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Abstract

In this paper, we study the behavior of the Upper Confidence Bound-Variance
(UCB-V) algorithm for the Multi-Armed Bandit (MAB) problems, a variant of the
canonical Upper Confidence Bound (UCB) algorithm that incorporates variance
estimates into its decision-making process. More precisely, we provide an asymp-
totic characterization of the arm-pulling rates for UCB-V, extending recent results
for the canonical UCB in [21] and [23]. In an interesting contrast to the canoni-
cal UCB, our analysis reveals that the behavior of UCB-V can exhibit instability,
meaning that the arm-pulling rates may not always be asymptotically deterministic.
Besides the asymptotic characterization, we also provide non-asymptotic bounds
for the arm-pulling rates in the high probability regime, offering insights into the
regret analysis. As an application of this high probability result, we establish that
UCB-V can achieve a more refined regret bound, previously unknown even for
more complicate and advanced variance-aware online decision-making algorithms.
A matching regret lower bound is also established, demonstrating the optimality of
our result.

1 Introduction

The Multi-Armed Bandit (MAB) problem is a fundamental framework capturing the exploration-
exploitation trade-off in sequential decision-making. Over decades, it has been rigorously studied and
widely applied across fields like dynamic pricing, clinical trials, and online advertising [32} [35, 27]].

In the classic K-armed MAB problem, a learner is faced with K arms, each associated with an
unknown reward distribution P, for a € [K], supported on [0, 1] with mean p,, and variance o2. At
each time step ¢ € [T'], the learner selects an arm a; and observes a reward X; drawn independently
from P,,. The learner’s goal is to maximize the cumulative reward by striking an optimal balance
between exploration (sampling less-known arms to improve estimates) and exploitation (selecting
arms with high estimated rewards). This objective is commonly framed as a regret minimization
problem, where the regret over a time horizon 7T is defined as Reg(T) = Zthl (ttar — pa,) With
a* = arg maXq¢[x| /o the optimal arm with the highest expected reward.
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Regime Stability | Regret Upper Bound | Regret Lower Bound
o1 =o0(o No* ~ ~
0_11 — Q((O_Z)) O(ooV/T) Qo2VT)
Yes
o9 = 0(01) O((02/a1) - 02VT) | Q(02/01) - 02VT)

Table 1: Summary of stability and regret results for UCB-V under different o1, o5 regimes.
*There exists an instance such that the arm pulling rate is unstable.

The minimax-optimal regret for the K-armed bandit problems is known to be O(vVKT) up to
logarithmic factors. This rate is achievable by several well-established algorithms, including the
Upper Confidence Bound (UCB) [5} 4], Thompson Sampling [[1}32], and Successive Elimination
[L3], among others. Beyond the regret minimization, increasing attention has been devoted to
analyzing finer properties and large-T" behaviors of several typical algorithms, including the regret
tail distributions [15} [16]], diffusion approximations [[14, 21} 2, [24], and arm-pulling rates [21} 23]
Among these works, [21] and [23]] introduced the concept of stability for the canonical UCB algorithm,
enabling the precise characterization of arm-pulling behaviors and facilitating statistical inference for
adaptively collected data, a task traditionally considered challenging for the general bandit algorithms.

In more structured settings, sharper regret bounds are achievable, particularly when arm variances
are small. For instance, if all arms have zero variance (i.e., deterministic rewards), a single pull of
each arm is sufficient to identify the optimal one. This observation has motivated active research into
developing variance-aware algorithms for bandit problems [5} 3} 4} 20} 28] 40, 41} 133]]. Among these
algorithms, the Upper Confidence Bound-Variance (UCB-V) algorithm [31 4]}, detailed in Algorithm][T]
adapts the classic UCB algorithm by incorporating variance estimates of each arm.

While regret minimization for variance-aware algorithms has been well-studied, their precise arm-
pulling behavior remains less explored. The main challenge here is that incorporating variance
information introduces a new quantity, in addition to the reward gaps A, = s — pa,a € [K],
that influences the arm-pulling rates. In fact, the behavior of the algorithm can differ significantly
depending on whether variance information is incorporated or not. In Figures[I|and [2b] we compare
the empirical arm-pulling rates between UCB-V and the canonical UCB in a two-armed setting.
Compared to the canonical UCB, its variance-aware version exhibits significantly greater fluctuations
in arm-pulling numbers as the reward gap changes, and its arm-pulling distribution is more heavy-
tailed. This highlights the significant differences in the variance-aware setting and introduces
additional challenges.

Algorithm 1 UCB-V Algorithm

1: Input: Arm number K, time horizon 7', and exploration coefficient p.

2: Pull each of the K arms once in the first K iterations.

3 fort=K+1toT do

4 Compute arm pulls for arm a up to time ¢ by na,y =3 cp_q H{As = a},a € [K].
5 Compute the empirical means and variances

o _ 1 ~ 1 _ G2
Xat = -~ Z Has =a}X,, 0,,= -~ Z 1{as = a}(Xs — Xo 1)~
7 oseft—1] 7 oseft—1]
6:  Compute the optimistic rewards UCB(a,t) = X, ; + (\/Z“O’;T Y \/nlit) ‘i}% fora € [K].
7:  Choose arm A; given by A; = arg max,¢[x) UCB(a, ).
8: end for

1.1 Our Contributions

In this work, we try to close this gap by presenting a precise asymptotic analysis of UCB-V. As in
[21] and [23]], our main focus is on the arm-pulling numbers and stability. For clarity, we concentrate
on the two-armed bandit setting, specifically K = 2, in the main part of our paper, as it effectively
captures the core exploration-exploitation trade-off while allowing a precise exposition of results
(31} (18,22, 21]. The extension to the /K -armed case is discussed in Appendix [B]
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Figure 1: The distributions of n; 7 for UCB-V and UCB with T' = 50, 000 over 5000 repetitions.

(@01 =092=1/4,A0 =0(b) 01 =0,09 = 1/4, Ay = 09+/log T /T. A more detailed numerical
setting is provided in Appendix

More precisely, by providing a general concentration result, we establish both precise asymptotic
characterizations and high-probability bounds for the arm-pulling numbers of UCB-V. When 01, 02 =
Q(1), our results provide a straightforward generalization of those obtained for the canonical UCB.
In contrast, when o1 < 02, we show that, unlike UCB, the stability result may not hold for UCB-V
and that it reveals a phase transition phenomenon in the optimal arm-pulling numbers, as illustrated
in Figure[2] Finally, as an application of our sharp characterization of arm-pulling rates, we present a
refined regret result for UCB-V that is previously unknown for any other variance-aware decision-
making algorithms. We summarize our contributions in more detail below (see also Table[I)). For
notational simplicity, we assume that the optimal arm is a* = 1 and denote by A = As.

Precise asymptotic behavior for UCB-V. For fixed values of A, o1, 09, and T, we introduce a pair
of deterministic equations whose unique solution {n}; » = nj 7(A, 01,02, T)}.=12 predicts the
arm-pulling numbers of UCB-V. We show that for possibly T-dependent (A, o1, 02),

Na, T

nZ,T
except when o1 < o9 and 09+/plogT/(v/T A) = 1 hold simultaneously; see Theorem [1| for a
precise statement. This phenomenon, referred to as the stability of arm-pulling numbers, is formally
defined in Definition 1| Consequently, the solutions of these deterministic equations can be used to
predict the behavior of UCB-V in the large-T" regime, as illustrated in Figure 2] Our results reveal
several notable differences between UCB-V and the canonical UCB, as analyzed in [21]] and [23],
due to the incorporation of variance information:

51 fora =1,2,

* When 01,02 = (1), the optimal arm will always be pulled a linear number of times,
2
22T as A — 0. This indicates that, in the small-gap regime, the UCB-V
1 2

algorithm tends to allocate more pulls to the arm with higher reward variance, generalizing
the result for the canonical UCB in which both arms are pulled 7/2 times in the small-A
regime.

with nyT ~

* When o1 = 0(03), UCB-V may pull the optimal arm sublinearly in the small-A regime. In
contrast, the canonical UCB pulls the optimal arm linearly in 7", as illustrated in Figure [2b]
This behavior is governed by the ratio A = o9+/plogT/(v/T A). More precisely, given

o1 < +/plogT/T and o5 = Q(1),
1. When limy_,o A7 < 1, we have ny 7/nj ;= 1 with nj ;, = Q(T).
2. When limy_, ., Ar > 1, we have ny 1 /nj - 2, 1 with nyp = O(T/o2).
3. When limp_, ., A7 = 1, there exists a bandit instance where, for large 7', ]P’(nLT P
T/\VlogT) AP(ny7 SVTlogT) 2 1.

The above results completely characterize the behavior of n; 7 in the prescribed regime.
Notably, we establish a phase transition in the optimal-arm pulling times n; 7, shifting

from O(v/T /o) to Q(T) at the critical point A7 = 1. We also note that the existence of
an unstable instance when A ~ 1 highlights a stark contrast between UCB-V and the



canonical UCB, where, for the latter, it has been shown that the behavior of n; 7 for any
A > 0 can be asymptotically described by a deterministic sequence {n{T} as 7' — oo.

High probability bounds and confidence region for arm pulling numbers. While our asymptotic
theory provides the precise limiting behavior of UCB-V, it has a drawback similar to those found
in [21] and [23]]: the convergence rate in probability is quite slow. Specifically, the probability that
the uncontrolled event occurs decays at a rate of O((log7")~1). This slow rate is inadequate for
providing insight or guarantees in the popular high probability regime for studying bandit algorithms,
where the probability of an uncontrolled event should be in the order of O(T~1). To address this
gap, we demonstrate that, starting from our unified concentration result in Propositionm one can
derive non-asymptotic bounds for the arm pulling numbers in the high probability regime. Such result
provides a high probability confidence region for arm pulling numbers, as illustrated in Figure [3a]in

Appendix

Refined regret for variance-aware decision making. As an application of our high probability
arm-pulling bounds, we demonstrate in Theorem [2] that the UCB-V algorithm achieves a refined

regret bound of form
2
@ ( % ﬁ) .

01\/0’2

This result improves upon the best-known regrelﬂ for UCB-V [4] 36] and surpasses the regrets for
all known variance-aware bandit algorithms [41} 40} [33] [9] [10]], which are of form O(o5 VT ) in
the two-armed setting. Our result is the first to reveal the effect of the optimal arm’s variance:
When o; = 0(03), the regret matches the previously known O(c2v/T) bound, and the optimal
arm’s variance does not affect performance; as oy surpasses o, the regret decreases as o increases,

following the form O(g—% V/T). Simulations presented in Figureconﬁrm our theoretical predictions,
demonstrating that UCB-V exhibits improved performance in high-o scenarios, which was previously
unknown. A matching regret lower bound is established in Theorem [3] demonstrating the optimality
of our result.

Notation. For any positive integer n, denote by [n] = [1 : n] set {1,...,n}. Fora,b € R,
a Vb= max{a,b} and a Ab = min{a,b}. Forany a € R, a; = max{a, 0}. Throughout this paper,
we regard 7' as our fundamental large parameter. For any possibly T-dependent quantities a = a(7")
and b = b(T), we say that a = 0(b) or b = w(a) if limp_ a/b = 0. Similarly, a = O(b) or
b= Q(a) iflimy_,|a/b| < C for some constant C. If a = O(b) and a = Q(b) hold simultaneously,
we say a = O(b), or a < b, and write a ~ b in the special case when limp_, », a/b = 1. We write
a 2 b (resp. a < b) to mean a > Cb (resp. a < Cb) for some absolute constant C' > 0. If either

sequence a or b is random, we say a = op () if a/b 2 0 as T — oc.

