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Gaussian process upper confidence bound (GP-UCB) is a theoretically established algorithm for Bayesian optimization (BO),
where we assume the objective function f follows a GP. One notable drawback of GP-UCB is that the theoretical confidence
parameter f increases along with the iterations and is too large. To alleviate this drawback, this paper analyzes the randomized
variant of GP-UCB called improved randomized GP-UCB (IRGP-UCB), which uses the confidence parameter generated from
the shifted exponential distribution. We analyze the expected regret and conditional expected regret, where the expectation
and the probability are taken respectively with f and noise and with the randomness of the BO algorithm. In both regret
analyses, IRGP-UCB achieves a sub-linear regret upper bound without increasing the confidence parameter if the input
domain is finite. Furthermore, we show that randomization plays a key role in avoiding an increase in confidence parameter
by showing that GP-UCB using a constant confidence parameter can incur linearly growing expected cumulative regret.
Finally, we show numerical experiments using synthetic and benchmark functions and real-world emulators.
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1 Introduction

Bayesian optimization (BO) has become a popular black-box optimization method. BO aims to optimize with fewer
function evaluations for an objective function, which is expensive to evaluate. For this purpose, BO sequentially
evaluates the function value at the recommended input, which is chosen by maximizing an acquisition function
based on a surrogate Bayesian model. This paper focuses on BO using a Gaussian process (GP) surrogate model.
GP-based BO has been widely used in many applications, such as automatic machine learning (Snoek et al. 2012),
materials informatics (Ueno et al. 2016), and drug design (Griffiths and Hernandez-Lobato 2020; Korovina et al.
2020).

GP upper confidence bound (GP-UCB) (Kushner 1964; Srinivas et al. 2010) is a seminal work for regret-
guaranteed BO. Srinivas et al. show the sub-linear regret bounds of GP-UCB, which has become a fundamental
technique for regret analysis in this field. On the other hand, GP-UCB suffers from the tuning of the confidence
parameter, which is often written as f;. The confidence parameter for the theoretical analysis is too large and
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needs to increase over time. Hence, although the analysis of GP-UCB is solid and general, there is still an essential
gap between theory and practice.

To resolve this problem, Berk et al. (2020) propose the randomized variants of GP-UCB called RGP-UCB, where
the confidence parameter follows the Gamma distribution. Although Berk et al. show the superior performance of
randomized GP-UCB, their regret analysis appears to contain several technical issues as discussed in Appendix C
of the previous conference version of this paper (Takeno et al. 2023). We rectified the analysis and showed that
GP-UCB with randomized confidence parameters achieves sub-linear expected regret upper bounds under several
conditions, discussed in Section 4.1 and Appendix D of Takeno et al. However, even in this analysis, the confidence
parameter is too large and needs to increase over time, as with GP-UCB.

In this paper, we analyze randomized GP-UCB using confidence parameters generated from the shifted
exponential distribution, referred to as improved randomized GP-UCB (IRGP-UCB). First, we show sub-linear
expected regret upper bounds of IRGP-UCB, where the regret is averaged over all the randomness of the GP, the
noise, and the BO algorithm itself. In particular, our analysis reveals that IRGP-UCB can achieve a sub-linear
expected regret without increasing the confidence parameter when the input domain is finite. On the other hand,
since the randomness of the BO algorithm is averaged, the expected regret analysis is not fair in comparing
the expected regret upper bounds of deterministic BO algorithms. That is, depending on the realization of
the BO algorithm, the regret averaged by the randomness of GP and the noise may get worse. Therefore, we
further analyze the conditional expected regret averaged over the randomness of the GP and the noise and
conditioned on the randomness of the BO algorithm. Even in this analysis, IRGP-UCB does not require increasing
the confidence parameter and maintains the same order of upper bounds. In addition, although the expectation
of the randomized confidence parameters needs to increase, we show that randomized GP-UCB can achieve
high-probability regret upper bounds, which implies that randomizing confidence parameters does not diminish
the theoretical performance compared with the existing result (Srinivas et al. 2010).

The above expected and conditional expected regret analyses raise the question of whether randomization is
necessary for achieving a sub-linear expected regret bound. We show an affirmative answer for this question
by showing a problem instance where GP-UCB using a constant confidence parameter incurs linear expected
cumulative regret even in finite input domains. Hence, at least for the expected regret analysis, we can see that
randomizing the confidence parameters plays a key role in avoiding increasing confidence parameters.

This paper is organized as follows. Section 1.1 reviews the existing regret-guaranteed BO methods in the
Bayesian setting, in which the objective function f follows the GP. Section 2 provides the technical background.
Section 3 shows the algorithm of the proposed method. Section 4 shows the analyses for the expected regret
upper bound of IRGP-UCB (Section 4.1), the conditional expected regret upper bound of IRGP-UCB (Section 4.2),
the high-probability regret upper bound of randomized GP-UCB (Section 4.3), and the expected regret lower
bound of GP-UCB with a constant confidence parameter on a specific problem instance (Section 4.4). Section 5
shows the wide range of numerical and real-world dataset experiments. Finally, Section 6 concludes.

Compared with the previous conference version of this paper (Takeno et al. 2023), we add the following
analyses in addition to reorganizing the entire paper. First, we add the conditional expected regret analysis of
IRGP-UCB in Section 4.2. Second, we show that randomized GP-UCB with increasing confidence parameters
can achieve high-probability sub-linear cumulative regret bounds in Section 4.3. Third, in Section 4.4, we show
that GP-UCB using a constant confidence parameter can incur linear expected cumulative regret. In addition, we
have removed an unnecessary assumption, the kernel’s stationarity, from theorems and reorganized Lemma 4.2
from Lemma 4.2 of Takeno et al. to improve the lemma’s usefulness for the proof. Finally, we have added one
baseline method called the probability of improvement from the maximum of sample path (Takeno et al. 2024) in
experiments.
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1.1 Related Work

The theoretical assumptions for BO are mainly twofold: the Bayesian setting (Kandasamy et al. 2018; Russo and
Van Roy 2014; Srinivas et al. 2010), where the objective function f is assumed to be a sample path from a GP, and
the frequentist setting (Chowdhury and Gopalan 2017; Janz et al. 2020; Srinivas et al. 2010), where the objective
function f is an element of a reproducing kernel Hilbert space (RKHS). Hence, we can construct credible intervals
directly in the Bayesian setting since f follows the posterior distribution. On the other hand, although f does
not follow the posterior distribution in the frequentist setting, confidence intervals for f based on GP models
have been developed (Chowdhury and Gopalan 2017; Srinivas et al. 2010). Based on these tools, we can design
BO algorithms that have regret guarantees using GP models. Note that since a sample path from a GP does not
belong to the RKHS with bounded norm, neither analysis subsumes the other, as discussed in the last paragraph
of Section 4 of Srinivas et al. This study considers BO in the Bayesian setting.

Various BO methods have been developed in the literature, for example, expected improvement (EI) (Mockus et
al. 1978), entropy search (ES) (Hennig and Schuler 2012), and predictive entropy search (PES) (Hernandez-Lobato
et al. 2014). The theoretical analysis of EI for the noiseless case, where function values are not contaminated by
noise, has been performed in the existing works (Bull 2011; Grinewalder et al. 2010; Vazquez and Bect 2010) for
both Bayesian and frequentist settings. However, the regret analysis of EI for the noisy case is still limited to the
frequentist setting (Tran-The et al. 2022; Wang and Freitas 2014). Further, although the practical performance of
ES and PES has been shown repeatedly, their regret analysis is an open problem.

GP-UCB is one of the prominent studies for theoretically guaranteed BO methods. Srinivas et al. (2010) show
the high-probability bound for cumulative regret. Furthermore, GP-UCB achieves the sub-linear expected regret
upper bounds as shown in Theorem 2.1 and B.1 of Takeno et al. (2023). However, the confidence parameter must
be scheduled as f; o logt in both regret analyses. Although many studies (Chowdhury and Gopalan 2017; Janz
et al. 2020; Srinivas et al. 2010) considered the frequentist setting, this study concentrates on the Bayesian setting.
On the other hand, truncated variance reduction (TRUVAR) (Bogunovic et al. 2016) achieves high-probability
regret bounds. TRUVAR is based on the variance reduction in potential maximizers determined by UCB and
lower confidence bounds. Hence, TRUVAR may be improved using randomization similar to GP-UCB.

Another well-known regret-guaranteed BO method is Thompson sampling (TS) (Kandasamy et al. 2018;
Russo and Van Roy 2014; Takeno et al. 2024). TS achieves sub-linear BCR bounds by sequentially observing the
optimal point of the GP’s posterior sample path. Although TS does not require any hyperparameter, TS often
deteriorates by over-exploration, as discussed in the existing study (Shahriari et al. 2016). Recently, another
posterior sampling-based BO called probability improvement from the maximum of sample path (PIMS) has been
proposed. Known-best expected regret analyses of TS and PIMS are based on the proof technique of our previous
conference version of this paper (Takeno et al. 2023).

