2, (2377)
Plan < polii,éq] > 1 [/ﬁ < E} TQI (65)

From the definition of the upper incomplete Gamma function, we have
g9(z) :=T(2,2) = / rle ™ der = e # (2 + 1),

as a counterpart of e~ in (63) with the same notations z = i—z ~ Exp (%)
Therefore, by replacing e~ *° in (63) with g(z)*, we have

T’ T’

E. [ (9(2)| = E. |1l € 0.1 Y (92"
- -

>E, [1[z € (0,1)) (1 - 22)°

s=1

_E, []l[z € (0,11 — (1 — 22T 1= ZT :

22

where we used the fact z € [0, 1], g(z) > 1 — 22 in the second inequality. Since z € (O7 L ], 1-222T" <

Neid holds,

1
1+T7 22
we have 1 — (1 — 22)T" > L=~ By applying this fact, we have for 7’ > 1,

- T’(1—,z2)]1 c (o 1
==\ arr2 P\
T 1 1
> R
—EmExp(al/v)[(Q 2)1[26(0, ﬁT,}”

T 1\ [V o
_(T_1 /” o1 -ty (66)
2 2/ Jo Y

E. lZ(g(Z))s

s=1

E. [i(g(@)s] > (TQ/ - ;) (1 _ e‘%)
><T2_;> zy%zg(ﬁ‘jfl) (67)

By applying (67) to (59), we obtain for k € Z<pand T =T — 4 > 1,

st =2 (1 (22)) (7 )
= O(VT).
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Notice that from the definition of m = 7% (O[jf] .M =m (1 — —) < 1 holds. Therefore, under STS with priors

k € Z<y, there exists a constant C’(«a1, a2) > 0 such that

. . . E[Reg(T
l’llgiloréf[\/g%)] Z C’(al,ag).

D.3. Suboptimality for x; < ko

In this section, we consider the two-armed Pareto bandit problem where k1 < k4 holds, indicating that the minimum reward
generated from arm 2 is greater than that from arm 1. Under this setting, we present a concrete example where the regret of
TS with prior parameter k € Z<; is larger than the asymptotic regret lower bound in Lemma 1.

Theorem 18. Assume that the arm 1 follows Pa(k1, «1) and the arm 2 follows Pa(ka, an) with k1 < kg and 1 < aq < aa.
When &4 (t) and F1(t) are sampled based on the posteriors in (8) and (9) with prior k € Z<1, respectively and [i2(t) = po
holds, there exists a constant C'(aq, k1, k2) > 0 independent of as satisfying

lim inf w

>
Toee  logT > Clon, k1, k2),

where C(ay) > ﬁ holds for some instances. In particular, for k € Z<, there exists a constant C' (o1, K1, k2) > 0
independent of ap satisfying

i inf EReE(T)]
T—r 00 \/T

Proof. Recall that the discussion in the proof of Theorem 3 holds for any bandit instance until (59), which implies

> C'(on, k1, K2).

E[Reg(T )]>A2ElZ]l ) =2,Nyi(t) = 2]

t

_ElZ]lVSE —4]: M1(8+4)<M2]]

— Yy nx
~ y—ri1(n) rz—1 e
i < = Er Er
P <ol = [ @) (Egy) de o by @
y—r1(n
2 . ok, R O] (z)dz.
By letting n = 2 and y = p2, we have for k € Z<;
[ee]
Pl < pol#1(2),64(2)] = 1[#1(2) < ko ., forn 2 (z)dz
e '
- > H2 H2
> 11[#1(2) < Er d g = >
- [Kl( )_l@]/% f2 kva(2>(x) . a2 Mo — K2 — po — /k1(2)
L2~ k, 2%5)
= 1A (2 SARRNLY: 710 68
[Kl( )_KQ F(Q*,Z{}) ; ( )

where I'(+, -) is the upper incomplete Gamma function.

34



Optimality of Thompson Sampling with Noninformative Priors for Pareto Bandits

By following the same steps in Sections D.1, just replacing v with a2, one can obtain for k € Z<; that

E[Reg(T)] > A, <1 - (Z;)Qa) (1 - i) <log(T—|—4) +1- 2(T3+4)> .