2 Implicit bounds for arm-pulling numbers

Additional notations. Forp > 1andT € N, let

o — A
Oq ;T = #) Aa ;T <
(p;T) ToaT (n:T)
Whenever there is no confusion, we write 7, = 74(p; T) and A, = A, (p; T). We also allow o, and

A, to depend on T'. For any o > 0 and n € N, define p(n;0) = o vV n~'/2/\/n. For each fixed

o > 0, the map ¢(-;0) : R>g — R>( is monotone nonincreasing in n, and its (piecewise) inverse

n(0): Rsg = Rsgisn(p;0) = (62 V ) /p?. Consequently, studying n, 1 reduces to analyzing

Fa Vo, /2
— a A

Vat = @(Nat;04) = Ta’t, a€l[K], tell).

a,t

)

= K.
Toe T’ € K]

Here the two pieces in ¢ match the variance-driven term (o //n) and the boundedness-driven term
(1/n) in Bernstein’s inequality; the rescalings &, and A, place variance and gap on the same
Bernstein-type exploration scale used by our UCB-V bonus.

'] does not directly provide the worst-case regret bound for UCB-V, and the best known worst-case
regret bound for UCB-V is claimed as O(v/KTlogT) in [28]. In Appendix we show that the

O(y/2_ azar 0aT log T') regret for UCB-V can be derived based on results in [4].
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Figure 2: (a): The regrets of UCB-V with oo =< T~ /4 Ay < 1/y/T fixedand oy < T~1/2, 71/ 1,
each instance with 10 repetitions. (b): The median and 30% quantile of n; 1 (optimal arm-pulling
count) for UCB and UCB-V, under varying A in the o1 = 0(09) regime, with 7" = 1, 000, 000 over
30 repetitions for each A,. The red dotted line is the predicted n1 1 of UCB-V using (6). A more
detailed numerical setting is provided in Appendix E}

2.1 Implicit bounds for arm-pulling numbers

Consider Algorithm[T|with K" = 2. We start with the following concentration result for ¢, 7.
Proposition 1. Recall that G, = 7,(p;T) and A, = A, (p;T) for a € [2]. Fixany § > 0, p > 1,

and any positive integer T > 4 such thate = €(0;p; T) = 5( 48 1og(l(;gl~£g$)/6) + 128/)11?%(;/6) ) Yz +
200

VT

< % Then, with probability at least 1 — §, we have

(1_5>4<U%VS@1,T +5§V(<P17T+Z2) < (1+€>4
1+e T‘P%,T T(prr+A2)2 ~ \1-¢

4 9 4
and (132) < 50w = (7))
The proof of Proposition [T]above is inspired by the delicate analysis of bonus terms for the canonical
UCB [23] in the large-T' regime and is presented in Appendix Proposition || establishes
a sandwich inequality, demonstrating that as term (J; p; T') approaches 0, the concerned ratio
converges to 1. This can be viewed as a non-asymptotic and variance-aware extension of the results
found in [21]] and [23]] for the canonical UCB. To incorporate variance information, we have also
developed a Bernstein-type non-asymptotic law of iterated logarithm result in Lemma|g]in Appendix
[Gl which is of independent interest. We now make several comments regarding Proposition [T}

Deriving the asymptotic equation. When selecting § = (log T') !, we find that for any p > 0, the
€(9; p; T') term approaches 0 at a rate of O(bglio%T). Under this selection, Propositionyields the

log
following probability convergence guarantee

TIVeorr | 75V (p1r + Ag)
T p T(p11 + A2)?

=1+op(1). ey

It is noteworthy that in this asymptotic result, the op (1) term converges to 0 at a relatively slow

rate, both in probability and magnitude. For each T, it has a probability of at least 1 — O( 5,7 of
loglog T

being bounded by O(%). This slow rate appears not only in our result but also in [21]] and
[23]], necessitating a considerably large T" to observe theoretical predictions clearly in experiments, as
illustrated in Figure [2b]

Permissible values of p for high probability bounds. One popular scale selection of § is § =< 1/72,
where Proposition [T becomes a high-probability guarantee widely adopted in the pure-exploration
and regret analysis literature [5} [3]. With such selection, the requirement €(d; p; T') < 1/2 translates
to p > ¢’ for some universal and sufficiently large constant ¢’. Thus, we have that with probability at



least 1 — O(1/7?),
IV P11 GV (p1,0 + As) <
T¢? 1 T(p1r +A2)%2 —

In particular, since the centered term is a monotone increasing function of ¢; 7, this result provides
a high-probability confidence region for ¢ 7 and consequently for n; 7, as shown in Figure[3a]in
Appendix These high probability bounds of 71 7 enable us to derive the refined regret bound for
UCB-V in Section

The implications outlined above will be made precise in the subsequent two sections.

1— (C/)—l S

1+ ()~h )

3 Asymptotic characterization of arm-pulling numbers

3.1 Stability of the asymptotic equation

Consider the deterministic equation

FIVe T3V (p+ Ay
Tp? T(p+ Ag)?

Recall that 7, = o,/v/plogT and A, = A,/(plogT) for a = 1,2, so the equation actually

depends on both p and 7. For any fixed 7' € Ny and p > 1, Propositionmindicates that o1 7 satisfies

fle1.1) = 1+ ¢, where ( represents a perturbation term. Given the asymptotic equation derived

in (I, it is reasonable to conjecture that the behavior of ¢; 7 aligns with the solution of the above

deterministic equation. To formally connect (1 1 to the solution of (3), we conduct a perturbation
analysis of this equation. Specifically, we have the following result.

Lemma 1. Fixany T € N4 and p > 1. It holds that:

flp)=1 with f(yp)

3

1. The fixed-point equation (3) admits a unique solution p* € (1/T,1).
2. Assume that there exist some ¢ € (—1/2,1/2) and @ such that f(oc) =1+ ¢. Then

o T

-1
AN—=-.
o1V T—l/Q)

’zi—1‘§27|§-<1+ )

2

The proof of Lemma [I]above is provided in Appendix [D.1] Intuitively, Lemma [I] asserts that in either

the homogeneous variance case (02 < 1) or when the ratio 53/ (TZ;) is bounded away from 1,
the solution ¢, of the (-perturbed equation is provably bounded by (1 +0O(¢ ))cp*. However, when

o1 = 0(02) and the ratio 73/ (TZ;) approaches 1, the stability guarantee of the lemma breaks down.

Although this result may seem pessimistic—as 73 / (TZ;) ~ 1 causes the right-hand side of @) to
diverge—it accurately reflects the behavior of the perturbed solution. This is illustrated in Figure [3b|

in Appendix where instability arises when 73/ (TZ;) =1.

3.2 Asymptotic stability

One important consequence of the perturbation bound is the following asymptotic stability result.
Theorem 1. Consider Algorithm[I|with K = 2. Assume that

—2 —1 —
fim ’ o1 A—2 Voo 5)
T—o0 TAQ

o1V T71/2
Then for a € [2], we have no,r/n} 7 2, 1, where ny 7 is the unique solution to equation

FIV o} p;o1) o3V (en] p5o1) + Ag)
T*(n} 7:01) T(p(n] p;01) + A2)?

=1 ©6)

and ny 7 =53V (p(n] 7:51) + Do) /(0(n 7:71) + A2)%



The proof of Theorem [T]above is provided in Appendix relying on Proposition[T]and LemmalT}
Lemma I] shows that the boundedness condition in (3)) is essential for ensuring the stability of the
arm-pulling process, as defined in Definition[I] Specifically, when o1 = o2 = 1, condition () is
always satisfied, and the asymptotic equation (6) reduces to the canonical UCB setting studied in
[21] and [23], where stability is guaranteed. The key insight behind such stability in an even more
general homogeneous setting o1 < o2 is that the optimal arm’s pulling number grows linearly with
T, as noted in [23] Eqn. (22)]. In the inhomogeneous case where o1 = 0(02), the boundedness of
|32 /(T Zi) — 1| 7! becomes crucial for stability and appears to be novel, ensuring stability even when
n1,7 grows sub-linearly in T'. The instability result in the next subsection complements Theorem E]
by presenting a counterexample where the boundedness condition in () fails. An extension to the
K -armed setting is discussed in Appendix [B]

Asymptotic behavior of arm-pulling numbers. Let us write ¢* = p(n] 1;71) for simplicity. From
Theorem |1} the asymptotic behavior of n; 7 can be derived through n‘f’T, which, in turn, can be fully
determined by ¢*, provided that the boundedness condition in (3 holds. Thus, understanding the
analytical properties of ¢* is sufficient to determine the asymptotic behavior of 1y 7.

The function f(¢*) is known to be monotonic increasing in ¢*, and the solution to f(¢*) = 1 lies
within the interval [0, 1]. This allows us to efficiently compute the numerical behavior of ©* to predict
both asymptotic and finite-time arm-pulling behavior, as illustrated in Figure [3a]in Appendix [D.T]
However, due to the presence of a maximum operation and the complexity of the underlying equation,
obtaining a closed-form solution for ¢* remains difficult. Below, we present several extreme cases
that highlight new phenomena arising from the incorporation of variance information, which differs
from the classical UCB algorithm A full analytical characterization of ¢* is left for future research.

Example 1. When 01,05 = Q(1), Eqn. (6) simplifies to

”1 T T Az
nl T plogT

In the moderate gap regime Ay ~ 091/0log T/T for some fixed § € R>q, we have n‘l‘)T/T =
N*(0) (1 + o(1)), with \*(0) being the unique solution to equation \ + (% : % + \/G/p)_2 =

o
2 2.
oito3

Moreover, we can compute the limits limg_, .o A*(0) = 1 and limg_,o A*(6) =

This result recovers the asymptotic equation for the canonical UCB in [21] and [23] when o1 =
0o = 1. The \* equation derived here can be viewed as an extension of those in [21]. Notably, in the
small-gap limit 0 — 0, the arm-pulling allocation for UCB-V becomes proportional to the variance
instead of being equally divided.

Example 2. When oy < \/plogT /T, 09 = Q(1), Egn. (@) simplifies to

”1 T plogT T n & T -
02 V T nLT o2\ plogT

In the moderate gap regime where A ~ 031/0logT /T for some fixed 0 € R>q \ {p}, we have

ny /T = A*(0) (1 + o(1)), with \*(0) being the unique solution to equation X + (é\/% .

1+ \/9/[))72 = 1. Moreover, we can compute the limits limg_, 4 oo \*(0) = 1 and limg_,o A*(0) =
2

V1452741
This limit indicates a distinct behavior between UCB-V and UCB: as 0 — 0, the number of pulls for

the optimal arm becomes sub-linear in T, specifically O(\/T /@2), while for UCB, it approaches
T /2. Additionally, we have a more detailed description of the transition between sub-linear and

linear pulling times: (i) When 0 < p, \*(0) < 1/(G2(1 — \/0/p)V'T) and (ii) When 0 > p,
N*(0) > 1 — p/0. This result indicates that the transition from O(\/T) pulling time to Q(T) pulling
time for the optimal arm occurs at 0 = p.

Inference with UCB-V. Another key implication of Theorem I]is its relevance to the post-policy
inference in the UCB-V algorithm. To begin, we recall the notion of arm stability as defined in [23|
Definition 2.1].



Definition 1. An arm a € [K] is stable if there exists a deterministic sequence n, . such that

Na, T p .
— — 1 with n}p— oo, @)

na,T

where n; - may depend on T, {j1a }ae k), and {07 }ae(k)-

This notion of stability guarantees that, as 7' — co, the number of times that an arm is pulled becomes
predictable, thus enabling valid statistical inference for each arm’s reward distribution. Specifically,
under the stability condition, the following Z-statistic converges in distribution to a standard normal

VI (%7 — ) = N(0,1). ®)

Oa, T

This result is crucial for constructing valid hypothesis tests and confidence intervals in the adaptive
sampling settings [29, 39]. For space efficiency, we provide a more detailed discussion along with
simulation results in Appendix [I}

3.3 Unstable results: closer look and hard instances

Recall that Theorem |1] establishes the stability result, except for the case when o1 = 0(02) and

2 : . . . . L .
73/(TA3) = 1 hold simultaneously. In this section, we provide a hard instance in this setting and
show the instability result. More precisely, let us consider the setting similar to Example 2] with

o9 =1,01 =0, and gap Ay = 09+/0logT/T.