Wang et al. (2016) show regret analysis of the GP estimation (GP-EST) algorithm, which can be interpreted as
GP-UCB with the confidence parameter defined using i1, an estimator of E[max f(x)]. Their analysis requires
an assumption m > E[max f(x)], whose sufficient condition is provided in Corollary 3.5 of Wang et al. However,
this sufficient condition does not typically hold, as discussed immediately after the corollary in Wang et al.
Furthermore, the final convergence rate contains rm itself, whose convergence rate is not clarified. In contrast,
our Lemma 4.2 shows the bound for E[max f(x)] under common regularity conditions. Wang and Jegelka (2017)
show regret analysis of max-value entropy search (MES). However, it is pointed out that their proof contains
several technical issues (Takeno, Tamura, et al. 2022).

Scarlett (2018) shows that, under several conditions, there exists an algorithm that achieves a tighter high-
probability regret upper bound compared with other well-known algorithms, such as GP-UCB and TS. However,
the algorithm shown by Scarlett depends on the increasing confidence parameters for the construction of
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confidence bounds. Therefore, their algorithm also has the same gap between theoretical analysis and practical
effectiveness as GP-UCB.

Another relevant line of work is level set estimation (LSE) (Gotovos et al. 2013). LSE considers the classification
problem of the expensive-to-evaluate black-box functions. After our preceding conference version of this paper
(Takeno et al. 2023), a randomized version of LSE has been proposed by Inatsu, Takeno, Kutsukake, et al. (2024).
Even for LSE, the randomization avoids increasing the confidence parameter in UCB-based LSE methods.

2 Background

This section presents an overview of BO, our theoretical assumptions, evaluation measures, and the GP-UCB
algorithm.

2.1 Bayesian Optimization

We consider an optimization problem

x* = arg max f(x),
xeX

where f is a black-box function, X C R4 is an input domain, and d is an input dimension. Here, black-box means
that we can access only function values and cannot obtain other information, such as gradients. Furthermore,
we assume that observations are contaminated by noise. In addition, we consider the case that f is expensive
to evaluate. Therefore, BO sequentially observes the noisy function value with some policy so that the number
of function evaluations is minimized as far as possible. This policy is determined by an acquisition function
(AF) a : X — R, which quantifies the utility of function evaluation. That is, at each iteration ¢, BO queries
x; = argmax,.. y a(x) and obtains y; = f(x;) + €;, where ¢, is additive noise. Regularity assumptions of f and ¢;
are described in Section 2.2.

BO generally employs the GP surrogate model (Rasmussen and Williams 2005) due to its flexible prediction
capability and analytical computations. The GP surrogate model can be derived under assumptions that f is
a sample path from a GP with a zero mean and a kernel function k : X X X — R, and &; ~ N(0,0?) is i.i.d.
Gaussian noise with a positive variance 62 > 0. At each iteration ¢, a dataset D;_; = {(x;, ;) 1;2—11 is already
obtained from the nature of BO. Then, the posterior distribution p(f | D;_1) is a GP again. The posterior mean
and variance of f(x) are derived as follows:

pe—1(x) = k-1 (x) T (K + O'ZIt—l)_lyt_l,
0% (%) = k(x,%) — ki1 ()T (K + 02T_1) "'ksy(x),

where k;_1(x) = (k(x,x1),...,k(x, xt_l))T e Rt71, K € RE-DX(t=1) i the kernel matrix whose (i, j)-element
is k(x;,x;), I,-1 € R-DX(=1) s the identity matrix, and y,_, = (yi,...,y,-1)" € Rf~!. Hereafter, we denote
that the probability density function (PDF) p(- | D;-1) = p:(+), the probability Pr(- | D;_1) = Pr;(+), and the
expectation E[- | D;_1] = E;[:] for brevity.

2.2 Regularity Assumptions

We assume that the GP surrogate model is correct. That is, €, ~ N(0, ¢?) is i.i.d. Gaussian noise with a positive
variance o® > 0, and the underlying true function f is a sample path from a known GP with a zero mean
and a kernel function k. Here, the zero mean is without loss of generality (Rasmussen and Williams 2005). In
addition, we assume that the kernel function k is normalized. Therefore, the kernel k(x, x’) satisfies the condition
k(x,x") < 1forall x,x" € X.

Furthermore, when X is continuous, we consider the following smoothness assumption:
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Assumption 2.1. Let X C [0,7]? be a compact and convex set, where r > 0. Assume that the kernel k satisfies the
following condition on the derivatives of a sample path f. There exists the constants a, b > 0 such that,

2
of >L) Saexp(— (%) ),forjE [d],

Xj

Pr (sup
xeX

where [d] = {1,...,d}.

This assumption holds for stationary (Genton 2001) and four times differentiable kernels, such as RBF kernel
and Matérn kernels with a parameter v, from Theorem 5 of Ghosal and Roy (2006) as discussed in Section 4 of
Srinivas et al. (2010). Therefore, this assumption is commonly used, for example, in Srinivas et al., Kandasamy
et al. (2018), Paria et al. (2020), and Takeno et al. (2024).

2.3 Regret

In this paper, we evaluate the performance of BO methods by cumulative regret (Kandasamy et al. 2018; Paria
et al. 2020; Russo and Van Roy 2014; Srinivas et al. 2010; Takeno et al. 2024). We incur the instantaneous regret
re = f(x*) — f(x;) for each function evaluation. The cumulative regret for T iterations is defined as the sum of
instantaneous regrets over T function evaluations, defined as follows:

T
RT = Zrt.
t=1

In particular, BO methods that achieve sub-linear cumulative regret (i.e., such that limr_,., Rr /T = 0) are called no-
regret. No-regret property also indicates that the best regret min,¢|7) r; converges to 0 since min;¢[r| s < Rr/T.
Therefore, the main goal of theoretical analysis is to show sub-linearity of cumulative regret. Note that regret is a
random quantity due to f, {€;};>1, and the randomness of the BO algorithm.

Maximum information gain. : The convergence rates of regret bounds are characterized by maximum informa-
tion gain (MIG) (Srinivas et al. 2010; Vakili et al. 2021). MIG yr is defined as follows:

Definition 2.1 (Maximum information gain). Let f ~ GP(0,k). Let A = {a;}_, ¢ X. Let f, = (f(ai))l.T:I,
€4 = (ei)iTzl, where Vi, e; ~ N(0,02), andy, = f, + €a € RT. Then, MIG yr is defined as follows:

= Iy fa)
yr=, max (Yasfa)

where I is the Shannon mutual information.

MIG is known to be sub-linear for commonly used kernel functions, for example, yr = O((log T)d“) for RBF
kernels and yr = O(Tﬁ (log T)z%d) for Matérn-v kernels (Srinivas et al. 2010; Vakili et al. 2021).

2.4 GP-UCB
GP-UCB selects the next input by maximizing UCB as follows:

x; = arg max jiy_q1(x) + /)’tl/zot_l(x).
xeX

In the existing regret analyses (Srinivas et al. 2010; Takeno et al. 2023), to obtain the sub-linear cumulative regret
bounds, the confidence parameter §; must be scheduled as f; = ©(log(|X|¢)) for finite input domains.

Journal of Artificial Intelligence Research, Vol. 84, Article 18. Publication date: November 2025.



18:6 « Takeno, Inatsu & Karasuyama

Algorithm 1 IRGP-UCB

Require: Input space X, Parameters {s;};>; and A for {;, GP prior y = 0 and k
1: DO —0
2: fort=1,... do
3 Fit GP to D;_4

4 Generate {; by Eq. (1)

5: X; — argmax, .y fr-1(x) + {tl/zat_l(x)

6 Observe y; = f(x;) + € and Dy «— D;_1 U (x4, ;)
7: end for

3 Algorithm

Algorithm 1 shows the pseudo-code of IRGP-UCB. The difference from the original GP-UCB is that {{;} is a
sequence of random variables, not a monotonically increasing (non-random) sequence. Using the generated ;,
the next input is chosen as follows:

x; = argmax j;_1(x) + {tl/zat_l(x).
xeX
Our choice of the distribution of {; is a shifted exponential distribution (for example, Beg 1980; Lam et al. 1994),
whose PDF is written as follows:
Aexp(-A({ =sp)) if{ > s,
0 otherwise,

(L5, A) 2{

where A is a rate parameter. This can be seen as the distribution of the sum of s; and Z ~ Exp(A). Thus, sampling
from the shifted exponential distribution can be easily performed using an exponential distribution as follows:

{ < sy + Zy, where Z; ~ Exp(A). (1)

The theoretical choice of {s;};>1 and A will be shown in Section 4.