An example of suboptimality Based on the discussion above, it holds for k£ € Z<; that

tim inf EEC8] o A (1 - ("1>M1> iy

T—oo  logT Ko e

Recall the closed form of the KL;,¢(2) in Lemma 1, which is

KLint(2) = log (a2 H — K2> + 1 -1
I oo (p1 — K2)

Then, let us consider the case 6, = (1,1.01) and 6, = (10, 30) where ;1 = 101 and 2 = 22, In this case, it holds that

2&1 _
i g PReE(D] (1 — ('“) ) ¢l 06260428~ — 1
(&

Ko KLine(2)’
which shows the suboptimality of TS based on the probability matching prior with prior parameter k£ € Z<;.

E. Priors and posteriors

In this section, we provide details on the problem of Jeffreys prior and the probability matching prior under the multiparameter
models. One can find more details from references in this section.

E.1. Problems of the Jeffreys prior in the presence of nuisance parameters

The Jeffreys prior was defined to be proportional to the square root of the determinant of the FI matrix so that it remains
invariant under all one-to-one reparameterizations of parameters (Jeffreys, 1998). However, the Jeffreys prior is known to
suffer from many problems when the model contains nuisance parameters (Datta & Ghosh, 1995; Ghosh, 2011). Therefore,
Jeffreys himself recommended using other priors in the case of multiparameter models (Berger & Bernardo, 1992). For
example, for the location-scale family, Jeffreys recommended using alternate priors, which coincide with the exact matching
prior (DiCiccio et al., 2017).

As mentioned in the main text, it is known that the Jeffreys prior leads to inconsistent estimators for the variance in the
Neyman-Scott problem (see Berger & Bernardo, 1992, Example 3.). Another example is Stein’s example (Stein, 1959),
where the model of the Gaussian distribution with a common variance is considered. In this example, the Jeffreys prior lead
to an unsatisfactory posterior distribution since the generalized Bayesian estimator under the Jeffreys prior is dominated by
other estimators for the quadratic loss (see Robert et al., 2007, Example 3.5.9.). Note that Bernardo (1979) showed that the
reference prior does not suffer from such problems, which would explain why the reference prior shows better performance
than the Jeffreys prior in the multiparameter bandit problems.

E.2. Probability matching prior

The probability matching prior is a type of noninformative prior that is designed to achieve the synthesis between the
coverage probability of the Bayesian interval estimates and that of the frequentist interval estimates (Welch & Peers, 1963;
Tibshirani, 1989). Therefore, the posterior probability of certain intervals matches exactly or asymptotically the frequentist’s
coverage probability under the probability matching prior. If the posterior probability of certain intervals exactly matches
the confidence interval, such a prior is called an exact matching prior. In cases where the Bayesian interval estimate does
not exactly match the frequentist’s coverage probability, but the difference is small, it is called a k-th order matching prior.
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The difference between the two probabilities is measured by a remainder term, usually denoted as O(n~ 5 ), where n is the
sample size and k is the order of the matching'.

For example, let § € R be a parameter of interest. For some priors 7(6), let 1)(6|X,,) be a posterior distribution after
observing n samples X,,. Then, for any a € (0, 1), let us define 6, > 0 such that

9a
/ B(0]X,)d0 = a.
0

When 7(0) is the second order probability matching prior, it holds that
Pl < 04X, =a+0(n1).
When 7(#) is the exact probability matching prior, we have
Pl <0,|X,] =«

For more details, we refer readers to Datta & Sweeting (2005) and Ghosh (2011) and the references therein.

E.3. Details on the derivation of posteriors

In this section, we provide the detailed derivation of posteriors.

Let the observation 7 = (rq,...,7,,) of an arm and let g(n) = Y _, logrs. Then, Bayes’ theorem gives the posterior
probability density as

ol ot
P Im) = 1S5S p(r | K, o)p(k, o)drda’

where

p(r | K, a) = @K™ (H Ta S) 1k < &(n)]
= a" k" exp(—q(n)(a+ 1))1[k < &(n)].