In this scenario, the behavior of the solution to the asymptotic equation is described by nj ;. ~

()T, where \*(6) solves A + (1/plog T/T /X + \/G/p)_2 = 1 or equivalently,

1 1 /plogT
— N\ T~ Vi ©)

To heuristically explain why = p (or equivalently 3/ (TZ;) = 1) acts as a phase transition point
and leads to instability, we formally take the first-order expansion 1/v/1 — A~ 1 + A/2 in (9) and

multiply both sides by A. This yields a quadratic equation in A, A% + (1 — 1/8/p)A — / % =0.

Notably, the order of the solution in 7" depends crucially on the sign of 1 — /6/p. For any £ > 0, by
observing the analytical solution to the quadratic equation, we have

\_ O(e1y/2%L) whenl—/0/p >,
Q(e) when1—+/0/p < —¢.

In particular, a perturbation in 6 around § = p of magnitude £ with different signs can lead to a
fluctuation in nj , from O(e~'/TlogT) to Q(eT).

Based on the above intuition and informal argument, we can rigorously demonstrate the instability
result by constructing a Bernoulli bandit instance and establishing a time-uniform anti-concentration
result for the Bernoulli reward process via Donsker’s principle. Intuitively, our anti-concentration
result shows that, with constant probability, § can be perturbed by a magnitude of O((logT)~!)
with different signs, which then implies instability in n; 7 even when we play UCB-V with the
oracle information of the variance (i.e., with 3a7t = 0,). We summarize the instability result in the
following proposition and provide its proof in Appendix [D.3]

Proposition 2. Consider the following two-armed Bernoulli bandit instance: for u = 1/2 and
A? = u(1 — p)plogT/T, arm 1 has reward p + A and variance 0, and arm 2 has reward ji and
variance (1 — ). Assume that o,’s are known and let n,  be computed by Algorithm |I| with
Ca,t = 0q. Then for sufficiently large T, there exist some constants co, c1 > 0 such that

P(TLLT S Cl\/TIOg T) A ]P)(nl,T Z Cl_lT/ 1Og1/2 T) > Co.

Remark 1. In the example above we set o1 = 0 for simplicity. The instability analysis in Proposition|2)]
also extends to cases where the optimal arm has variance oy = O(T~1/?), since in this regime the



UCB-V bonus for the optimal arm matches the o1 = 0 case. By contrast, constructing an instance
with o1 = T~ for some o € (0,1/2) is more delicate and appears to require new ideas: the
associated asymptotic equation becomes substantially more involved, and a complete analysis is
currently unclear.

The existence of an unstable instance at A = 1 complements our previous finding, where UCB-V’s
stability was shown for A # 1. This result highlights a contrast between the UCB-V and canonical
UCB: as shown in [21]] and [23]], the canonical UCB is stable for all A, which corresponds to the
case in our setting when o0; = o9 = 1. Our result demonstrates that, in a heterogeneous variance
environment, UCB-V may exhibit significant fluctuations. Another implication of this instability is
that, unlike the canonical UCB, the CLT for the Z-statistic may not hold for data collected by UCB-V,
as shown in Figure [4b]in Appendix I} This necessitates the developments of new statistical inference
methods for UCB-V collected data or new variance-aware decision-making algorithms with stronger
stability guarantees than UCB-V, which we leave as a valuable future direction.

4 Refined regret for variance-aware decision making

In this section, we show that a refined regret can be achieved by UCB-V based on our arm-pulling
number bé_l)unds presented in Section@ Previously, the best-known regret for UCB-V, shown in [4], is
given by

2
Reg(T) < rAne%ClogT(Z—Q n 2) A AT < Clog/TlogT. an
22 2
As mentioned earlier, the regret in @I) does not account for the effect of o1, which contradicts the
empirical performance of UCB-V and is conservative in the large o1, small o5 regime, as shown in
Figure Za] On the other hand, the derived asymptotic equation for the arm-pulling times naturally
indicates a dependency of ny 7 on o1, opening the possibility for refined worst-case regret bounds.
More precisely, by adopting the high-probability bound in (2)), we can show the following proposition.

Proposition 3. There exists some universal constant Cy such that with p > Cy and T > 3,

2
(P ENY S N b P
Ag + ¢(n1,1;01) Ag + ¢(n1,1;01) T

By applying the upper bound on the number of pulls for sub-optimal arms, we are able to derive the
refined worst-case regret for UCB-V.

Theorem 2. There exists some universal constant Cy > 0 such that for p > Cy and T > 3, we have
that with probability at least 1 — 6 /T2,

1 2
Reg(T) < 16(02 A %) VpTlogT + +/plogT.
1

The proof of the above results can be found in Appendix [E The regret bound in Theorem 2] above
improves upon the bound in for the large o, small o5 regime, while recovering in the small
o1 regime. We note that sharper bounds may be derived in special instances based on Proposition 3]
For example, in the Bernoulli setting where i is close to 1, the variance inequality 02 < o7 + Ao
holds. In this case, Proposition [3|implies a regret bound of the form O(o1+/7 log T'), which matches
the result established in [30].

Regret results for the K -armed setting. Since most works consider the general K -armed setting,
for ease of comparison we now presenting the K -armed extension of Theorem [2] we leave the

ZRather than presenting an equation of the form (TT), [4] established the following gap-dependent upper
bound on the number of times a suboptimal arm is pulled:

o3 2
E(nz,r) < C’logT(A—Qg + A—Q) (10)

However, it is straightforward to show (TI)) by combining (T0) with the trivial bound Reg(T") < AxE(na,7).



rigorous statements in Theorem [5]in Appendix [B] For a K-armed MAB problem with variances
{o2}EK | (assuming again W.L.O.G. arm 1 is optimal), we have:

0,2
R = 2 —a |,
eg(T) O(/ E aa/\( E <T1> \/TlogT>,
a€(2:K] a€[2:K]

The best known worst-case regret of UCB-V was previously known as O(v/KT log T'), as discussed
in [28]]. In comparison, our result shows that UCB-V can achieve regret adaptive to both the
variances of sub-optimal and optimal arms. Beyond UCB-V, for Thompson sampling algorithms,

the (’)(\/ Zae[z; KO 2T 1og T') regret was proved in a Bayesian setting, where each arm’s reward

distribution follows a known prior distribution. Especially, even when working with the Bayesian
regret, the dependency on o is previously unrevealed. We believe that our results for UCB-V can be
extended to these posterior sampling algorithms.

Optimality of Theorem[2} Now we establish a matching lower bound to show the optimality of
Theorem [2| To describe the lower bound result, consider any given distributions Py and P». Let
v = (P, P2) denote a 2-armed bandit instance, where P; represents the distribution of the i-th arm.
To emphasize the dependency on the means ;; = Ex p,[X] and variances 0? = Varx p,[X] of
the arms, we redundantly express this instance as v = (P1(u1,01), Pa(ua, 02)).

Given any instance v, we use the notation o3, (v), 02,,(v) to denote variances of optimal and sub-

optimal arms under v for clarity. For any policy 7 and any instance v, we denote E,, and P, as
the expectation and probability with respect to the reward distribution induced by 7 under v. More
precisely, we establish the following regret lower bounds. The proof is deferred to Appendix [E.3]

Theorem 3. Given any sufficiently large T > 0 and 0 < 0% < 1/3, consider the following class of
problems with o-bounded variances:

VU = {(Pl(MhUl),P2(M2, 02)) 101 Vo2 S ag, Supp(Pi(Miy ai)) - [Oa 1],2 € {L 2}}
Then for every policy T, there exists some v € V such that,
Erp Reg(T) = Q(osub(v)VT). (12)
Moreover, the following trade-off lower bound holds: Given any 0 < 8 < 1/2 and ¢y =
O(poly(logT)), consider
Vi = {(P1(p1,01), Pap2,02)) € Vo : i1 > pig, 01 = TP62,01 > TP /256}
and the good policy class
Erv T
good = {7r : maxﬁ() < CT\/T}.
veV  Ogub(V)

Then for any m € Ilgo04, there exists some v’ € Vl/? such that

2 !
_ Usub(v ) T
Ero Reg(T) = Q ( oV o ) . (13)

TheoremE] states that, in the general scenario with o-bounded variances, no algorithm can achieve
a regret better than og,,(v)v/T. This reveals the optimality of Theorem [2|in the regime where
Oopt(V) < 0osup(v). Furthermore, we show that in oo > oo regime, any reasonably good
algorithm that performs nearly optimal in worst-case over V (i.e., the algorithms lie within IIz0q)

2
Isub

cannot achieve a regret better than s V/T. In particular, the regret upper bound in Theorem

demonstrates that UCB-V matches such trade-off lower bound in the regime where oopt > Osub,
illustrating its optimality.

Conclusion. In this paper, we provide a refined analysis of the UCB-V algorithm, including a
precise characterization of its asymptotic arm-pulling behavior and high-probability, non-asymptotic
bounds that lead to a sharper and optimal regret upper bound. Several valuable future directions
remain open. First, the instability result is established only under the regime o1 = o(4/logT/T)
and oo = Q(1), while the stability condition in the more general case o; = 0(o2) is not yet sharply
understood. Second, as discussed in Section [B] our stability condition in the K -armed setting requires
a uniform-type separation condition min, A, > &,+/(K — 1)/T, which we believe can be further
refined.
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A Additional related works

Variance-aware decision making

In the multi-armed bandit setting, leveraging the variance information to balance the exploration-
exploitation trade-off was first studied by [3] and [3} 4], where the UCB-V algorithm was proposed
and analyzed. Beyond the optimistic approach, [28] examined elimination-based algorithms that
utilize variance information, while [20] and [33]] focused on analyzing the performance of Thompson
sampling in variance-aware contexts.

Beyond the MAB model, variance information has been utilized in contextual bandit and Markov
Decision Process settings [36}, 40,19, 41} 10, [37]]. Among these works, [40] and [41] are most relevant
to our study, especially regarding the linear contextual bandits. Instead of assuming that each arm
a has a fixed variance o,, they assumed that at each round ¢, all arms have the same variance o
depending on the time-step ¢. In the homogeneous case —i.e. when o, = 0,0, = o for some o > 0 —
their settings coincides with ours, and both algorithms achieve a regret of Vo2 KT regret. However,
in the general case, the regret results are not directly comparable.

Asymptotic behavior analysis in multi-armed bandits

Our investigation into the asymptotic behaviors of UCB-V is inspired by recent advancements in
the precise characterization of arm-pulling behavior [21} 23], which focused on the canonical UCB
algorithm. Beyond the canonical UCB algorithm, another line of research explores the asymptotic
properties of bandit algorithms within the Bayesian frameworks, particularly under diffusion scaling
(14} 2 24]], where reward gaps scale as 1/ VT. Additionally, a noteworthy body of work [[15} 16} 34]]
conducts asymptotic analyses in the regime described by [25], where the reward gaps A remain
constant as 7’ increases.

Inference with adaptively collected data

In addition to the regret minimization, there is a growing amount of interest in statistical inference
for the bandit problems. A significant body of research addresses the online debiasing and adaptive
inference methods [[L1} [7, [8, [12]], but our findings are more closely related to studies focused on
the post-policy inference [29, 39, (19} 138]]. These works aim to provide valid confidence intervals
for reward-related quantities based on data collected from pre-specified adaptive policies. Among
them, the most relevant works are [21]] and [23]. The former addresses the inference guarantee of
Z-estimators collected by UCB in the two-armed setting, while the latter extends this to the K -armed
setting. In particular, these two works assert the stability of the pulling time for the optimal arm under
arbitrary gap conditions A, enabling the application of the martingale Central Limit Theorem (CLT)
to obtain an asymptotically normal estimator of ;1*. However, our results point out a critical regime
where such stability breaks down, as shown in Figure db] highlighting the price of utilizing variance
information to enhance the regret minimization performance.

B Discussions on K -armed setting

In this section, we extend the results in Theorem E], Whiich adgesses the 2-armed setting, to the
general K-armed case. Recall that 7, = 7,(p; T) and A, = A,(p; T) for a € [K]. The formal
statement of the result is given in the following theorem.

Theorem 4. Consider Algorithm[I| Assume that for any a € [2 : K],

_ 1 72\ ! 72 -1 7
li - A -1 AN—D % < 0o0. 14
i { (- 2), (T ), raviamp e 00

Then for a € [K], we have




where n7 1 is the unique solution to equation

-1 (15)

and fora € 2 : K],

Ta V (p(ni7i71) + Aa)
(p(ni o) +8a)?