4 Regret Analysis

In this section, we analyze the performance of IRGP-UCB and the necessity of randomizing confidence parameters.
First, we analyze the average-case performance through expected regret averaged over all the randomness of f,
{€:}+>1,and {{s }+»1. Second, we analyze conditional expected regret averaged over f and {¢; };>; and conditioned
on {{;}+>1. Third, we derive high-probability regret bounds of randomized GP-UCB with increasing confidence
parameters. Lastly, we show that GP-UCB using a constant confidence parameter can incur linearly growing
expected cumulative regret.

4.1 Expected Regret Bounds

Here, we derive the expected cumulative regret bound, which is also called Bayesian cumulative regret (BCR)
(Russo and Van Roy 2014). The definition of BCR is

BCRr =E

T
Z”t], (2

t=1

where the expectation is taken with all the randomness, that is, f, {€;}:>1, and {{:}+>1.
First, for completeness, we provide a modified version of the basic lemma derived in Srinivas et al. (2010):
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Lemma 4.1. Suppose that f is a sample path from a GP with zero mean and a positive semidefinite kernel k, and X
is finite. Pick § € (0,1) andt > 1. Then, for any given D;_1,

Pr, (f(x) < (%) + B0, (%), Vx € X) >1-8,
where s = 21log(|X|/(25)).

See Appendix A.1 for the proof. This lemma differs slightly from Lemma 5.1 of Srinivas et al. (2010), since, in
Lemma 4.1, the iteration t is fixed, and S5 does not depend on ¢.
Based on Lemma 4.1, we show the following lemma, which will play a key role in the subsequent analyses:

Lemma 4.2. Let f ~ GP(0,k), where k is a positive semidefinite kernel, and X be finite. Assume that {; follows
a shifted exponential distribution with s; = 21log(|X|/2) and A = 1/2. Then, for any given D,_1, the following
inequality holds:

Bl f ()] < By |max s (x) + 5001 (0)]

forallt > 1.

ProoF. We here show a short proof of Lemma 4.2, although a detailed proof is shown in Appendix A.2. From
Lemma 4.1, we can obtain the following inequality:

FrH(1- ) < max iy (x) + B o1 (x),

where F;(-) = Pr; (f(x.) < -) is a cumulative distribution function of f(x.), and F; ! is its inverse function. Then,
substituting U ~ Uni(0, 1) into § and taking the expectation, we obtain the following inequality:

By [£(x.)] < Bu |maxpy-1(x) + B/ *or-1 ()|

1/2

which can be derived in a similar way to inverse transform sampling. Hence, ;" = 2log(|X|/2) — 2log(U)
results in a random variable, which follows the shifted exponential distribution. Consequently, we can obtain the
desired bound. O

Lemma 4.2 shows a direct upper bound of the expectation of f(x*). A notable consequence of Lemma 4.2 is an
upper bound of BCR as follows:

BCRt = E[f(x") =0 (x)] + E [0 (1) — f(x4)]
E[E; [f(x*) = 0s(x:)]] +E [0 (1) = f(x1)]

<

D= I 1D

E [or(x:) = f(x0)],

t

Il
—

where v,(x) = pp1(x) + gvtl / 26,_1(x). The above inequality is obtained by the selection rule of IRGP-UCB.
Importantly, E[{;] = 2 + s; is a constant since s; = 2log(]X|/2) does not depend on ¢ in Lemma 4.2. Thus, using
Lemma 4.2, we can obtain the BCR bound for finite input domains:
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Theorem 4.1 (BCR bound for finite domain). Let f ~ GP(0, k), where k is a positive semidefinite kernel and
k(x,x) < 1, and X be finite. Assume that {; follows a shifted exponential distribution with s; = 2log(|X|/2) and
A =1/2 foranyt > 1. Then, by running IRGP-UCB with {;, BCR can be bounded as follows:

BCRy < +/CCoTyr,
where C; = 2/log(1+ 0~ %) and C; = 2+ 21log(|X|/2).

See Appendix A.3 for detailed proof.

Theorem 4.1 has an important implication that IRGP-UCB does not need to schedule the parameters s; and A of
s, in contrast to GP-UCB and RGP-UCB. Therefore, through randomization, IRGP-UCB essentially alleviates the
problem that the well-known f; o« log(t) strategy results in a practically too large confidence parameter. Further,
over-exploration in the later iterations can be avoided. IRGP-UCB is the first GP-UCB-based method that enjoys
the above practical benefits without sacrificing regret guarantee.

On the other hand, note that the +/log |X| dependence remains as with the prior works (Kandasamy et al. 2018;
Paria et al. 2020; Russo and Van Roy 2014; Srinivas et al. 2010). In BO, we are usually interested in the case that
the total number of iterations T < |X|. Therefore, in such case, although our regret upper bound O (+/yrT log |X|)
is slightly better than the existing one O(+/yrT log(|X|T)), the difference between those regret upper bounds is

only the constant term.
Next, we show the BCR bound for the infinite (continuous) domain:

Theorem 4.2 (BCR bound for infinite domain). Let f ~ GP(0,k), where k is a positive semidefinite kernel,
k(x,x) < 1, and Assumption 2.1 holds. Assume that {; follows a shifted exponential distribution with s; =
2dlog(bdrt? (ylog(ad) + r/2)) — 2log2 and A = 1/2 for any t > 1. Then, by running IRGP-UCB, BCR can
be bounded as follows:

2

BCRy < % + VO Tyr (2 + s7),

where C; = 2/log(1+ o7 2).

See Appendix A.4 for the proof. Unfortunately, in this case, E[{;] = O(logt) and the resulting BCR bound is
O(+{/Tyrlog T). This is because the discretization of input domain X;, updated as |X;| = O(t??), is required to
obtain the BCR bound for the infinite domain. Since we cannot avoid the dependence on |X| also in Theorem 4.1,
the resulting BCR bound in Theorem 4.2 requires the term log(|X;|) = O(Zd log(1)).

4.2 Conditional Expected Regret Bounds

In this section, we analyze the conditional expected regret of IRGP-UCB. This analysis is newly provided compared
with the previous conference version of our paper (Takeno et al. 2023). The regret depends on the randomness
of f, {€}+>1, and {{;}+>1. Although the randomness of f and {¢;};»1 arise from the problem setup, {{;};>1 is
produced by the user. Hence, distinguishing the randomness, we analyze the following conditional expected
regret:

Ef){et}tzl[f(x*) _f(xt) | {é/t}tzl],

where the expectation is taken with f and {¢;};>:. Note that Ef (c,},., [f(x") = f(x;) | {{;}+>1] is a random
variable depending on {{;};>1. Hence, showing the sub-linear high-probability upper bound of the conditional
expected regret implies that the BO algorithm achieves a good performance, averaged over a random environment,
with a high-probability concerning the randomness of the algorithm.

Let P be a set of random variables included in the problem setup (P = {f,{€:}:>1}) and A be a set of
random variables included in the algorithm (A = {{; };>1 in the case of IRGP-UCB). In the usual expected regret
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analysis of the deterministic BO algorithm, such as GP-UCB (for example, Paria et al. 2020; Takeno et al. 2023),
the expectation over the problem setup Ep [Rr] is considered. When we interpret the confidence parameter
in GP-UCB as a random variable equal to f; with probability 1 (A = {f;}:>1), Ep[Rr] is equivalent to the
joint expectation Ep #[Rr]. Further, we obviously see that the conditional expected regret is also equivalent:
Ep a[Rr] = Ep[Rr | A]. On the other hand, since IRGP-UCB is stochastic, possible definitions of the expected
regret are Ep #[Rr] and Ep[Rr | A], but these two regrets can be different. Theorems 4.1 and 4.2 show the
theoretical rate of Ep 4 [Rr]. However, these theorems do not guarantee anything about the conditional expected
regret Ep [Rr | A]. The following remark provides a motivation for deriving a conditional expected regret bound:

Remark 4.1. AlthoughEp _#[Rr] derived by Theorems 4.1 and 4.2 reveal average behavior of the regret of IRGP-UCB,
it obscures variability caused by {{;}+>1. Hence, comparing Ep [Rr] of GP-UCB and Ep #[Rr] of IRGP-UCB can be
unfair. On the other hand, Bp [Ry | A] is a random variable, whose randomness stems from {{;};>1. Therefore, by
showing a high-probability bound of Ep [Rr | A], we can 1) fairly compare the regret of IRGP-UCB with Ep [Rr] of
GP-UCB in the sense that the expectation is taken over the same random variables P, and 2) demonstrate that the
expected regret of IRGP-UCB can be stably bounded with respect to the random behavior of the algorithm.