By direct computation with given prior with k € Z, we have

0o 0O oo oo —k
/ / p(r | k,@)p(k, a)drda = / / p(r | ﬁ,a)a—d/{da
o Jo o Jo k

o A
:/ " Fexp(—q(n)(a + 1))/ K" tdrda
0 0

7] Oén—k—l
:/ —— 77 exp(—a(q(n) — nlog &))do
0

I'(n—k) e~
n (q(n) —nlog )=+

Therefore, the joint posterior probability density is given as follows:

—nl 2 n—k
p(r,a|7r) = nla(n) F(Z cig]:)(n)] ankgre—lemamaq o < k < &(n)],
which gives the marginal posterior of « as
n—k—1 S —k
p(a | ,’,,) — @ [Q(?‘)( B n;:)g H(n)]n e—a(q(n)—n log r%(n)). (69)
n —

k+1

'Some papers call a prior k-th order matching prior when a remainder is O (n’ 2 ) (DiCiccio et al., 2017). In this paper, we follow
notations used in Mukerjee & Ghosh (1997) and Datta & Sweeting (2005).
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Thus, sample & generated from the marginal posterior actually follows the Gamma distribution with shape n — k and rate

q(n) — nlogi(n) = %,ie., & ~ Erlang (n — k,%) asn € Nand k € Zif n > k. When & is given, the conditional
posterior of « is given as

p(r,a|r)

pla|r)
= 9 gne=11(0 < k < i(n)). (70)

H’I’LO&

p(r| T a)=

Hence, the cumulative distribution function (CDF) of x given « is given as

~(n)

Note that MLEs of «, o are equivalent to the maximum a posteriori (MAP) estimators when one uses the Jeffreys prior (Sun
et al., 2020; Li et al., 2022).

P(nﬁm)zF(mr,azd)z( )na,0<x§/%(n). (71)

In sum, under the aforementioned priors, we consider the marginalized posterior distribution on «
n
p(a | r) = Erlang (n —k, 7)
o)
and the cumulative distribution function (CDF) of the conditional posterior of s

a(n)

Note that we require max {2, k + 1} initial plays to avoid improper posteriors and improper MLEs.

F(w|r,a:d):< )nd70<x§f$(n).

E.4. The uniform priors

The uniform prior with (k, «) parameterization, i.e., 7, (x, &) o< 1 cannot be represented in the probability matching priors

considered in this paper, mpm (k, &) o< “—. One reason to choose 7y, is its simplicity in implementation as we can obtain
the closed form of the posterior, which preserves one of the main advantages of TS. On the other hand, the marginalized
posterior density of « based on 7, (k, ) can be approximated when N, (t) = n as

a” n
7Tu(05 ‘ ]:t) XX Wexp(—ém(ma),

which cannot be written as some well-known distributions. In contrast, the posterior density based on 7y, (k, @) is written
as

k n—k—1 n

Toml(a | Fi) < exp| ———o

pm( | t) p( aa(n) )v
which is a density function of the Erlang distribution in (10). Based on the above formulations, we expect that the uniform
prior with (k, ) parameterization will behave similarly to the probability matching priors with & € (0,1). In other
words, the uniform prior with (k, o) parameterization is expected to be more optimistic than the reference prior and more
conservative than the Jeffreys prior. In summary, the uniform prior is not only difficult to implement but also suboptimal for
the Pareto bandits.

F. Technical lemma

In this section, we present some technical lemmas used in the proof of main lemmas.

Lemma 19. Let Z be a random variable following the chi-squared distribution with the degree of freedom 2n. Then, for
any z € (0,1)
P[Z < 2nz] < e @),

where h(z) = (x — 1 —logz) > 0.
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Proof. Let X; be random variables following the standard normal distribution so that Z = 2?21 X? holds. From Lemma 22,
one can derive

i 2n
1
< =P |— 2 < gl < —on i * .
PZ <2nz| =P o ;:1 X < m] < exp{( 2n leSIfo (z)>}

From the definition of the moment-generating function, one can see that

I 1 1
A (z) = iléﬁ/\z —logE _e)‘Xf} = ilel]lg Az + 3 log(1—2X) = §(Z —1—log2),

which concludes the proof. O

G. Known results

In this section, we present some known lemmas that we use without proof.