*
na,T

When K = 2, the condition in (4)) simplifies to the stability condition for the 2-armed setting as stated
in Theorem [I] While instability occurs when () is violated in the 2-armed case (cf. Proposition2),
there is no clear reason to expect that (4)) is optimal for the K -armed setting. Indeed, as indicated in
the proof, the fixed-point equation (15)) may remain stable if there exists some a € [K] \ {1} that
satisfies the boundedness condition in (T4). However, formally characterizing such an a poses a
significant challenge in itself. As such, a full generalization to the K -armed setting is left for future
work.

Asymptotic arm-pulling characterization (moderate gap, /& -armed). To build intuition for (I3)),
consider the K -armed setting with all variances {0, }4e[x] = €2(1) and gaps in the moderate-gap

regime A, = 044/ (0, 1ogT)/T with fixed 6, > 0. In this regime the variance branches of ¢(;-)
are active, and

g1

AT e T

Plugging these into (I3])) and multiplying both sides by plog T yields

VTt oar/0a/T
VplogT '

— 0'1/
o(n] 7;01) + Ag =

2 * 2
g 1 na,T Oq

aezu:qT(ol/\ﬁnzﬁoa\/ea/ﬁ: T T(of\aig +0u0a/T)

As 0, — 0 (shrinking gaps), the normalized pulling rates converge to

n* 0'2
a, T a
— .
2
T 2 e[k 95

That is, when the gaps vanish, each arm’s asymptotic pulling rate becomes proportional to its variance,
generalizing the two-armed intuition and the homogeneous-variance case.

Besides the stability results, the high-probability bounds for n, 7 in the K -armed setting, as in (),
still hold when (@)) is replaced with (I3]), as shown in Appendix [C] The following corollary provides a
refined regret bound in the K -armed setting.

Theorem 5. There exists some universal constant Cy > 0 such that for p > Cy and T > 3, we have
that with probability at least 1 — 3K /T?,

1602
Reg(T) < 16 Z o2 A Z o
1

a€2:K] a€2:K]

) pTlogT + (K —1)y/plogT.

When K = 2, Theorem [5] above aligns with Theorem 2] A comparison with previous findings
is provided at the end of the previous section. Notably, in the small 02 /0 regime, the bound in
Theorem 5] grows linearly with the number of arms /K. We conjecture that the result in Theorem [3]is
optimal up to logarithmic factors for variance-aware decision-making, even for more complicated
algorithms beyond UCB-V. Establishing the corresponding minimax lower bound is left for future
work.
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C Proofs for Section 2]

For any 7' € N, and ¢ > 0, we define events
M(8;p;T) E{|Xa,t — ol < @ai-e(0;pT), Vt € [T],a € [K]},

V(G i T) {|62 02| < gus- (0 piT), € [T]a € [K}}

where e(8;p;T) = +/48plog T'log(log(T'/5)/8) + 1281og(1/5). The majority of the technical
analysis in this paper will be done on event M (J; p; T') N V(0; p; T'). It is worth noting that, as shown
in Proposition[7|below, we have P(M(3; p; T') N V(8; p; T)) > 1 — 3K for any § < 1/2. Although
the statements in Section 2] are presented for the 2-armed setting, the proof in this section applies to
the K -armed setting as well.

C.1 Proof of Proposition I]

Recall that ¢, 1 = p(n4,4;7,). For simplicity, denote by @, ¢+ = ¢(n4,t; 04t/ plogT) for a € [K]
and ¢t € [T']. The following lemma provides a quantified error between @, ; and @, ;.

Lemma 2. On event M(6; p; T) N V(0; p; T'), we have that for any o € [K] and t € [T),

e(0;p:T)

Gy — < - )
|90a,t @a,t| > Pat plog T

Proof. By the elementary inequality that |\/x — /y| < /| — y| for any x, 3 > 0, we can derive on
event M(d; p; T) N V(6; p; T) that

~ |0' —8 it a, —(/J'\ .t|
|<Pa,t—%7t|§a—a|_¢ ' 17 — T ~172)

— ¥a,t
VplogT - ng VplogT(Ga V n,
< oy \/W(”a,ﬁaj) -e(5jf/;2T) < gus- e(?m?)j
VologT(Ga Vi, ™) plog
which completes the proof. O

For any §,p > 0, let 1.(6;0;T) = 1 £+ Errl/z(é;p;T) + Err(0;p;T) with Err(6;0,T) =
e(0;0;T)/(plogT). Recall that ¢, 7 = ¢(ne1;04). The following proposition provides (tight)
upper and lower bounds for ¢, 7.

Proposition 4. Fix any T € Ny and any 0,p € Ry such that |.(5; p;T) > 0. Then on event
M(8;0;T) NV(6; p; T), we have that for any a € [K],
1 (09 T)  nar Ag+ o S 1@ T) -1
I (&:pT) nar =17 war 1 (&GpT)  mr

(16)

Proof. The proof primarily follows the framework in [2623]]. In the proof, we write |+ = 1.(J; p; T),
M= M(6;p;T), and V = V(0; p; T) for simplicity. For any a € [K], denote by T, the last time-
step such that arm a was pulled.

(Step 1). In this step, we provide an upper bound for cp;; By the UCB rule, we have
Xo1, + Par, - plogT > X117, + @11, - plogT.
By Lemma[2] it holds on event M NV that
It oz, > Do+, -

Using further n, 7, = nqe,r — 1, n1,7, < n1,7, and A, > 0, we can show that

I+ : (p(na,T - 1§Ea) Z (Za + QOI,T) B
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As o(ngr — 1;04) < @o,1Ma,1/(Ne,r — 1), we can obtain an upper bound for gpng

Ii> Aa""Pl,T'na,T_l

(. Pa,T Na, T

7)

(Step 2). In this step, we provide a lower bound for @J%. Consider the last time-step such that arm 1
was pulled. In view of the UCB rule, it holds that

Xa1, + Par, - plogT < X171y + P11y - plog T
By Lemmam we have that on event M NV,
I_ - ar, < Do+ 11 - 14 (18)
Then by ng 1, < ngr — 1,711, <nyr—1,and A, > 0, it follows that
I ar < (Do +o(nir —1;71)) - 1y, (19)
Asp(nir —1;51) < @1,rn1 7/ (n1,r — 1), we can obtain a lower bound for ga;lT
I < A+ o1 o mr

E - Pa,T nir — 1
Combining and (20) above concludes the proof. O

(20)

Proposition 5. Fix any T € N, and any 6,p € Ry such that 1L (0;p;T) > 0. Then on event
M(8;0;T) NV(6; p; T), we have that for any a € [K],

(|+(5;p;T) Na.T )1 . Ta Vg i B (|(5;p;T) nLT—l)l
I-(6;p;T) nar—1 7o V(o1 +A0)V2 T \Ie(&:pT)  mar '

Proof. In the proof below, let us write |+ = | (d; p; T) for simplicity. Denote by

|+ Nag. T I_ ny T — 1
é’u = — . #7 gl = — . ’7.
I_ Na, T — 1 |+ ni,r
Note that for any o > 0, function ¢(+;0) : Ry — Ry is bijective and monotone decreasing, with its
inverse map given by

zV o2
22

Y(z;0) 2z — z e Ry

Starting from the sandwich inequality (T6)), the monotonicity of ¢ yields that
V(T (Au+ 01,7);50) > N > w(ffl(ﬁa + 1,7);54).

As §l_1 > 1, we have

1< ffﬁza +o1,17)? < ézz(za + o1,1)? .
g A+ i) VEE T (At oi7) VR

n

Using further the fact that )(z;0) ™! V 02 = 2 V 02, we arrive at
ng i Vos < (Aa+o1r)Voa) - &2
Similar, from &, 1 < 1 we can derive that
o1 VT4 2 (B +o11) VE) - £,7
Combining the above two bounds completes the proof. O

Lemma 3. Fix any T € Ny and any 0,p € Ry such that 0 < 1.(6;p;T)/1-(8;0;T) < 2 and
T > 2K. Then on event M(6; p; T) N V(6; p; T'), we have that for any a € [K],

2TV VT plogT
S SRR R P
100K 8

Na > i P 1)
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Proof. In the proof below, we write | = 1 (4; p; T') for simplicity. Let us first consider the lower
bound for n1 7. Suppose by contradiction that @) does not hold and we have

nTYZ S 10VEK
YT Gy T v T

which implies 71 V 1] T/ >o V(@ ' T~ Y2 AT~Y%) =7, v T~/ Thus, it follows that

1/2y —1/2 10VEK
)nl,T Z \/T :

On the other hand, as ZQG[K] ne,r = T, there must exist some a € [K],a # 1 such that n, p >
T/K. For such a, we have by that

I Ng, T S v/Na, T * P1,T N 2T ./naT er

- ngr—17— o1V, ~1/2 T— K_01Vn 1/2

LT 51Vna7T/2>10\F VE 1 10VE
T-K Jmr — VT T-K vT° VT

which then leads to a contradiction. The lower bound for n1 7 follows.

golT—(Ul\/nl

Next, we prove the lower bound for ngr,a € [2 : K. Starting from (20), we have by the lower
bound for 71 7 in the first part that

1 7’Ll,T_1> 1( 1 +10\/?)1>p10gT
200a +p17)  mr 4\plogT T4 =78

Na,T Z
which proves the claim. O

We are now ready to prove Proposition|[I}

Proof Proposition[I] In the proof below, let us write | = 14.(J; p; T) and Err = Err(5; p; T') for
simplicity. It follows from Propositions E]and.that on event M(0; p; T) N V(0; p;T),

2 (nar = D(nir — 1) < Va1 (Ao +¢17) < [ Na, 7M1, T
12 N, 771, T TGV (o1 A)Y2E T2 (ngr — 1) (i —1)

Applying the lower bounds for n, 7 in LemmaE], we can further bound the right-hand side above as

&(1_ 8 )(1_100K>
12 plogT VT
<1+2\E> (1 8 )1<1100K>1< (1+ 2VErr)?
1 —2VErr plogT VT = 1-5VEr — 100KT-1/2’

where we have used vV Err > 8/(plogT') and the elementary inequality (1 — z)(1 — y)(1 — 2z) >
l—2z—y—zforVa,y,z > 0.

Using the same argument for the left-hand side, we can show that

1 —5VErr — 100KT~1/? o VT (Aa+o1.1) < (1 + 2VErr)?
(14 2VErr)? T G V(T +A0)Y2 T 1 —5VEr —100KT-1/2

Summing over a and using the fact that ac[k] Na,T = T, we can obtain that

(1 — 5VErr — 100KT~1/2)2 ia V(e +8a) _ (1+ 2VEm)*
(1+ 2VErr)4 — T(Aa+¢1r)?> ~ (1-5VEr—100KT-1/2)2’
as desired. O
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14- = Tote7
— T-1e8
T=1e9

Ratio between solutions

(a) (b)

Figure 3: (a): The confidence region of n; p under different Ap, with o7 = 0(02). The dotted
lines represent the exact and perturbed solutions of (3)), where the perturbed curves solve f(p) =
1+ 1/logT. The UCB-V line shows the number of arm pulls under the UCB-V algorithm with
30% quantile, with T = 10° over 30 repetitions. (b): The ratio between the perturbed solution
f(¢) =141/logT and the exact solution f () = 1 is shown for T' = 10°,107, 10° under different
Ar. It can be seen that the ratio deviates from 1 as Ap — 1 with increasing 7T'.

D Proofs for Section

D.1 Proof of Lemmalll

Proof of Lemmall] (1). First, we prove the existence and uniqueness of ¢*. Note that f(y) is
continuously monotone decreasing on (0, c0). On the other hand, as

VTt TV (T 1+ Ay)  oavT!
F/T) = e+ 2 =

T(T_l —|—Z2)2 T_l -

and
=2 —2 A
f(l):gl\/l GQV(liAQ)SE
T T(1+ Ay)? T

there must exist a unique p* € (1/T,1) such that f(¢*) = 1, proving the claim.