First, we analyze the case of finite X. We show the following theorem:

Theorem 4.3. Let f ~ GP(0, k), where k is a positive semidefinite kernel and k(x,x) < 1, and X be finite. Assume
that {; follows a shifted exponential distribution with s; = 21og(|X|/2) and A = 1/2 for any t > 1. Then, by running
IRGP-UCB with {;, the conditional expected regret can be bounded with probability at least 1 — § as follows:

T
Pr (VT 21 Ef:{et}tzl [Zf(x*) = () [ {G}esn

t=1

< U(T,(S)) >1-4,

where

2T2

U(T,5) =6 Tlog(”

2’1"2 2’1‘2
35 )+ Ciyr|Tst+T+2 Tlog(ﬂ )+Zlog(” )

36 36

and C, = 2/log(1+072).

Proor. We show the proof sketch here only. See Appendix B.1 for the details.
The first key point of the proof is transforming the conditional expected regret using Lemma 4.2 and the
properties of the expectation as follows:

T
D B s L) = f ) | G
t=1

- 1M

Eo, . [Efio, , [F(X)] = pe-1(xr) | {G}ise]

IA

Ep,_, [EQ\D,_I [0 (x2)] — s (1) + é(tl/zo't—l(xt) | {évi}ist] ("~ Lemma 4.2)

>

t=1

~
I
—_

00, 1 (x1) | {G o1 s

EDH,Q [0 (1) | {i}i<e] —Eop,, [o:(xs) | {{i}i<i ] +E

M=

~
I
—_

A1 AZ
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where v (x;) = pp—1(x;) + {tl/z oy-1(x;). Then, A; can be bounded from above using MIG and the high-probability
upper bound of chi-square random variables (Laurent and Massart 2000) shown in Lemma E.4.

The second technical key point is bounding A; by Azuma’s inequality (Azuma 1967), which requires the
conditions that A; is a sum of the martingale difference sequence with conditional subgaussian property (See
Lemma B.1 for details). We show that A; satisfies this condition using several well-known lemmas shown in
Appendix B.1. Finally, we can obtain the desired result by applying the union bound for the upper bounds of A,
and A, forall T > 1. |

Theorem 4.3 shows the same benefits as Theorem 4.1. First, under the above mild condition min{s% /2,s7}T >
log(7*T?/(36)), the dominant term in U(T, §) is /2C;Tyrsr, which is the same as Theorem 4.1. Therefore,
Theorem 4.3 maintains the rate O(4/Tyr log(|X|)) under mild condition. Second, the distribution of {; is the

same as in Theorem 4.1. Hence, increasing the confidence parameter is also avoided even if we consider the
high-probability bound regarding the randomness of the algorithm.
Next, as with the expected regret bounds, we extend Theorem 4.3 to the continuous case:

Theorem 4.4. Let f ~ GP(0,k), where k is a positive semidefinite kernel and k(x, x) < 1, and Assumption 2.1
holds. Assume that {; follows a shifted exponential distribution with s, = 2d log(bdrt?(+/log(ad) + \r/2)) — 21log 2
and A = 1/2 for anyt > 1. Then, by running IRGP-UCB with {;, the conditional expected regret can be bounded with
probability at least 1 —  as follows:

T
D) = Fx) [H{Ges

t=1

? m2T? m2T? m2T?
U(T,5)=—+6w/Tlog( )+ Ciyr|Tst+T +2 Tlog( )+210g( )
6 36 30 36

and C, = 2/log(1+072).

Pr (VT > 1, Ef,{ft}121

< U(T,5)) >1-9,

where

See Appendix B.2 for the proof. The resulting upper bound maintains the same rate as the expected regret
bound shown in Theorem 4.2 if min{s%/z, st}T > 2log(7*T?/(35)).

4.3 High-Probability Regret Bounds

In this section, we consider the high-probability regret bounds of the randomized GP-UCB, which is newly added
compared with the previous conference version of this paper. For simplicity, we focus on the case of the finite X.
As discussed in Russo and Van Roy (2014), a direct consequence of Markov’s inequality is

Pr(Rr < BCRp/8) 21—,
for any § € (0, 1). Therefore, the following proposition can be easily obtained:

Proposition 4.1. Assume the same condition as in Theorem 4.1. Then, by running IRGP-UCB, for some fixed T > 1,
the following holds:

Pr (RT < \/C1C2T)/T/5) >1-6,

where C; = 2/log(1+ c%) and Cy = 2 + 21log(]X|/2).
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However, this proposition shows the regret bound for some fixed T > 1. Ideally, an anytime algorithm that
guarantees that the sub-linear regret bound holds for all T > 1 with high-probability is desired. For example,
the analysis of GP-UCB (Srinivas et al. 2010) is anytime and shows regret upper bound O(4/Tyr log(T|X|/)). In
addition, the resulting rate O(1/9) regarding ¢ is worse than that of GP-UCB O(log(1/6)). Therefore, we focus
on obtaining an anytime regret upper bound with the log(1/8) dependence regarding .

First, we consider high-probability bounds using the randomized confidence parameter. Since the randomized
confidence parameter {; is scheduled as E[{;] = ©(logt), we can derive the following lemma as with Lemma 5.1
in Srinivas et al. (2010):

Lemma4.3. Let f ~ GP (0, k), wherek is a positive semidefinite kernel, and X be finite. Pick 6 € (0,1). Assume that
& = 21log(1/Uy), where {U; }+>1 is a sequence of mutually independent random variables that satisfy B[U;] = Iz\’lé'%
andPr(U; € (0,1)) =1 forallt > 1. Then, the following inequality holds:

Pr (Vt > LVx € X, [f(%) = 1 (x)] < {:/Zat_l(x)) >1-6.

ProOOF. As with Lemma 5.1 in Srinivas et al. (2010), for any t > 1, x € X, D;_1, and U;, we obtain

Pr (1£(0) = -1 (01 > 001 (30) | U it ) < U

Taking the expectation with respect to {U;};>; and D;_;, we obtain

Pr (£ () = pe-1 (@) > o1 (0) < BIU]L
Then, by applying the union bound for all + > 1 and x € X, we obtain

T
Pr (w > 1,Vx € X, |f(x) = pr1(x)] < §t1/20t_1(x)) >1-|X| ;E[U,] >1-6.

O

This analysis can be seen as a generalized version of the analysis of GP-UCB since the randomized confidence
parameter is equivalent to GP-UCB if we set U; = \XTT(?%Z almost surely.
Then, by combining Lemma 4.3 and existing analysis techniques, we can obtain the following theorems:

Theorem 4.5. Let f ~ GP(0,k), where k is a positive semidefinite kernel and k(x, x) < 1, and X be finite. Pick
6 € (0,1). Assume that {; = 2log(1/U;), where {U,};>1 is a sequence of mutually independent random variables
that satisfy E[U;] = IX?% andPr(U; € (0,1)) = 1 forallt > 1. Then, by running the randomized GP-UCB with {;,
the cumulative regret can be bounded with probability at least 1 —  as follows:

Pr|VT > 1,Ry < 2 C1YTZ§t >1-6,

t=1
where C; = 2/log(1+ c72).

See Appendix C for the proof. Note that the resulting upper bound contains the random quantity ;. Thus,
this theorem still does not rigorously imply a sub-linear regret upper bound. On the other hand, we can see that
Theorem 4.5 is a generalized version of the analysis of GP-UCB (Srinivas et al. 2010) since the randomized GP-UCB

is equivalent to GP-UCB if U; = IXIG% almost surely. If we adopt Theorem 4.5 to IRGP-UCB and additionally

take the upper bound regarding Zthl {;, we can obtain the following theorem:
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Corollary 4.1. Let f ~ GP(0, k), where k is a positive semidefinite kernel and k(x,x) < 1, and X be finite. Pick
5 € (0,1). Assume that {; follows a shifted exponential distribution with s; = 2log(|X|t>n?/(68)) and A = 1/2 for
anyt > 1. Then, by running IRGP-UCB with {;, the cumulative regret can be bounded with probability at least 1 — §
as follows:

2T2 ZTZ
Pr|VT > 1,Ry < 2,|Ciyr | Tsr +T +2 Tlog(”35 )+210g(ﬂ35 ) >1-5,

where C; = 2/log(1+ o7 2).

See Appendix C for the proof. We can see that even if confidence parameters are randomized, the same order
regret upper bound as that of GP-UCB can be obtained. Thus, this result implies that randomization does not
deteriorate the high-probability regret upper bounds compared with the existing result shown by Srinivas et al.
(2010).

However, in Theorem 4.5, we can see that

2,2
E[¢:] = E[-2log(U;)] > —2log(E[U;]) = 2103(|X|3t6ﬂ ) :

Therefore, although {; may be smaller than the usual §; in GP-UCB, its expectation E[{;] is larger than the usual
B:. We leave the high-probability regret analysis without increasing the confidence parameter as future work.