Lemma 20 (Bernstein’s inequality). Let X be a (02, b)-subexponential random variable with E[X] = p and Var[X] = o2,

which satisfies
2 2

A
E[eM] < exp{ d

1
< -.
b

Let X; be independent (o, b)-subexponential. Then, it holds that

I n_ [t ¢t
P(ng)(i—u Zt> < 2exp (—2mln{(72,b}).

For more details, we refer the reader to Vershynin (2018).

Lemma 21 (Theorem 4.1. in Wallace (1959)). Let F,, be the distribution function of the chi-squared distribution on n
degrees of freedom. For allt > n, all n > 0, and with w(t) = \/t —n — nlog(t/n),

1—-F,(t) < %erfc (ui%)) ;

n—1 n
) 2 e 2421

where d,, = IS Y/ and erfc(+) is the complementary error function.

[NE

Lemma 22 (Cramér’s theorem). Let X1, ..., X, be i.i.d. random variables on R. Then, for any convex set C € R,

1 e ks
P[n;XiEC §exp{<—nzlggA (z))},

Lemma 23 (Result of term (A) in Korda et al. (2013)). When one uses the Jeffreys prior as a prior distribution under the
Pareto distribution with known scale parameter, TS satisfies that for sufficiently small ¢ > 0,

where A*(z) = sup,cg Az — log E[e?1].

T

Y OE[L[() # LMD <O ().

t=1

H. Additional experimental results

From Figure 4, one can observe that the performance difference between STS and STS-T is large as k decreases. Since a
truncation procedure aims to prevent an extreme case that can occur under ST'S with priors k € Z<y, it is quite natural to
see that there is no difference between ST'S and STS-T with prior £ = 3. We can further see the improvement of STS-T is
dramatic as k decreases, where an extreme case can easily occur.
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Figure 4. The solid lines denotes an averaged regret over independent 100,000 runs. The shaded regions show a quarter standard deviation.

Comparison with KL-UCB policy in the bounded moment model When prior knowledge of the moment is available,
one can utilize policies specifically designed for the bounded-moment bandit model (Agrawal et al., 2021; Bubeck et al.,
2013). As briefly introduced in Section 2.3, a variant of KL-UCB policy proposed by Agrawal et al. (2021) is known to be
asymptotically optimal for the model where the moment of any arm a satisfies

Ellran|"] < vy (72)

for some fixed v > 1 and known v,, < o0.

Let us denote the collection of distributions satisfying the condition in (72) by £¥~. Originally, KL-UCB policy proposed by
Agrawal et al. (2021) first considers the infimum of KL divergence expressed by

KLEL (v,2) == inf{KL(v,//) : v/ € L* and E,, [X] > z}
for distribution v belonging to the class of distributions £~ and candidate mean « € R. Then, KL-UCB selects an arm

j(t) = arg max max {x ER:ve L% Ny(t)KLEY (04 (Nu(t)), ) < ga(t)} , (73)
a€[K]
where 7, (N, (t)) denotes the empirical distributions of the arm « after observing N, (¢) samples and g, (t) denotes the

threshold function and we used g, (t) = log(t) + 2loglog(t) + 21log(1 4+ N,(t)) + 1 following Theorem 1 in Agrawal et al.
(2021). Notice that there are several variants of KLL-UCB with different threshold functions and reward models (Kaufmann,
2018; Garivier & Cappé, 2011; Ménard & Garivier, 2017).