<1

)

(2). We only show the proof for the case of ¢ > 0, while the case of ( < 0 can be handled similarly.
Note by the monotonicity, we have ¢ < ¢*. Let ¢¢/¢* = 1 — ( for some ¢ > 0 depending on (.
Our aim is to derive an upper bound for (.

It follows from (3) that at least one of the following holds:

—2 * —2 * N
TV L e, 2V (@A)

Case 1: -, —
T(p*)* — 2 T(p* + Az)?

DN | =

Case 1: If 55 = 7 V *, we have o3 = 77 V . Hence, it holds that
Rvp BV (1—(1—02)
Tz T(e*)? T(@*)*\ (1-¢)?
For the case when * = &+ V ¢*, we can compute that

—2 —2 *
N o1Veoe 01V 1 1 1
= — > — > ]_ —_ = > —(.
C=Floc) = f¥7) 2 T<p? T(p*)2 = To* 1 - 2C

C=flee) = fl¢*) 2

By combining the above results, in Case 1, we can conclude that E < 2C.
Case 2: Note that in this case, we have
1 et TIV p*

\% 22
T ' T(oF = TP )

1
< -
-2
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On the other hand, if p* + Ay = 72V (¢* +Ay), we can show thatl/(Tap ) > 1/T(<p +As) >1/2.
Thus, it must hold that ¢* = 7T'/2 and Ay = 0. This implies that when ¢* + Ay = 73 V (¢* + Ay),

N - 1

1 1 1.
= 1——— Z 7(.
To* 1-¢ 2
For the case when 72 = 73 V (¢* 4 Ay), using (22) and the fact that ¢* > T, we can deduce that
o3 1 IVt v Tt
T+ B2~ 27 T ~ T
which implies that ¢* /(¢* + Ay) > (71 V T~/2) /7. Hence, it follows that

—2 —2
C=flpe) = fl¥*) =2

02 02
T3 (" — ) + * + 2A “C GLVT 2
_ 9 ¢ ,(eﬁc o 2) S _ @ .0 ;
( .

(23)

T T(pe + D)2 CT(p* + A)?
T(p* + Ag)? (pe +D2)? 200" +4g) — 202
This gives the bound corresponding to @2 /(71 V T~/2) in (4).

Next, we will derive the bound that corresponds to |73/ (ng) —1|7tin . The analysis will be
further separated into two cases: (i) 1 — 52/(TAs) > 0 and (ii) 1 — 52 /(TA5) < 0

For case (i), we can show that

= flpe) = fl¢*) =

‘J\r\

. E% V * z 5%(,0*
1—¢ T(p*)? T(p* + Ag)?

—2 * =2 F2NA T2
> (0’1 \/:,02 n 92 - UzAi 3)'C2 (1_ 022).(:_
T(e*)?  T(p*+A22)?  T(p*+Ay) TA,
For case (ii), let us recall from (23)) that

p*¢ ¢ ¢*¢
> - == _ > - 17 * R —— 17 * .
¢z 2(* +A2) =6 "A2/er<2 + 2(p* + Ay) Az /p*>2
Note that when A, /¢* > 2 (or equivalently p* /Ay < 1/2),

—2 —2 * —2
2> 022(1—3‘p> - ( %, —1)1*— 7 <o
T(p* +A2)* ~ TA Ay TA, ©* TA,
Using the condition that 1 — 73 (TA ) < 0, we can derive that
—2 -1
(¢") 1Ay < 37 '(02 —1) .
TA TA2
AsT3/(p* +A2)? < T and p* /Ay < 1/2, we can obtain that E%/(ng) < 9/4, which then entails
that (¢*) 1Ry < 27/(262/(TA5) — 2). Consequently, it holds that
s ¢
o 1 By) Beler2Z

(24)

—1 : 1Z2/(p*>2'
2+ 27(TA -1)
Plugging this back to (24) yields that
¢
¢z - —-
6+ 27(TA -1)

By combining the above results, in Case 2, we can conclude that
_ G5 -1 To
<27 1 N——"7 .

The claim then follows by combining the estimates in Cases 1 and 2 above. O

5 — 1
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D.2 Proof of Theorem[T]

Proposition 6. For any positive sequences {or }r>1, {nr}r>1, and {fr}r>1, the following are
equivalent:
1. limp_ o QD(TLT; O’T)/(p(’ﬁ,T; UT) =1

2. limp_ o ’flT/’FlT =1

Proof. (1) = (2). First, noticing that by the elementary inequality,

a aVece a

nd< <1vZ Vabe>o0, 25
b=bve = o TW0C (2)

we can deduce from (1) that limy o0 (¢(nr; o1) V 02) /(¢(fir; or) V 02) = 1. Using further the

identity n = (02 V ¢(n; o)) /¢*(n; o) for any n, o > 0, we have

2 . . 2
i 12— (i 08 (1 smonvor)

T—oo 2(Ar; o) T-o0 @(Ar;or) V 02

(2) = (1). Tn light of (25), we see that (2) implies limp_.oc (o7 V 0y /%) /(o7 V 27 /%) = 1.
Consequently, it holds that

cp(nT;UT) nr or \/7’7/71/2
lim ———=% = ( lim ) . ( lim T12> =1.
T— o0 QO(TLT, O'T) T—o00 nr T—o0 or \Vi ﬁ; /
The claim follows. O

We are now ready to prove Theorem T}

Proof of Theorem[I] Let us select § = 1/logT. In the proof, we will write |+ = 1..(6;p;T),
M = M(8;p;T), and V = Vr(; p; T) for simplicity. We also write ¢* = ¢(n] 1;71). From
Proposition[7] we have P(M NV) > 1 — 3K/logT.

The uniqueness of n; , follows directly from Lemmal) and the fact that p(-; @) is bijective. It
follows from Propositions @] and [5 that on event M NV,

E ) (na,r — 1)(n1,r — 1) < Ve (Aa+p1.7) < E ) Na, TN1,T
I3 N, TN, T TGV (prr AV T2 (ngr — 1) (i —1)

Applying Lemma [3|and using the facts that 1 7 = 0(1) on M NV and A, = o(1), we can show
that for any a € [K|, limr_,o nq, 7 = +00 on M N V. Hence, the inequality in the above display
implies that for any a € [K],

((Pl T +Za)2
Na,T " =5 —— =1+o0p(1). (26)
7oV (p1,r +Ay)
Using further }_ ¢ ) na,r/T = 1, we can arrive at
2V A,
TaViorrt8a) _ gy @7

dei) Torr+Aa)?

Let us consider the case when K = 2. By resorting to Lemma 2), we have that o1 7/¢* =
1 4 op (1), which together with Proposition@imp]ies that ny 7/nj 7 = 1+ op(1).

For arm 2, with (26) at hand, by Proposition [f]it suffices to show that

a3V (9* +48;) (17 + Ag)?
=1+o0p(l) = =2 e — =1+op(1),
Pl G5V (p1r+A2)  (p* + Ay)? »(l

which is straightforward by (23). O

©Y1,T7
*
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D.3  Proof of Proposition

We need the following lemma to prove Proposition[2]

Lemma 4. Consider the Two-armed Bernoulli Bandit instance in Proposition[2] Recall that T; is the
last time that arm i was pulled. Then for sufficiently large T, there exists some constant co > 0 such

that
_ 1 1 = 1 1
P =X — P =X - — > cp.
<u { 2179 }) " (E { 2S5 Y }> -

Proof. (Step 1). We first prove the following: On event My N Vr, there exists some constant
0 < ¢ < 1 such that

nQ,Tl NTo Z CT' (28)
To this end, recalling from (I8)) that
| 1 I,

—— < +
2y, — 2T  mm

holds on event M(1/log T'; p; T) N V(1/log T’ p; T) and using Lemma 3| with the fact that ny , =
n1,7 — 1, we can deduce that for sufficiently large T,

N ( L, )‘2 -
n27T ~ ~ *
! VT nimy
Given that ny 1, = n2 7 — 1, a similar estimate applies to ny 7, if we start from (I9), which proves

(28).

(Step 2). Let ¢ be the constant in (28). It follows from Step 1 and Lemma 8] that for any £ > 0, there
exists some Ty = Ty(g) > 0 such that for T' > Ty, P(ng p, > ¢T') > 1 — e. Using Lemma@]and
choosing € = ¢y /2, we can obtain that

_ 1 1
PU) > P {X > =+
) < 21 > 5 T

n Conti
>]P’<{ ZXi > §+\/ﬁf0ralln2 LCTJ}Q{’I’LQ’TI > LcTJ}) > Canti — € > ‘;‘t,

i€[n]

} s, > e}

This concludes the proof for the probability estimate for /. The estimate for P(L) follows a similar
argument, so will be omitted here to avoid repetitive details. O

We are now ready to prove Proposition 2]

Proof of Proposition[2] (1). We will first prove the upper bound for n;r on event U N
M(1/1logT;p;T) N V(1/1logT; p; T). Consider time T} that arm 1 was last pulled. Using (i)
the definition of ¢/ and (ii) the UCB rule, we can show that on event & N M(1/logT; p;T) N
V(1/logT; p; T),

1 2x (i) plogT
plogT < X e ® A |
\/m + P2,1y * PO = 2,74 + Y217 * PLlOg < u + + o

Rearranging the terms, it holds on event & N M(1/1log T; p; T) N V(1/log T'; p; T') that

w+

1 plogT
Lo plogT <A — + .
$2,1, - p1Og Tty nr

By the facts that 03 = p(1 — p), A% = p(1 — p)plog T/T, nar > nary, nir, =ni,m — 1, and
ny,7 + ngr = T, we can arrive at

1 (1 N 1 > T S T
nir —1 po2logT ) /T —nir ~ VT
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Further using 1//T — n1.1 > (1+ny.7/(2T))/V/T, the above inequality becomes

1 1 + 1 EQTLLT 1 [
nir—1 poolog T 2T3/2 = poslogT /T

Note that the above inequality is quadratic, we can then solve it to obtain that

V(B -Ap +4AB +1) - (B - A)
2A ’

nir <

where for sufficiently large 7',

A <1+ ! > %2 !

poslogT ) 213/2 ° T\/TlogT’
5o_ 1t o2 1
po2logT /T  /TlogT

Thus, we can conclude on event U N M(1/1log T; p; T) N V(1/1log T'; p; T') that

2(B+1
TL17T< ( +) <

2(B+1
S JB-Ap B+ B-A) B

Z) <VTlogT.

(2). The lower bound for nq 7 on event LNM(1/log T; p; T) NV(1/log T'; p; T') can be established
using a similar strategy. Let us consider time 75 that arm 2 was last pulled. Using (i) the definition of
L and (ii) the UCB rule, we have that on event LN M(1/logT; p; T) N V(1/1log T; p; T'),

; V% () plogT
-plogT > X loe T 3 A |
T T emploal Z Ko e, ploglh Z gk At T

Rearranging the terms yields that on event LN M(1/logT; p; T) N V(1/1logT; p; T),

=

1 logT
wa.1, - plogT > A+ er g .
/2T, N1,y

—2
It follows from the facts that A, = E%/T, niT > N1y, N2, = Nor — Landnyr +nor =T
that

1 ( 1 ) T2 09

S | — . < 2=

ni,T poglogT ) /T —nyip—1 VT

Observe that on event LN M(1/1log T; p; T) NV(1/log T; p; T), it holds that c; VT < nqp+1 <

coT for some constants ¢; > 0 and 0 < ¢z < 1, cf. Lemme[3|and (28). Then we can derive that for
sufficiently large 7',

1 1 02 2n1 1 > 02
— (11— ) = (1 ) <22 29
nir ( 2 1ogT) VT ( —eT) = VT @
where we have also used 1/1/1 — (n1,7 +1)/T < 1+ 2ny 7/(1 — ¢2)T. Therefore, with
204 1 1
A= 1-— = 30
T (1 —n)T3/2 ( pT2 logT> T/TlogT’ 0
1 o2 1
B=—— .72 = - 31
= poxlogT T /TlogT Gh
we can solve the inequality (29) to obtain that
LS BHVB'+4A B T
LT = 24 =24~ logT'
The claim now follows from Lemma H] O
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E Proofs for Section 4|

We would like to emphasize that, although the statements in Section [ are presented for the 2-armed
setting, the proof in this section applies to the K -armed setting as well.