4.4 Expected Regret of GP-UCB with Constant Confidence Parameter

In this section, we show an expected regret lower bound of GP-UCB with any constant confidence parameter.
This analysis is added from the previous conference version of this paper. We can show that GP-UCB, using
any constant confidence parameter, incurs linear expected cumulative regret in the following simple problem
instance:

Theorem 4.6. Assume that X = {x(l),x(z)}, e ~ N(0,1) forallt > 1, and

fx®) 0 1 p
@) |~ N ’ :
f(x'*) 0 p 0.99
where p < 1 is a covariance parameter. Then, if GP-UCB with any constant confidence parameter
runs, then BCR grows linearly, that is,

B — e 0

BCR; =E =Q(T).

T
DA = fx)
t=1

See Appendix D for the proof. In the proof, we show that the probability of the extreme case, where the
GP-UCB algorithm continue to evaluate x(!) even if f(x") < f(x®), is rigorously positive.

Theorem 4.6 suggests that, under assumptions of Theorems 4.1 and 4.3, the confidence parameter must be
increased in the GP-UCB algorithm to obtain sub-linear expected regret upper bounds. Therefore, randomizing
confidence parameters as in IRGP-UCB is necessary to avoid an increase in confidence parameters.
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Fig. 1. This figure shows the confidence parameters of GP-UCB-based methods. For GP-UCB, the solid line represents f;.
For RGP-UCB and IRGP-UCB, the solid lines and shaded areas represent the expectations E[{;] and 95% credible intervals,
respectively.
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Fig. 2. This figure shows the average and standard errors of simple regrets.

5 Experiments

We demonstrate the experimental results on synthetic and benchmark functions and the materials dataset
provided in Liang et al. (2021). As a baseline, we performed EI (Mockus et al. 1978), TS (Russo and Van Roy 2014),
MES (Wang and Jegelka 2017), joint entropy search (JES) (Hvarfner et al. 2022), GP-UCB (Srinivas et al. 2010),
and PIMS (Takeno et al. 2024). For the posterior sampling in TS, PIMS, MES, and JES, we used random Fourier
features (Rahimi and Recht 2008). For Monte Carlo estimation in MES and JES, we used ten samples. We evaluate
the practical performance of BO by simple regret f(x*) — max;<7 f(x;).
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Fig. 3. Average and standard errors of simple regret on benchmark functions.

5.1 Synthetic Function Experiment

We use synthetic functions generated from G (0, k), where k is a Gaussian kernel with a length scale parameter
¢ = 0.1 and the input dimension d = 3. We set the noise variance o> = 10~*. The input domain consists of
equally divided points in [0, 0.9], that is, X = {0,0.1,...,0.9}¢ and |X| = 1000. Figure 1 shows the theoretical
confidence parameters of GP-UCB, RGP-UCB with Gamma(x; = log(|X|t?)/log(1.5), 6 = 1), and IRGP-UCB with
a two-parameter exponential distribution. We can see that the confidence parameters for GP-UCB and RGP-UCB
are considerably large due to a logarithmic increase, particularly in the later iterations. In contrast, the confidence
parameter of IRGP-UCB is drastically smaller than that of GP-UCB and does not change with respect to the
iteration. Therefore, we can observe that IRGP-UCB alleviates the over-exploration.

Next, we report the simple regret in Figure 2. Ten synthetic functions and ten initial training datasets are
randomly generated. Thus, the average and standard error for 10 X 10 trials are reported. The hyperparameters for
GP are fixed to those used to generate the synthetic functions. The confidence parameters for GP-UCB, RGP-UCB,
and IRGP-UCB are set as in Figure 1. We can see that the regrets of GP-UCB, RGP-UCB, TS, and JES converge
slowly. We conjecture that this slow convergence came from over-exploration. On the other hand, EI, PIMS, MES,
and IRGP-UCB show fast convergence. In particular, IRGP-UCB achieves the best average in most iterations.
These results suggest that IRGP-UCB bridges the gap between theory and practice in contrast to GP-UCB and
RGP-UCB.

5.2 Benchmark Function Experiments

We employ three benchmark functions called Holder table (d = 2), Cross in tray(d = 2), and Ackley (d = 4)
functions, whose analytical forms are shown at https://www.sfu.ca/~ssurjano/optimization.html. For each function,
we report the average and standard error for 10 trials using ten random initial datasets Dy, where |D,| = 27.
We set the noise variance o® = 10%. We used the Gaussian kernel with automatic relevance determination,
whose hyperparameter was selected by marginal likelihood maximization (Rasmussen and Williams 2005) per 5
iterations.

In this experiment, since the input domain is continuous, the theoretical choice of the confidence parameter
contains an unknown variable. Thus, we use the heuristic choice for confidence parameters. For GP-UCB, we set
the confidence parameter as f; = 0.2d log(2t), which is the heuristic used in Kandasamy et al. (2017, 2015). For
RGP-UCB, we set {; ~ Gammal(k;, 0 = 1) with k; = 0.2d log(2t) since E[{;] must have the same order as f; (note
that E[{;] = 6x;). For IRGP-UCB, we set s = d/2 and A = 1/2. Note that A equals the theoretical setting, and s
captures the dependence on d, as shown in Corollary 4.2.
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Fig. 4. Average and standard errors of simple regret on real-world datasets.

Figure 3 shows the results. In the Holder table function, JES shows faster convergence until 40 iterations.
However, the regrets of all baseline methods stagnate in [107!, 10°]. In contrast, the regret of IRGP-UCB converges
to 1073 until 60 iterations. In the Cross in tray function, IRGP-UCB showed rapid convergence at approximately
50 iterations. In the Ackley function, IRGP-UCB constantly belonged to the top group and showed minimum
regret after 125 iterations. Since the input dimension is relatively large, TS and JES, which depend on the sampled
maxima x,, deteriorate by over-exploration. Throughout the experiments, IRGP-UCB outperforms TS, PIMS,
GP-UCB, and RGP-UCB, which achieve sub-linear BCR bounds, and EI and MES, which are practically well-used.
This result supports the effectiveness of randomization using the two-parameter exponential distribution.

5.3 Real-World Dataset Experiments

This section provides the experimental results on the materials datasets provided in Liang et al. (2021). In the
perovskite dataset (Sun et al. 2021), we optimize environmental stability with respect to composition parameters
for halide perovskite (d = 3 and |X| = 94). In the P3HT/CNT dataset (Bash et al. 2021), we optimize electrical
conductivity with respect to composition parameters for the carbon nanotube polymer blend (d = 5 and | X| = 178).
In the AgNP dataset (Mekki-Berrada et al. 2021), we optimize the absorbance spectrum of synthesized silver
nanoparticles with respect to processing parameters for synthesizing triangular nanoprisms (d = 5 and |X| = 164).
See Liang et al. (2021) for more details about each dataset.

We set the initial dataset size |Dy| = 2 as with Liang et al. (2021). Since the dataset size is small at earlier
iterations and the dataset contains fluctuations from real-world experiments, we observed that hyperparameter
tuning could be unstable. Thus, we optimized the hyperparameters of the RBF kernel in each iteration to avoid
repeatedly obtaining samples using an inappropriate hyperparameter. The other settings matched those used in
the benchmark function experiments.

Figure 4 shows the results. In the perovskite dataset, IRGP-UCB constantly belonged to the top group and
showed the best performance after 20 iterations. In the P3BHT/CNT dataset, EI converged to the smallest value
after 60 iterations. On the other hand, IRGP-UCB shows faster convergence during the first 20 iterations. In the
AgNP dataset, IRGP-UCB found the optimal point after 42 iterations in all the trials. In this experiment, heuristic
methods, EI, MES, and JES, showed worse performance and required at least 60 function evaluations to find the
optimal point. Consequently, we can observe the effectiveness of IRGP-UCB against real-world datasets.

6 Conclusion

This paper analyzes the expected regret of the randomized variant of GP-UCB called IRGP-UCB in the Bayesian
setting. Moreover, to fairly compare with the deterministic algorithm, we obtain the high-probability upper bound
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of the conditional expected regret averaged over the randomness of the GP and the noise, and conditioned on
the algorithm’s randomness. In both analyses, if the input domain is finite, increasing the confidence parameter,
which can harm the practical efficiency, is avoided. In addition, by showing the specific instance where GP-UCB
using a constant confidence parameter incurs linear expected cumulative regret, we confirmed that randomization
plays a key role in avoiding increasing confidence parameters. Finally, we show the practical effectiveness of the
IRGP-UCB through the numerical experiments, including the application to the materials dataset.