39



Optimality of Thompson Sampling with Noninformative Priors for Pareto Bandits

2500 2500
—e- k=0 k=3 —— k=0 k=3
—&- k=1  —w- KL-UCB < —— k=1 == KL-UCB 2l
— —|[=§  ocooom Lower bound /"( ——|[=8  oooom Lower bound /‘x
2000 —®- k=-1 i 2000 ~—®- k=1 £
7
7/
/ et
/ /
1500 § - 1500
= y ..o / 4
o /.- / 3]
& B ¢ &
19} T ’ 9]
x 7 4 x
1000 / P4 o 1000

500

107 10° 10* 10 10 10!
Round (log) Round (log)

(a) Cumulative regret of ST'S with various k under 4 and  (b) Cumulative regret of ST'S-T with various k under 0,4
KL-UCB and KL-UCB

Figure 5. The solid lines denote the averaged cumulative regret over 100,000 independent runs of priors that can achieve the optimal lower
bound in (3). The dashed lines denote that of priors that cannot achieve the optimal lower bound in (3). The purple dash-dotted line
denotes the averaged cumulative regret over 10,000 independent runs of KL-UCB (Agrawal et al., 2021). The shaded regions show a
quarter standard deviation. The green dotted line denotes the problem-dependent lower bound based on Lemma 1.

However, the computation of j(¢) requires solving an optimization problem involving the inverse function of KL-divergence,
which is very costly. Therefore, in this paper, we made three modifications to the KL-UCB policy for computational
efficiency.

* We adopt a batched version of KL-UCB proposed by Agrawal et al. (2021), where we play an arm several times. Here,
we play max(1, [0.1N;;)(¢)]) times following the experiments in the original paper.

e We restricted £ to the collection of Pareto distributions that satisfies the bounded moment condition in (72).

* We replaced the empirical distributions in (73) with the Pareto distribution using its MLEs in (2) that can be derived
from sufficient statistics (Malik, 1970).

In short, we consider the following modified KL-UCB that plays an arm

Y
j(t) = arg max max{ na x W < v, a > 7, No(OKL(Pa(ita(t), da(t)), Pa(s, o)) < ga(t)} ,
a€[K] a—1 a—-vy

for g, (t) = log(t) + 2loglog(t) + 2log(1 4+ N, (t)) + 1. In our experiment, we choose v = 1.3 and v1 5 = 19.7. This
choice is in favor of KL-UCB since max,e(4 E[|rq,,|"*] = 19.7 under 6y, that is, it corresponds to the case where the
algorithm exactly knows the maximum moment of the arms.

Due to its high computational costs, the averaged cumulative regret over 10,000 independent runs of KL.-UCB is given in
Figure 5, while we plotted the same results with 100,000 independent runs of ST'S and ST'S-T. Figure 5 clearly demonstrates
that TS-based policies with optimal priors outperform KL-UCB, even though we adopt KL-UCB to the specific reward
model of the Pareto distribution and provided additional information on the moment, which is not given to TS-based policies.

A challenging problem We further consider another 4-armed bandit problem 6 where k = (1.0,1.5,2.0,2.0) and
a=(1.2,1.5,1.8,2.0) where u = (5.0,4.5,4.5,4.0). 6, would be a more challenging problem than 6, in the sense that
the x determines the left boundary of the support, where larger x implies larger minimum value of the arm. Therefore,
if k of the suboptimal arm is larger than that of the optimal arm, it would make a problem difficult in the first few trials.
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(a) Cumulative regret of ST'S with various k under ) (b) Cumulative regret of STS-T with various k under 6

Figure 6. The solid lines denote the averaged cumulative regret over 100,000 independent runs of priors that can achieve the optimal lower
bound in (3). The dashed lines denote that of priors that cannot achieve the optimal lower bound in (3). The green dotted line denotes the
problem-dependent lower bound based on Lemma 1.

Figures 6 and 7 show the numerical results with time horizon 7" = 50,000 and independent 10,000 runs. Although STS with
the reference prior shows similar performance to the conservative prior k = 3, its performance varies a lot.

Figures 7(a) and 7(b) show the effectiveness of the truncation procedure where STS-T has a much smaller upper 0.05%
regret than that of STS. Although k = —1 also shows huge improvements in the central 99% interval of regret as shown in
Figure 7(d), STS-T with k = —1 shows worse performance compared with priors with k € Z>( in Figure 6(b).
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Figure 7. The solid lines denotes an averaged regret over independent 10,000 runs. The shaded regions and dashed lines show the central

99% interval and the upper 0.05% of regret, respectively.
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