E.1 Proof of Proposition 3|

We will work on the following events

M(p;T) = {Xa_’t — ta] < Qo glogT, Vt € [T],Va € [K]}7

V(p;T) = {|8(21 — 0% < Pa - glogT, Yt € [T],Va € [K}}

The following lemma provides a probability estimate for event MT N ‘7T when p is large.

Lemma 5. There exists some universal constant Cy > 0 such that for p > Cy and T' > 3,

P(M(p;T) NV (p;T)) > 1 — 3K/T*.

Proof. By selecting 6 = 1/T? in equations and (53), we achieve the desired result, provided
that p > Cy with Cj sufficiently large to satisfy 1/96Cy + 256 < Cp/4. O

Proof of Proposition3] First, in view of the proof for Lemma it holds that on event MVT N ]7T,
Pat = Pail < ¢ar/2, VaelK], VI<t<T.

At time-stfg T, lzy the UCB rule of X, 7, + Pa.1, - plogT > Xl,Ta, + @11, - plog T, we have that

on event Mt N Vr,

P logT 3 1 plogT

—pa1 -plogT > A, + = -plogT —
1 +2<P,Ta00g > +2S01,T plog 1

Dividing plog T on both sides and rearranging the inequality, we can deduce that

Pa,T o117 plogT.

8>Za+s01,T >Za+<,01,T_na,T—1

Pa,T, Pa, T Na, T

which then implies either n, 7 < 1 or ¢, 1 > (A, + ¢1.7)/16. Therefore, we have

16 < 1609 >
Ng 1 < == V= .
A Ay + 11

The claim now follows from Lemma[3] O

E.2 Proof of Theorem 2]
Proof of Theorem[2] Observe that

Reg(T) = Z na,TAa + Z na,TAa

acA; a€As

with Ay ={a € [2: K] : 1652 > A, + p1,7} and A2 = [2: K]\ A;. It follows from Proposition

[3that
2
16 16 4
(5= four = (YY)
Ay + @(n1,7;01) Ag + o(n11;01) T

Then for the summation on Ay, we can derive on event Er that

Z na,TAa § Z i < (K - 1) V plOgT (32)

acAs ac Ay P17+ Aq
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For the summation on A, we have that, on one hand,

Z na,TAa S Z Na, T Z Na, TA2

acA; a€Ay ac A
(33)
Io
SIVT- | Y ————A2<16 | Y o2 pTlogT,
acA; (A + 901 T) ac Ay
and on the other hand,
256024, 256020, 020,
Do marba S Y ettt < BT S AT
a€ A, a€ A, (Aa + @1,T) ac Ay SDLT Aa (34)
ZA T 2
<256 Y Ta50 A (U plogT) < 256 Z \/pTlogT
o7 A
a€Aq a€ Ay
Combining (32)—(34) above concludes the proof. O

Remark 2. Using the high-probability arm-pulling bound from [4]

02 1

et S Az T A,
inequalities and remain valid when the definitions of A1 and Ay are replaced with
Al={ac2:K]:022 A} and A, =1[2: K]\ A},

respectively. This adjustment leads to a regret bound of O(,/> ", 1 a2TlogT).

E.3 Lower bound proofs

In this section, we prove Theorem [3] For clarity, we first present the proof for the Gaussian case in
Section |E.3.1] then extend the construction of reward distributions to the bounded support setting in
Section [E.3.2

E.3.1 Proof with Gaussian bandit instances

For simplicity, we present the proof with Gaussian bandit instances first and then generalize it to the
hard instances constructed over bounded reward distributions.

Theorem 6. Consider the following two classes of problems with any 3 > 0:

V ={(N(u1,01), N (2, 02)) : pi1, p2 € Ry01,02 € Rxo},
Vi = {(Ni(p1,01), Na(pz,02)) €V i py > po, 01 = TP03, 00 > TP /256}.

Then for every policy T, there exists some v € V such that
Erv Reg(T) = Q(oaup(v)VT). (35)

Moreover, the following trade-off lower bound holds: Given any cy = O(poly(logT))), consider the
good policy class

E o Reg(T
Mgood = {71' : mang() < cT\/T}7
veV Usub(’l))

then for any m € Ilgo0q, there exists some v’ such that

2 !
E,o Reg(T) = Q(US“b(v ) T). (36)

Oopt (U/) cr
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Proof. We consider the proof of (33) first. Let A € [0,1/2] and o2 > 01, where the specific values
will be determined later. We consider the following two instances:

v = (N(A,02),N(0,03)), va=(N(A, o), N(2A,03)).

Fix a policy 7. Recall the divergence decomposition Lemma for the reward distributions Py, , Py,
(see e.g. Lemma 15.1 of [27]), we have by our construction,

KL(]P)WVl ”]P‘rruz) = Eﬂ'Vl (nl,T)KL(N(Aa U%)”N(A’U%))
+ Eru, (n2,7) KLV (0, 03) [NV (24, 03))
= Erp, (n2,7)KLN(0,03) |V (24A, 03)) < 2TA?/o3. (37)

Here, PP,,,; denotes the distribution of jth arm in instance v;. Moreover, for instance vy, we
have E,p, Reg(T) = AE, nop > ATPy, (ner > T/2)/2 and for instance v, we have
Erv, Reg(T) = AE,y, 17 > ATP,y,(n2,r < T/2)/2. Combining the above estimates and
applying Bretagnolle-Huber inequality, we can obtain that

AT
Ery, Reg(T) + Erp, Reg(T) > - exp(—2A%T?/o3). (33)
Taking A = 09/+/2T, we arrive at the lower bound

0'2\/T
E,u, Reg(T) V E,p, Reg(T) > 13

This implies that either

T T
B, Reg(T) > 22T — Zan)VT
8\/§€ 8\/§€
hold, which completes the proof of (33).

Next, we prove the trade-off lower bound in (36). With slight abuse of notations, we construct the
following instances: with oy € [T~#/256,1] and A = 160,c7/VT,

v = (N(A,02),N(0,01:T7P)), o= (N(A,02),N2A,01T7P)).

We would like to argue that for any 7 € Ilzo0d,

or By, Reg(T) > YL 5 VT _ Gun(va)VT
8v2e T 8V2e 82

o2 (Vl) T1/2 T1/27ﬁ
Ery, Reg(T) > -2 = : 39
WReg(D) 2 one W) or ~ 2560r 39)

We will prove this claim by contradiction. Suppose (39) does not hold, we may derive that
T -8

E. =FE. ., Reg(T)/A < —-.
V1(n2,T) v, Reg(T)/ 4096010%

Therefore, similar to (37)), we can obtain a refined upper bound for KL(Py,, || Pr.,) (instead of using
the trivial upper bound ng 7 < T°),
T8 102401c2 1

KL(Prp, [[Pro,) < 0960, 17 T 1
Then we may proceed as (38)) to derive
Eru, Reg(T) + Erp, Reg(T) > dore V4 er VT > 30100 VT.
By the upper bound of E,,, Reg(T") (hypothesis), we have
E v, Reg(T) > 3o1erVT — E,u, Reg(T)

T8 T
> 301erVT — 956 > 301erVT — o1V > 2cra VT > 2cTosub(u2)\/f,
cr cr

which implies that 7 ¢ IIyo0q, a contradiction. This proves (39) and therefore completes the proof of
the trade-off lower bound in (36)). O
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E.3.2 Remark on Lower Bound over Bounded Distributions

In the proof of Theorem [6] we used the Gaussian distribution for notational convenience, owing to
its analytical KL divergence bound. However, the upper bound result is derived for bounded bandit
instances, which leads to a slight mismatch between the lower bound and upper bound environments.
In this section, we show that the proof can be readily generalized to the hard instances constructed
over bounded reward distributions.

Here we specify a two-point supported variable based construction: Given any positive u, o2, we
2 2
consider distributions @, , supported over {0, %} with
2 2 2
. o pe+oty u
QM,O’(O) - MZ + 0_27 Q;@U( ILI, ) - Iu2 + 0_2 .

It can be seen that Ex ., , [X] = pand Varx .q, , (X) = o

2

Suppose, in addition, that p < ¢ and let Qﬁ » denote a A-modification of @), » for any 0 < A <
# — 2u, defined as

A () = i A (M2+02): (n+A)?

o= Gk ap e ey i+ AP +52

where o > 0 the solution to

(u+A)2+52_u2+02

40
A p (40)
Since m(a) = % is an increasing function in @ and
24 2
m(o) < pto < lim m(a),
M a— oo

it follows that o is well-defined and satisfies o > o.

Then we may compute the KL-divergence between (), , and Qﬁ, - as follows:

2 2
2 _p 2 _o
H 2402 a 2402
KL(QH»JHQﬁ,U) = 2 4 0_2 log (Z+A)2 + ) T 0_2 log K’ 52
K Em v (TENEREE
&) /ﬂ log i n o2 o 072 B + A
U2 + 0-2 I + A ”2 + 0-2 &2 1
2 2 2
L p o p+ A o
1 1 log —
S i Og/},+A+M2+O'2 0g —Fog(72
o — p? w4+ A o?
:M2+0210g p —}—log?
2 _ 2
< 7 —H 1ogt + A,
M2 +0-2

where in the last step, we have used the fact that log(c?/52) < 0.

Taking p > o — A in the last inequality and using the elementary inequality log(1 + =) < x then
leads to

A ot+p A2 2A?
KL(Quo Q) < 210’ < oo —A)

Now we can summarize the above construction and calculation into the following lemma:

2 2
Lemma 6. Given any 1,0 > 0, there exists a distribution Q,, , supported on {0, & :U } with

Ex~o,,[X]=p, Varx.q,,[X]=o"
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Given any A > 0 and suppose that

2 2
o>pu>o— A O<A<M to

—2u, A<o/2 (41)

holds simultaneously. Then exists a A-modification wa of Qu,o supported on {0, ”2:"2 } such that

4A?
EXNQﬁYU[X] =p+ Aa VarXNQﬁya [X] = (1 + A//’[’)(OQ - /’LA)7 KL(QM,UHQﬁ,g) < ?

In particular, for any o > 0, with the selection 0 < A < ¢/2, 4 = 0 — A, one can verify that
(p, 0, A) satisfies the condition (1) and the corresponding Q.- Qﬁ:a are supported inside [0, 30]

with variances lies in [02, 302].

Based on Lemmal6] we now explain how to modify the distribution class constructed for proving (33)
and (36) separately.

Proof of (I12). The proof follows the same as that of (33); we highlight the differences below. Given
any o1, 09, A satisfying oo > 01 > 2/, we consider the following two instances:

_ — A
vy = (QUQ—A/27017Q0'27A,0'2)7 vy = (QUQ—A/2,017QU27A70'2)'

Note that with such selection, Lemmal6]ensures that the distributions of the second arm’s reward in

both instances are supported over [0, 30| with their variances lied in [03, 303]. For the first arm, we

have its variance is given by o and its support is bounded by

(02— A/2)* + 0} _ 803
UQ—A/2 — 309

< 3032,

thus selecting o2 < 1/3 ensures that the constructed reward distributions are supported over [0, 1].