Several directions for future work can be considered. First, whether we can show high-probability regret
bounds without increasing the confidence parameter is of interest. Second, avoiding an increase in the confidence
parameter for the continuous domain is also an important direction. Last, as with the randomized LSE proposed
recently (Inatsu, Takeno, Kutsukake, et al. 2024), we may be able to extend IRGP-UCB to various other practical
settings, where the usual GP-UCB-based methods have been extended, for example, multi-objective BO (Inatsu,
Takeno, Hanada, et al. 2024; Paria et al. 2020; Suzuki et al. 2020; Zuluaga et al. 2016), multi-fidelity BO (Kandasamy
et al. 2016; Kandasamy et al. 2017; Takeno, Fukuoka, et al. 2022; Takeno et al. 2020), parallel BO (Contal et al.
2013; Desautels et al. 2014), high-dimensional BO (Kandasamy et al. 2015), cascade BO (Kusakawa et al. 2022),
and robust BO (Bogunovic et al. 2018; Inatsu et al. 2022; Iwazaki et al. 2021).
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A Proofs for Expected Regret Bounds of IRGP-UCB
This section provides proofs for the expected regret bounds of IRGP-UCB.
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A.1 Proof of Lemma 4.1

The main difference between Lemma 4.1 and Lemma 5.1 of Srinivas et al. (2010) is that Lemma 4.1 does not
consider the union bound for all ¢+ > 1. That is, Lemma 5.1 of Srinivas et al. (2010) considers the following
probability:

Pr (f(x) < -1 (x) + %00 1 (x), Y € X, Vit > 1) .
On the other hand, Lemma 4.1 bounds the following probability with one fixed t:

Pr, (f (%) < pe-1(x) + By %011 (x), Vx € X) :

where ,B(IS/ ? does not depend on ¢ as described below.

Assume the same condition as in Lemma 4.1, and thus, 5 = 21og(|X|/(25)). Then, for all x € X and D,_;, we
see that

Pr; (f(x) > ut—l(x) +/3(15/20}_1(x)) < %,

where we use an elementary result of the Gaussian distribution shown in Lemma E.3 in Appendix E. Then, we
can obtain the following bound:

Pr, (f(x) > 1 () + 20,1 (x), 3x € X) < > pr, ( F(x) > g1 (x) + ﬁ;/Zg[_l(x))
xeX
<.

Therefore,
1/2
Pr, ( Fx) < (%) + B 011 (), Vx € X)
—1-Pr, (f(x) > po1(x) + B0y (x), 3x € X) >1-6,
which concludes the proof.

A.2 Proof of Lemma 4.2

This section provides detailed proof of the following Lemma 4.2:

Lemma 4.2. Let f ~ GP (0, k), where k is a positive semidefinite kernel, and X be finite. Assume that {; follows
a shifted exponential distribution with s; = 2log(|X|/2) and A = 1/2. Then, for any given D;_4, the following
inequality holds:

E/[f(x)] < E;

max ;1 (x) + Ql/zﬂt—l(x)] .
xeX

forallt > 1.

Proor. Fix the dataset D;_; and § € (0, 1). From Lemma 4.1, we can see that

Pr; (f(x*) < r;lea/{,(p,_l(x) +ﬂ;/20t_1(x)) >1-46,
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where fs = 2log(|X|/(25)). Note that the probability is taken only with f(x*) since D;,_ is fixed. Using the
cumulative distribution function F;(-) == Pr;(f(x*) < -) and its inverse function F; !, we can rewrite

F, (maxy,_l(x) +/3(1S/2c7t_1(x)) >1-6
xeX
= max i (x) + By?or-1(x) > F71(1-9),

since F,” 1 is a monotone increasing function. Since § € (0, 1) is arbitrary, we can see that

Pr(max,ut_l(x) +ﬁ£]/20',_1(x) >F 11— U)) =1,
xeX

where U ~ Uni(0, 1) and probability is taken by the randomness of U. Then, because of the basic property of the
expectation E[X] < E[Y] if Pr(X < Y) = 1, we can obtain,

Ey [glea/%(ﬂt—l(x) + ﬁi/ZGt-l(x)] > Ey|F'(1-U)]
=Ey[F7H(U)],

where we use the fact that 1 — U also follows Uni(0, 1). Since F; ! (U) and f(x*) are identically distributed as
with the inverse transform sampling, we obtain

Ey [rjia))((ﬂt—l(x) + ﬁ[lj/zo-t—l(x):l > B [f(x)].
Then, Sy can be decomposed as follows:

pu = 2log(|X]/2) - 21og(U).

From the inverse transform sampling, —2log(U) ~ Exp(A = 1/2). Hence, Sy follows a shifted exponential
distribution with s = 21log(|X|/2) and A = 1/2. Therefore, we obtain the following:

By (max i (x) + Mo ()| 2 Be[f(x)].

A.3 Proof of Theorem 4.1

Using Lemma 4.2, we can obtain the proof of the following theorem for finite input domains:

Theorem 4.1. Let f ~ GP (0, k), where k is a positive semidefinite kernel and k(x, x) < 1, and X be finite. Assume
that {; follows a shifted exponential distribution with s; = 2log(|X|/2) and A = 1/2 for any t > 1. Then, by running
IRGP-UCB with {;, BCR can be bounded as follows:

BCRT </ C1 Cz T}/T,

where C; = 2/log(1+ c72) and Cy = 2+ 21log(]X|/2).
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ProoF. From Lemma 4.2, we obtain

T

BCRy = ) E[f(x") - f(x1)] 3)
T

= DIEIF(x") = 0n(xe) +0i(x0) = f(x)] )

1

~
Il

M=

<

Efo;(x;) = f (1)1, (5)

t

1l
—_

where v;(x) = py—1(x) + (tl / z(x). Then, we can easily derive the bound as follows:

T
BCRy < " Elo(x,) - f(x,)] (6)
=1
T
= > Eo, g [Blo(xe) = f(x0)|De-1, &1 ()
=1
T
= > En,., [Bg[0n(x0) = pu-a ()] ®)
=1
T
= > Ep, 018 o (x0)] )
=1 ]
=E(> Zatl(xt)l (10)
=1
T T
<E \ Z & Z o2 (x;) (- Cauchy-Schwarz inequality) (11)
=1 =1
T
<E \ Z G| VCiyr ("~ Lemma 5.4 in Srinivas et al. (2010)) (12)
=1
T
< Z E[&]VCiyr (" Jensen’s inequality) (13)
=1
- m, (. Definition of {;) (14)
where C, = E[{;] = 2+ 21og(|X]/2). This concludes the proof. O

A.4 Proof of Theorem 4.2

Theorem 4.2. Let f ~ GP(0,k), where k is a positive semidefinite kernel, k(x,x) < 1, and Assumption 2.1 holds.
Assume that {; follows a shifted exponential distribution with s, = 2d log(bdrt?(y/log(ad) + Vr/2)) — 2log 2 and
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A =1/2 foranyt > 1. Then, by running IRGP-UCB, BCR can be bounded as follows:
2

T
BCRT < ? + AY C]T}’T(Z + ST),
where C; = 2/log(1+ o™ ?).
Proor. We consider a finite discretized input set Xy ¢ X for ¢t > 1 for theoretical analysis, though X; is
not related to the actual algorithm. Let X; = - +1, e ;‘;’l }d c X, where each coordinate takes values from a

uniform grid of 7, = bdru, (y/log(ad) + v /2) points. Thus, |X;| = rtd. In addition, we define [x], as the nearest
point in X; of x € X.
Then, we decompose BCR as follows:

T

BCRT = E f(x*) —f([x*]t) +f([x*]t) - IxIéE/l\sz[(x) + leé%\zf Ut(x) - Ut(xt) +Z)t(xt) —f(xt)l (15)

t=1

Obviously, E[maxxe X, 0e(x) — vt(xt)] < 0 from the definition of x;. Furthermore, we observe the following:

[f( 1) — maxv, (x) <E[maXf(x) max v (x) |,

which can be bounded above by 0 by setting s; = 2log(|X;|/2) and A = 1/2 from Lemma 4.2. Therefore, we obtain
the following:

T

BCRTsZ [f(x") = F(1xT0) +0ex0) = Fxo)] (16)
T T
=Z () = FET0] + D B [0, (xe) = f ()] (17)

First, we consider the first term Y7, [ f(x*) = f([x"] t)] From Lemma E.2, we can obtain the following:

T T
DEIf(x) - f(Ix1)] < DB [sug f(x) —f([x]»] (18)
t= t; 1
< Z 2 (" LemmaE.2) (19)
< % ( Ztlz ) (20)

where u; in Lemma E.2 corresponds to 2.
The second term is bounded as follows:

T T
Z E [v:(x:) = f(x2)] < Z E[{:]1Ciyr, (.~ See the proof of Theorem 4.1) (21)
t=1 t=1

E[{:] = 2+ 2log(]X:|/2) (22)
= 2 + 2d log(bdrt*(ylog(ad) + Vr/2)) — 2log 2, (23)

where
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which is monotone increasing. Therefore, we obtain the following:

T
D Elo(x) - f(x)] < VOiTyrE[E], (24)
t=1

where E[{7] = 2 + st = 2 + 2d log(bdrT?(+/log(ad) + \7/2)) — 2log 2. Consequently, combining Egs. (17), (20),
and (21) concludes the proof. O

B Proofs for Conditional Expected Regret Bounds of IRGP-UCB
This section provides proofs for the conditional expected regret bounds of IRGP-UCB.

B.1 Proof of Theorem 4.3

For the proof of Theorem 4.3, we use the properties of subgaussian random variables. Therefore, before the proof
of Theorem 4.3, we provide several propositions.
The definition of the subgaussian random variable is shown below, following Definition 3.5 of Handel (2016):

Definition B.1. A random variable is called o®-subgaussian if the following is satisfied:
Elexp(AX)] < exp(c?A?/2),
forall A € R. Then, 6 is called the variance proxy.

Several equivalent definitions are known as in Proposition 2.5.2 of Vershynin (2018). In particular, we use the
following relations:

Proposition B.1. Assume that the random variable X satisfies the following property:
Pr(|X| > ¢) < 2exp(—c?/A?),
forallc > 0 and E[X] = 0. Then, X is 9A%-subgaussian.
Proor. For example, by combining Problems 3.1 (d) and (e) of Handel (2016), we can obtain this result. ]
Proposition B.2. Let X be o%-subgaussian. Then,
Pr(X > ¢) < exp(—c?/20?),
and

Pr(|X| > ¢) < 2exp(—c?/25?).

Proor. See, for example, Problem 3.1 (c) of Handel (2016) or the proof for (v) = (i) of Proposition 2.5.2 in
Vershynin (2018). O

Furthermore, we use the following form of Azuma’s inequality (Azuma 1967) shown in Lemma 3.7 of Handel
(2016):

Lemma B.1 (Azuma’s inequality). Let {¥;};<T be any filtration, and let X3, . . ., Xt be random variables that satisfy
the following properties fort =1,...,T:

(1) Martingale difference property: X; is ¥;-measurable and E[X; | ;-1] = 0.
(2) Conditional subgaussian property: E[exp(AX;) | Fz-1] < exp(0?A?/2) for all A € R almost surely.

Then, the sum Y\I_| X, is subgaussian with variance proxy Y._, o2.
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To show the subgaussian property the variable A; in the following proof of Theorem 4.3, we use the following
proposition shown in, for example, Theorem 5.2.2 of Vershynin (2018), Proposition 4 of Zeitouni (2014), and
Lemma 6.4 of Biskup (2020):

Proposition B.3 (Concentration for Lipshitz functions). Let X = (X1, ..., Xx) be a random vector follows N (0, I1.),
where Iy is k-dimensional identity matrix. Suppose that h : R — R is Lipshitz; that is, there exists a constant
Ly € R such that

llh(a) — h(b)|l2 < Lplla - bl|2,
for alla,b € R¥, where || - ||5 is L2 norm. Then,
2
Pr ([h(X) — B[R(X)]| > ¢) < 2exp{ -~ b .
2L?
Then, we show the following theorem:

Theorem 4.3. Let f ~ GP (0, k), where k is a positive semidefinite kernel and k(x,x) < 1, and X be finite. Assume
that {; follows a shifted exponential distribution with s; = 21og(|X|/2) and A = 1/2 for any t > 1. Then, by running
IRGP-UCB with {;, the conditional expected regret can be bounded with probability at least 1 — § as follows:

T
Pr (VT > LEf (e),nn [Zf(x*) — fe) | (Lot

t=1

< U(T,5)) >1-9,

where

m2T? T2 m?T?
U(T,0) =6 Tlog( 5 )+ Ciyr|Tsr+T+2 Tlog( % )+210g( 5 )

and Cy = 2/log(1+ o7 ?).

Proor. First, we show an upper bound for some fixed T > 1. For any {{; };>1, we obtain

T
> e L) = f0) | {Z) 1]
t=1

T
= > Ep,, [Efip,, [F()] = proi(xe) | {GY i< ]

Il
)
M-~ 1

Ep,_, [Eflﬂ,,l [f(x*)] - Eg,lDH [0 (x¢)] +E§,\DH [0 ()] = 0s(3r) + 0 (1) = pr—1(x¢) | {évi}ist]

~
1l
—_

IA

Bo,., [Baio, ., oG] — o) + %02 (e) | {Ghie| (- Lemma 42)

T
t=1

Ay Az

G0, 1 (1) | {G i1 s

DM 1M

{EDH,Q [0:(xt) [ {Gi}i<t] = Eop,_, [0:(x;) | {évi}ist]} +E

~
1l
-
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where v; (x;) = pr—1(x;) + g‘}l/zot_l(xt).
First, regarding A,, the following inequality holds with probability at least 1 — &2,

T
E|> 4 o (x) | {a}ml
t=1
T T
< \Z GE Z o7 1 (x) | {Ge}es (- Cauchy-Schwartz inequality)
=1 =1
T
< \ Ciyr Z & (" Lemma 5.4 of Srinivas et al. (2010))
=1

< \/Cl}/T (TST + T +2+Tlog(1/6;) + Zlog(l/ﬁz)), (" Lemma E.4)

where the last inequality holds with high-probability since Zthl {¢: — s;} follows a chi-square distribution with

T degrees of freedom. Note that, regarding the first inequality, w/ZtT:1 {; can be put outside of the conditional
expectation since the expectation is taken with f and {€;};>1.

Second, we consider A;. We will show that A is an 18T-subgaussian random variable. Let history H; = {{;}i<;-
Then, we can see that

Ep, g [0e(x) | {Gi}i<e] —Eo,, [0:(xe) | {i}i<e]
= ED,_1,§, [0¢(x:) | Hi—1] —Eop,_, [0:(x:) | H:],

and, for any H;_1, the conditional expectation is zero as follows:

Egﬁ [ED,_1,§, [0s(xs) | Hi-1] _EDH [0 (x¢) | He] | 7'{t—1]
= EDH,Q [0 (xs) | Hiq] — ED,_1,§, [0 (x¢) | Hi-1] = 0.

In addition, from the definition of measurability, Ep, | [v:(x;) | H;] is H;-mesuarable.
Then, we derive the conditional subgaussian property of Ep,_, ¢, [0:(x;) | Hi-1] = Eop,_, [0:(x;) | H;]. Let a
function h : R? — R be

h(a) = Eqp, , [mX {uH(x) +\[2log(1X1/2) + ||a||§ot_1<x>} | w] .

Note that (h(X) | H;-1) 2 (Ep, , [0:(x) | &) | Hi—1) for any fixed H,;_;, where X ~ N(0,I2) and 4 means the
equivalence of the distribution, since || X ||§ follows the exponential distribution with A = 1/2. Then, for any fixed

Journal of Artificial Intelligence Research, Vol. 84, Article 18. Publication date: November 2025.



18:26 « Takeno, Inatsu & Karasuyama

‘H,_1, h is 1-Lipschitz function as shown below:

|h(a) — h(b)

| ma -1 + |21 1X1/2) + a1

- max 120 + | 21ogX1/2) + b1Eor-1(0 1 7|

<

Ep,. [mX {\/z log(1X1/2) + llall30r-1 (x) - \[2log(1X1/2) + ||b||§ot_1<x>} | w]

(@)
<

V21og(1X1/2) + llall? - \[21og(1X1/2) + [IbI}

(®)
< lllallz = 1Bl

(c)
< lla - bll.
The inequalities (a), (b), and (c) are derived by (a) 0;-1(x) < 1, (b) the monotone decreasing property of the gradient

of /-, and (c) the triangle inequality. Therefore, from Proposition B.3 and (h(X) | H;_1) < (Eop, , [o:(xe) | 4] |
H;-1),

Pry, (|EDH,§t [0:(x:)] = Ep,_, [Ut(xt)]l >c | Hi-q) < 2exp {—02/2},
for any H;_;. Therefore, using Proposition B.1, Ep,_, ¢, [0:(x:) | Hi—1] — Ep,_, [0:(x¢) | He] | Hp—q is 18-
subgaussian.

Finally, since we see that A; is the sum of random variables that satisfy the condition of Azuma’s inequality,
A; is 18T-subgaussian. Therefore, from Proposition B.2, the following inequality holds with probability at least
1-4y,

A1 <6 TlOg(1/51)

Hence, for some fixed T > 1, we obtain the high-probability bounds of A; and A;. Then, substituting 65/ (7*T?)
into §; and §; and taking the union bounds for all T > 1, we conclude the proof. ]

B.2 Proof of Theorem 4.4

We show the following theorem:

Theorem 4.4. Let f ~ GP(0,k), where k is a positive semidefinite kernel and k(x,x) < 1, and Assumption 2.1
holds. Assume that {; follows a shifted exponential distribution with's; = 2d log(bdrt*(y/log(ad) + Y /2)) — 2log 2
and A = 1/2 for any t > 1. Then, by running IRGP-UCB with {;, the conditional expected regret can be bounded with
probability at least 1 — § as follows:

T

D) = ) [ {Gd s

t=1

Pr (VT = LEf (6}

SU(T,5)) >1-4,

where

72 T2 m2T? ?T?
U(T,0) =—+6 Tlog( )+ Ciyr|Tst+T+2 Tlog( )+210g( ) ,
6 36 30 30
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and C; = 2/log(1+072).