Next, we can proceed the same analysis as in section [E.3.T] with the proof of (33). The only difference
is that the bound in (37) under our new construction turns to

KL(PWVl ||IED7"V2) =Enp, (n2,T)KL(Qo—2*A,02 ||QUA2—A,0—2) < 4TA2/U§a
and therefore, (38) becomes to

AT
Eru, Reg(T) + By, Reg(T) > = exp(—4A°T/a3).
Taking A = 09/v2T (as T > 2, we must have that A < 05/2), we arrive at the lower bound

O'Q\/T
Ery, Reg(T) V Ery, Reg(T) > .
, Reg(T) . Reg(T) 13

This implies that either

Eo, Reg(T) > ooV/T _ osub(v1)VT > ooVT > VT _ Ooub(V2)VT
8v/2¢ 8v/2e 8v/2e ~ 8v/2e 8v/2e
hold, which completes the proof of (T2). O

or Erp, Reg(T)

Proof of (13). The proof follows the same as that of (36); we highlight the differences below. For
any fixed 0 < 3 < 1/2and oy > T~9/256, A = 16010T/\/T, and 0o = /o1 T8, we set

A
(Qo’z—A/Q,Ul ) QO’Q—A70—2> .

vy = (QO’Q—A/27017Q72_A7(72)7 9]

In particular, notice that
T1/2-8

02/2> A = T P05y >5120%cr VT <= o1 < :
512CT
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which always holds under our selection for sufficiently large 7". Thus the KL divergence upper bound

between (s, —A,» and Q? _A.o, in Lemma|6|still holds under our construction. Now applying the

same argument in Section we can arrive at
Ery, Reg(T) + By, Reg(T) > 4oe K- EmnlFr) o /T i € go0d

when suppose in contradiction that

o2 (Vl) T1/2 T1/2—B

E.., Reg(T) < —=ub = , V7 € Igood. 42

1 Reg(T) < 3560ope(v1) x| 26cr | ¢ eeed (42)
Now by Lemmal6] we have

T'=% 5120%¢% 1

KL ]IDTrV ]P)rru < 3
( 1 H 2) — 1096 162 T 22 8

Ul\/T

cr

Ev, Reg(T) > 4ore e T — E,., Reg(T) > 3o1erVT —

> QCTJ1\/T > 2CT03ub(V2)\/T,

which implies that 7 ¢ IIgo0d, a contradiction. This disproves (@2) and therefore completes the proof
of the trade-off lower bound in (T3).

F Proofs for Section

With slight abuse of notation, we define function f(z) for any = € R> as

_ T2V (z+A,)
fw) = aez[;q T(z+B8g)?

Let us consider the following fixed-point equation in ¢

7oV (p+Ad)
flo)= 3 Zere—e =, (43)
aez[]:(] T(S0+Aa)2

The following lemma extends Lemma [T]to the K-armed setting.

Lemma 7. It holds that:

1. The fixed-point equation (@) admits a unique solution o* € (1/T,1) forall T € N;.

2. Assume that there exist some 6 € (—1/2,1/2) and @s such that f(ps) = 1+ 0. Then there
exists some constant ¢ = ¢(K) > 0 such that

] <ot {1 (- 0), (), o)
— — 1| <¢|d| - max - - < — _— .
p* a€lK] K-1 TAZ 4 TAz Y T-1/2

Proof. The proof is almost the same as that of Lemma [I] We include the proof here for the
convenience of readers.

(1). First we prove the existence and uniqueness of ¢*. Note that f(y) is continuously monotone
decreasing on (0, c0). On the other hand, as

o2VT™t o3V (T '+ A,) o%vT—1>1

F/T) = =7 T(T—' 4 Ay)? -1 =
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and

72V (14 A K
LEPIE vt AL
a€[K] ( + a)
there must exist a unique ¢* € (1/T,1) such that f(¢*) = 1, proving the claim.

(2). We only show the proof for the case of § > 0, while the case of § < 0 can be handled similarly.
It follows from the monotonicity that @5 < ¢*. Let ¢5/p* =1 — ¢ for some § = 6(J) > 0. Our aim
is to derive an upper bound for 4.

It follows from (43)) that at least one of the following holds:

1\/99 Case2:3Ja € [K }\{1} %0V ("

1 + A,
Case1: — —7
T(pp = K T(p* + Aa)?

Case 1: If 52 = 7 V *, we have &7 = 73 V 5. Then it holds that
TV s T2V 72 [(1—(1-9)2 1.
3= o)~ 1ot > T - Tt AL (L2EEN) s

Te; T T\ (1-

For the case when ¢* = & V ¢*, we can compute that

TV s T2V 1 1 1.
5= — fe*) > =L - > 1— _ ) > =5,
f(‘PzS) f(SD ) = T@% T(w*)Q = To* ( 1 ) =

By combining the above results, in Case 1, we can conclude that 5 < K§.

Case 2: Note that in this case, we have
L1, o Vet  K-1
Te* = Ter  T(p*)? ~ T(p*)? — K

(45)

This implies that when ¢* + A, = 52 V (¢* + A,),
5= Flgs) = F(g") 2 i
T((1=0)¢* +Aa)  T(p*+Ad)
o
T(o + B)((1- D) +B)
0T * S 0
T(p* + A)T(p* +A,) — K(K —1)

>l

For the case when 32 = 72 V (¢* + A,), using (43)) and the fact that o* > T~ leads to

62 1 1 TVt 1 FvT!
— e > __ > L f
T(p*+A,)? ~ K~ K-1 T(¢*)? ~ K—-1 T(¢*)?*"’

which entails that o* /(0* +A,) > (@1 V T7/2) /(G4 K — 1). Hence, we have that
52 52
6= —fl¢") = ey ‘ 46
flon) = 1te) = T(ps +Aa)? T +Ag)? 40
Ta(¢* — vs) (% +e" + 2Aa> ©*8 T VT2
= — . — > — 2 6-
T(e*+Ad)* \ (g5 +A0)? K(¢*+A,) ~ KVK — 17,

This gives the bound that corresponds to 7, /(7; V T~ /?) in .

Next, we will derive the bound corresponding to (72 / (sz') —1)7"and (1/(K-1)-52/ (Tﬂz))jrl
n li The analysis will be further separated into two cases: (1) 1/(K — 1) — 7,/ (TZE) > 0 and
(i) 1 — 32 /(TA) < 0
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For case (i), notice that

oLV :1_253V(<P*iza)
T(p* 4+ Aq)?
=2 * Z
> 1—(K—1)-maxw.
az2 T(%@* + Aa)g
Let a, = argmax ,55(72 V (¢* + Aq))/(T(¢* 4+ Aa)?). Then we can show that

a>2

—2 * 2

o1 Vo 1 o;
>(K-1)- - *

T(p*)? — ( ) (K -1 TAi,T)

Thus, we can arrive at

02 —
= o)~ 1) 2 o T 2 - (4 2 )5

‘ o
q|
=
<
AS)
*

For case (ii), let us recall from (@6)) that
©*0 5 ©*0
Z 2(%0* +Za) Z 37K . 1Za/§0*§2 + 72(()0* +Za) . 1Za/¢*>2' (47)

Observe that when A, /¢o* > 2 (or equivalently ¢* /A, < 1/2),

—2 —2 * —2 —2
Ta_ > Ja <1—3‘p) - ( Ta_ —1)1*— 323 <0.
T(e* +Ad)? ~ TA, A, TA, ¢ TA

a

Using the condition that 1 — &2/ (TZE) < 0, we can deduce that

—2 —2 -1
(50*)_1Za S 3?2 : < o-ig - 1) .
TA

a

As72/(¢* + Ay)? < T and ¢* /A, < 1/2, we can obtain that 72 /(TA-) < 9/4, which then leads
to (¢*) 1A, < 27/(252/(TA2) — 2). Hence, it follows that

06 )

—————— 11X a0 2 i
200 + Ay) Ag/p*>2 = ( 52 >—1 N /p*>2
2427 o 1
Plugging this back to (47) yields that
5> g N
Tz -
3K + 27(@3 1)

By combining the above results, in Case 2, we can conclude that

_ 1 72\ ! 72 - ol
0 < (3K +27)6 - 1 _ A @ -1 AN—2 %,
<o+ {14+ (g0 - 2) A (Fro1), Aevr)

The claim then follows by combining the estimates in Cases 1 and 2 above. O

Proof of Theorem[] The proof of Theorem [] closely mirrors that of Theorem|[I] and we spell out
some of the details for the convenience of readers. We start by noticing that most of the derivations in
Section[D.2]hold for the K -armed setting. Specifically, from we have that

72 V(1 + Ad)

— =1+4op(1). (48)
2
e Tl +484)
Combining (48) above with the stability result in Lemma[7]concludes the proof. O
Proof of Theorem [ See the proof of Theorem [2)in Section [E.2] O
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G Auxiliary results

Lemma 8. Assume that X1, X, ... are i.i.d. bounded random variables in [—1, 1] with zero mean
and variance o*. Let X; =), er] Xs /t be the empirical mean. Then we have that for any § < 1/2,

_ 121og 28T/ G4 10g(1
P(]Xt\<a e 49 Ogt( /5),v1gth)z1—5.

Proof. As in previous works, our proof relies on constructing a supermartingale and applying Doob’s
inequality. Let ; be the filtration generated by Xy,..., Xy and S; = el X;. Forany n € [0, 1],

Elexp(nSt)|Fi—1] = exp(nSi—1) Elexp(nX¢)|Fi-1]
< exp(nSi-1) (1 + 77202) < exp(nS;_1 + nc?). (49)

Here, in the first inequality above, we have used the fact that E[exp(nX;)] < 1+ n%02; see, e.g., [17,
Lemma 7].

Withv; =i 1(i + 1)~ ! and n; € [0, 1] to be determined, let us define

1 ift=0
Zy =1 ’ 50
t {Zfﬁl yiexp (miSy — tnfo?), ift > 1. (50)

Then in light of @9), it holds that

E[Zi1| 7] = Z% [exp (1iSe11 — tnfo®) |Fi] - exp(—nio?))

< Z% exp (1S — tn;o?) = Zi,
=1

implying that { Z, };>0 is sequence of supermartingale. Note that by invoking a similar argument as
in [23} Proof of Lemma 5.1],

{2, > 1/6} > { maxy; exp (0:S; — tn?o?) > 1/6}

_ 1
=4¢X; >min | —log + niaz) }
{ ' v ( tn; (5%)

. 2720 logh/? (L) if i > 4y,
T, ifi < iy,

For any fixed § > 0, set

where i) = inf{i € Zs1 : 20 > 0, 2(log(i(i 4+ 1)) + log(1/6)) holds for ¥V i > i}.

Given these parameters, the analysis is further divided into two cases: o, > 1/v/T and 0, < 1/V/T.

Case 1: For o, > 1/+/T, it holds that

(Z021/6) > { X 2 min (- tox(5) + m0?) |

B 9i 1/2 z(erl))
{2

For those ¢ satisfying [log, t] > 41, we can choose i = [log, t] to obtain

- logl/Z 2(log 4t)*
{Z, >1/5} > {Xt > 4051/26)}.
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For those t satisfying log, t < iy — 1, it follows from the definition of i; that t < 2 and 211 >
2(log(i1 (i1 — 1)) + log(1/4)). Hence, we can deduce that

) 91 1/2 'Lz;»l))
gli?(\/ 9 \/ ) - a2z

i1—1 1/2 (d1(é1+1)
< (1evay 2 o &)

t1/2

log

)
t

_ O_logl/2 (11(11+1))

L 1/2 (il(i1+1))

+ v/2log(i1 (i1 — 1)) + 21log(1/6) -
Below we will derive an upper bound for i;. Let us consider functions f(x) = 2% and g(z) =
o ?log(x(x + 1)) + log(1/6). It is easy to show that

2¢+ 1 2T

() =2%log2 > 271, ¢ (2) = ——— < —.
f(:E) 0g 2 > ) g(l’) O2I(x+1)< T

Then we have f’'(x) > ¢'(x) as long as x > log(2T") + 1. On the other hand, for zo = 4log(1/§) +
41og T + 1, it follows from ¢—2 < T that

f(zo) = 2(T/58)" > 2T log(510g(2T/5)) +log(1/8) > g(wo),
which entails that f(z) > g(z) holds for all x > xg. Thus, we have iy < xg = 4log(T/J) + 1
Combining this upper bound of ¢; with (31), we can obtain that

_ 121og L0g(T/d)
{Z, >1/6} D {Xt > JWJF 64logt(1/5) }

Case 2: For o < 1/4/T, we can deduce that

{X > min <log ) + nio >}
1<i1 t’m

The claim follows. O

As a corollary of Lemmal(8] we have the following results on the concentration of the empirical mean
and variance: for any § > 0, let

e(6;T) = \/48p log T'log w

Proposition 7. For all § < 1/2 and o € [K), it holds that

+ 1281log(1/9).

P(’)_{a,t—,ua‘ < -e(6;T)/2, Vlgth) >1-9, (52)
P(]ag,t—ag\ < par-e(5;T), V1<t<T> >1-24. (53)

Proof. The claim in (52)) follows from a direct application of Lemma [§] with the following simplifica-
tion for the error bound therein

121og 22T/ 64100(1/8 5T 5T
o 0og 5 + 6 Og( / ) < (Ea v n;i/Q) ) e( ) ) = Qo e( ) ) )
Na,t Na,t ’ 2\ /Mat 2\/Mazt
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To prove , we first notice that by |, — Xa,t

<1

s

~ 1 _
‘Ug,t - Uil = ’ \ Z ((Xa,s - /‘a)2 - Ui) - (Ma - Xa,t)2
@ SE€E[Ng,t]
1 _
S ‘ Z (Xa,s - Ua)z - 0-2 + ’Ma - Xa,t|-

a,t

7 s€[Ng, ¢
Then we can bound the second term above using (52). The first term above can be analyzed by the
same argument as in proving (52), upon noting that Var((X,,s —ta)? —02) < E((Xa,s—a)?) < 02.
This concludes the proof. O
Lemma 9. Assume that {X;};>1 bl Bernoulli(1/2) and fix any ¢ > 0. Then there exist some
No € Z and constant Capi = Capri(c) > 0 such that for all N > Ny,

n
; — <n< > ;
i (Zie[nl Xi> 2+ v/n, VIN/c] <n < N) > Cant (54)
n
P(Zie[n] Xi<g - Vi, V| N/c] <n < N) > com. (55)

Proof. Our proof relies on Donsker’s Theorem, which states the convergence (in distribution) of the
random walk to the continuous-time Brownian motion; see, e.g., [[6, Section 14]. More precisely, for

{Xi}ti>1 ik Bernoulli(1/2), Donsker’s Theorem states that for
2 Nt

Uy (t) = ( >oXi— >
VN i€[|Nt]] 2

it holds uniformly in ¢ € [0, 1] that limn_ o U (%) < B(t), where B(t) represents the standard
Brownian motion. Equivalently, for any € > 0, there exists some Ny € Z such that for all N > N,
sup

IP’( inf Un(t) > x> —]P’( inf B(t) >x>‘ <e.
z€R te(0,1] t€[0,1]

Using the fact that inf| n/c|<p<n 2(21.6[”] X; —n/2)/vV/N > infyep1/c,1) W (t), we can deduce
that for any = € R,

[P’(ZX¢ZZ+9C\/N, V[N/cJSnSN)

1€[n]

1
>P(- inf Un(@t)>z)>P( inf B(t)>2z) —c. 56
- <2teﬂfic,u N”—x)— (teh“/c,u 0= m) ) °

As B(t +c71) iﬁ Z + B(t) for another standard Brownian motion B(t) and Z ~ N(0,c™ 1)
independent from B(t), we can further bound the right-hand side (RHS) of the inequality in the above
display as follows. Denote by ® the cumulative distribution function (CDF) of the standard Gaussian
distribution. Then we can show that

RHS of 56) = P inf B(t)>2z-Z7 _Op sup Bt)<Z-2z)-—¢
t€[0,1—c71] t€[0,1—c—1]

(i) _
EP( sup B(t)§z>~IP’(ZZ39:)€

te[0,1—c—1]

(@) (2@(\/%) - 1) : (1 - @(3\@:)) —e

Here, in step (i) above we have used the symmetry property of the Brownian motion, in step (ii)
above we have used the independence between B(t) and Z, and in step (iii) above we have used the
reflection principle.

Now choosing

=1, Cai= ;(M’(\Afﬁ) - 1) . (1 . @(3ﬁx)>, £ = Cani

finishes the proof for (54)). The proof for (53)) is nearly the same due to the symmetric property of the
Brownian motion, so will be omitted here. O
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H Numerical simulations

This section summarizes the settings of all numerical experiments reported in the main text and
specifies the reward distributions. Unless otherwise specified, we consider two-armed bandit instances
and take arm 1 to be the optimal arm.

Common numerical settings for generating reward distributions. In all experiments, we use a
Beta(a, 3) distribution to generate rewards. Given a desired mean y and variance o2, and subject to
the boundedness constraint on [0, 1], we set

e R S CLET R |

g

Note that an implicit constraint on (1, 02) is 02 < p(1 — pu); this constraint is satisfied by all reward
distributions used below.

Figure[l} Distributions of n; 7. In both experiments that plot histograms of arm-pull counts, we
set the time horizon to 7' = 50,000 and the number of repetitions to R = 5,000. The exploration
hyperparameter is p = 2 for both UCB-V and UCB. The means and variances are set to y; = 2 = 5

and 0] = 09 = i in Figure a), andtoo; =0, 09 = i, and A = 04+/(logT)/T in Figure b).

Figure 2 Regret and phase transition of optimal-arm pulls. For panel (a), we set the times
of repetition as 10, exploration hyper-parameter p = 2. We vary oy € {T~/2 T='/4 1} while
keeping oo = T~%/* and py = £, Ay = T7Y/2 jip = py + A, fixed across curves. We plot the
realized regret Reg(7") versus 7" and observe the trend toward O((03/o1)V'T) as oy increases. For
panel (b), we set T = 1,000,000, and repetition time R = 30, p = 2, and fix 7 = 0 and 03 = i.
We sweep Ar = 02v/plog T/(vV/T Ay) by varying Ay; for each value we plot the median and the

30% quantile of n; 7 for UCB and UCB-V. The red dotted curve shows the numerlcal solution nj
from @ revealing a transition from sublinear to linear n; 7 around Ap ~

I Further discussion on inference with UCB-V

The asymptotic normality of the Z-statistic in (§)) is established via the martingale CLT. Due to the
adaptive nature of data collection in the bandit algorithms, traditional inference techniques based on in-
dependent and identically distributed (i.i.d.) data cannot be applied directly. However, for stable arms,

let us consider the filtration F generated by { X, ..., Xs}. The sequence {w} €[T]
n a, T S

forms a martingale difference sequence. Moreover, the Lindeberg condition is satlsﬁed and thus it
holds that 3~ E (m | Fo1) 2, 1, which allows for the application of the martin-

o2n*
gale CLT to establish the asymptotlc normality of the Z-statistic. For a detailed derivation, see [23|
Section 2.1].

To illustrate the implication of our results on the reward inference, we conduct a simulation study
on the Z-statistic for UCB and UCB-V using the setting from Example[2] as shown in Figure 4] In
Figure fa] the empirical distributions of the Z-statistic for both UCB and UCB-V approximate the
standard Gaussian, matching the theoretical predictions of our result in Example [2] where UCB-V is
stable in this regime. In Figure[4b] the empirical distribution of the Z-statistic for UCB-V shows a
noticeable bias compared to UCB. This suggests that the previously mentioned martingale CLT result
no longer holds for UCB-V when A7 = 1. In the subsequent section, we show that the underlying
reason for this deviation from the CLT is the instability of UCB-V under condition A = 1.

J Discussion on the modification of UCB-V
In our presentation of Algorithm [I] there are several differences compared to those proposed in [4].
In [4]], the UCB reward for each action « is set as

= - 2Clogt 3Clogt
Ba,tEXa,t+Ua,t C s +C< gv

Na,t Na,t
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@Ar =0 O Ar =1

Figure 4: The empirical distributions of the Z-statistic for the sub-optimal arm for UCB and UCB-V
with o1 = 0, 09 = 1/4 under different Ap, both with 7' = 50, 000 over 2, 000 repetitions.

where ¢, ( > 0 are tunable constants. Specifically, their regret guarantee is established with ¢, ¢ large
enough. In our statement, to simplify the notation in our asymptotic analysis, we choose ¢ and ¢ such
that for some p > 0, it holds that 2 = 3c¢( = p, replacing log ¢ with logT" and modifying

N logT logT N logT logT
Oa,t P08 + L 08 to (O’aﬂg V \/p o8 ) . \/p o8 .
Na,t Na.t Na,t Na,t

s

We make such modification for notational simplicity and facilitating comparison with results for the
canonical UCB [21} 23]]. By setting 7, ; = 1 instead of estimating it via the sample variance in the
algorithm’s input, our analysis shows that the asymptotic behavior of the modified algorithm becomes
equivalent to that of the canonical UCB.
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NeurlIPS Paper Checklist

The checklist is designed to encourage best practices for responsible machine learning research,
addressing issues of reproducibility, transparency, research ethics, and societal impact. Do not remove
the checklist: The papers not including the checklist will be desk rejected. The checklist should
follow the references and follow the (optional) supplemental material. The checklist does NOT count
towards the page limit.

Please read the checklist guidelines carefully for information on how to answer these questions. For
each question in the checklist:

¢ You should answer [Yes] , ,or [NA].

* [NA] means either that the question is Not Applicable for that particular paper or the
relevant information is Not Available.

* Please provide a short (1-2 sentence) justification right after your answer (even for NA).

The checklist answers are an integral part of your paper submission. They are visible to the
reviewers, area chairs, senior area chairs, and ethics reviewers. You will be asked to also include it
(after eventual revisions) with the final version of your paper, and its final version will be published
with the paper.

The reviewers of your paper will be asked to use the checklist as one of the factors in their evaluation.
While "[Yes] " is generally preferable to " ", itis perfectly acceptable to answer " " provided a
proper justification is given (e.g., "error bars are not reported because it would be too computationally
expensive" or "we were unable to find the license for the dataset we used"). In general, answering
" "or "[NA] " is not grounds for rejection. While the questions are phrased in a binary way, we
acknowledge that the true answer is often more nuanced, so please just use your best judgment and
write a justification to elaborate. All supporting evidence can appear either in the main paper or the
supplemental material, provided in appendix. If you answer [Yes] to a question, in the justification
please point to the section(s) where related material for the question can be found.

IMPORTANT, please:

* Delete this instruction block, but keep the section heading ‘“NeurIPS Paper Checklist",
* Keep the checklist subsection headings, questions/answers and guidelines below.
* Do not modify the questions and only use the provided macros for your answers.

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]
Justification: Contributions of the paper are accurately stated in the abstract and introduction.
Guidelines:

e The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: Potential limitations are discussed in the Sections 3 and 4.
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Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

 The authors are encouraged to create a separate "Limitations" section in their paper.

The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]
Justification: All assumptions are stated in their respective places.
Guidelines:

» The answer NA means that the paper does not include theoretical results.

 All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
4. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: The paper includes only simple simulations, and the settings are described in
detail.

Guidelines:

* The answer NA means that the paper does not include experiments.
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* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer:

Justification: The paper includes only simple simulations, and their settings are already
described in detail.

Guidelines:

» The answer NA means that paper does not include experiments requiring code.

¢ Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).
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* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: The simulation settings are clearly described in the text.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer:

Justification: The goal of the simulations is to illustrate theoretical insights but not superior
to some benchmark.

Guidelines:

» The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

e It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CIL, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

8. Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer:

Justification: The simulations in the paper are simple and can be executed on a standard
laptop.

Guidelines:

* The answer NA means that the paper does not include experiments.
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9.

10.

11.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines]?

Answer: [Yes]

Justification: This theoretical work involves no sensitive data or human subjects and fully
complies with the NeurIPS Code of Ethics.

Guidelines:

* The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]

Justification: This is a theoretical study of a bandit algorithm, and we are not aware of any
immediate societal impacts.

Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?
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Answer: [NA]
Justification: The paper does not release any models or datasets that pose a risk for misuse.
Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

* Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

12. Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [NA]
Justification: This work does not use any existing code, data, or other external assets.
Guidelines:

» The answer NA means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

« If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.
13. New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: The paper does not release new assets.
Guidelines:

» The answer NA means that the paper does not release new assets.

» Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

14. Crowdsourcing and research with human subjects
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15.

16.

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: This work does not involve crowdsourcing or research with human subjects.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.

Declaration of LLM usage

Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used
only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]

Justification: The core method development in this research does not involve LLMs as any
important, original, or non-standard components.

Guidelines:

* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

¢ Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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