Proor. We consider a finite discretized input set X; € X for t > 1 for theoretical analysis, though X; is

not related to the actual algorithm. Let X; = #, e, T:’_:l }d c X, where each coordinate takes values from a

uniform grid of 7, = bdru, (y/log(ad) + v /2) points. Thus, |X;| = rtd. In addition, we define [x]; as the nearest
point in X; of x € X.
As with the proof of Theorem 4.2, we obtain

T
Ef fer)en: [Zf(x*) ~ fxo) | {a}ml
t=1

S]Ef

T
DA - £([x0)

T
+Ef e} [Z fcréa}?ff(x) —flxe) | {Q}ml .
=1

Then, the first term can be bounded from above by 72/6 as in the proof of Theorem 4.2. For the second term, we
see that

T
B (erdeas [Z max f (x) = f(x) | {gz}ml
=1 ‘

+ Eé,[

T
= E E -E
; D,I[ F1Dsy [féa)éf(x)] & [Eggfvt(ﬂ

)r(lgé U,(x)} = Eg, [0s(x1)]

+Eqg, [0 ()] =05 (x¢) + 0 (x2) = pr—1(24) | {gt}tZI}

M=

<) Eop,, [EQ [0 ()] = 0s(2s) + gtl/zatfl(xt) | {é}tzl],

t

I
—

where we use

E <E , L 4.2
1D [)rcréa)gff(x) <E [gggvt(m] (- Lemma 4.2)
E¢, [max 0 (x) | < By, [0:(x4)] . ( x; = arg max v; (x)
xeX; xeX
Then, the rest of the proof is almost the same as Theorem 4.3. ]

C Proofs for High-Probability Regret Bounds of IRGP-UCB
Here, we show the proof of the following Theorem 4.5:

Theorem 4.5. Let f ~ GP(0,k), where k is a positive semidefinite kernel and k(x, x) < 1, and X be finite. Pick
6 € (0,1). Assume that {; = 2log(1/U;), where {U,;};>1 is a sequence of mutually independent random variables
that satisfy E[U;] = V(?% andPr(U; € (0,1)) = 1 forallt > 1. Then, by running the randomized GP-UCB with {;,
the cumulative regret can be bounded with probability at least 1 —  as follows:

T
Pr|VT > 1,Ry < 2 ClyTZg, >1-6,

t=1

where C; = 2/log(1+ o™ ?).

Journal of Artificial Intelligence Research, Vol. 84, Article 18. Publication date: November 2025.



18:28 .« Takeno, Inatsu & Karasuyama

Proor. We can transform the regret as follows:

M=

Rr=) f(x") - f(x)

~
1l

1

M=

FQ™) = peo1(xp) + pe—1 () = f(x2)

~
1l

1
T

2 Z gtl/zo't—l(xt) (" Lemma 4.3)

IA

T
(" Cauchy-Schwartz inequality)

IA
Do
—
1~
EA
[
Q
|
—
&
SN—

T
Ciyr Z Gt (" Lemma 5.4 in Srinivas et al. (2010))
=1

IN
S}
—

Next, we show the following corollary:

Corollary 4.1. Let f ~ GP(0,k), where k is a positive semidefinite kernel and k(x,x) < 1, and X be finite. Pick
5 € (0,1). Assume that {; follows a shifted exponential distribution with s; = 2log(|X|t>n?/(65)) and A = 1/2 for
anyt > 1. Then, by running IRGP-UCB with {;, the cumulative regret can be bounded with probability at least 1 — §
as follows:

272 272
PriVT > LRr <2 |Ciyr|Tsr+T+2 Tlog(”35 )+210g(ﬂ36 ) >1-6,

where C; = 2/log(1+ o7 2).

Proor. From the assumption that s, = 2log(|X|t?22/(665)) and A = 1/2, we obtain that U; ~ Uni(0, I/\’T%)

and E[U;] = V(?%’ where {; = 2log(1/U;) as in Lemma 4.3. Moreover, from Theorem 4.5, we obtain
¢ s
Pr(VT > 1,Rr < 24(Ciyr D 4|2 1- >

t=1

Furthermore, since Zthl{g + — st} follows a chi-square distribution with T degrees of freedom, using the union
bound and Lemma E.4, we can obtain

T 272 2712

T T
eV > 1.57¢ < Tsp+ T+ 24/ Tlog e 4 210 T | 51— 2.
&35 £735 2

t=1

Therefore, taking the union bound concludes the proof. ]
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D Proof for Expected Regret Bound of GP-UCB with Constant Confidence Parameter
First, we derive the following lemma to show Theorem 4.6:

Lemma D.1. Let {€;}i>1 be a mutually independent sequence of standard normal random variables, that is,
€ ~ N(0,1) foralli > 1. Then, there exists a positive constant C such that

t .
Pr (wgr,#

= —1) >C.
Proor. From the properties of the probability and the union bound, we can see that

2161' 1;161‘
Pr VtsT,l‘Tz—l =1-"Pr 3tsT,"T<—1

T t )
>1—ZPr(M<—1)
1

t
=

o f:lei
=1—ZPr >,
t=1

where the last equality is obtained from the symmetry of the Gaussian distribution. Since €; ~ N (0, 1) for all
i > 1, the average Zle €/t ~ N(0,1/t). Therefore, by using Lemma E.3, we obtain that

t .
Pr ﬁ>l Slexp(—z).
t 2 2

. 1 t . . . . . 1 . oy l l .
Slnc§ (5 exp (—5)) ;>1 18 a geometric series with common ratio exp(—3) and initial term 3 exp(—3), its sum of
infinite series converges as follows:

T t T
Zi:1 €j 1
E Pr(T>l < E Eexp(—g)
t=1 t=1
o 1 t
< Z __
<2 2 eXp( 2)
t=1
1

= ~ 0.771.
2exp(1/2)(1 — exp(—1/2))

Consequently, we can obtain the following lower bound of the probability:

T t
. E~
1- ZPr (% > 1)
=1

>1- !
2exp(1/2) (1 - exp(~1/2))

\%

t .
Pr VtsT,%z—l)

~ 0.229.

Then, we show the following theorem:

Theorem 4.6. Assume that X = {x1, x?}, ¢, ~ N(0,1) forallt > 1, and
FEDYN ([0 1 p
F(x®) 0\ p 099 /)
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where p < 1 is a covariance parameter. Then, if GP-UCB with any constant confidence parameter ﬂ;l/z) =c>0
runs, then BCR grows linearly, that is,

BCRr =E

(x7) = f(x) | = Q(T).

Proor. We consider the following event:
(1) » 2max{l,c} @ M Y
={f(x )_—p LF(x®) > f(xD)+1, and Y e/t > —1forallt > 17
i=1

From Lemma D.1 and the independentness between f and (¢;);»1, the probability of this event Pr(Er) > 0. Then,
the BCR can be bounded from below as follows:

T
BCRy = E Zf(x*)—f(xt)] (25)
t=1
T T
=B| Y f(x") = f(x0) | Br|Pr(Er) +E | Y f(x*) = f(x,) | By | Pr(ES) (26)
= t=1
T
B> f(x") = f(x:) | Er| Pr(Ep), (27)
t=1

where E is a complementary event of Er.

We show that, when Er holds, x; = x for all t < T. First, since the variance of x(1) is larger than that of x@
in the prior distribution, the first chosen input x; = x(1 . Then, we show x;; = xV) forall ¢ > 1. Fix t > 1 and
assume that x; = x(1) for all i < t. The posterior mean can be derived as follows:

pe(xW) =17 (1] +1,) 'y,

pe(x?) = p1] (1,1] +1,) 'y,
where 1, = (1,...,1)T € R and I, € R™ is the identity matrix. From the Woodbury formula, we obtain

1,17
t+1°

(1t1:+1t)_1 = It -

Therefore, the posterior means can be transformed as

t
1)y — _ ot zlyl
(=) = Zy, 12 =

@)y = pt Zi:lyi.

X
e t+1 ¢
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Thus, the difference between the posterior means is bounded from below as

tY iy
() = () = (1= p) = =2
_ (1) to
> ! zptf(x )t+zl:1 i Cotf(t+1) > 1/2),
2t max{1,c}
] el 1
> P 1 (- Er holds)
2 t
= max{1,c}
>c
(1/2)
t
> B0, (x?) (- a(x®) < 1)

> BP0y (x®) - P (x V).

Hence, we see that x,4; = x(V) since y, (x™) + ﬁt(l/z)at(x(l)) >y (x?) + ﬂ;l/z)ot (x@)).
Since E7 holds, the optimal point x* = x®) However, as shown above, x; = x(!) for all t > 1 if Er holds.
Therefore, E [ZLI f(x*) = f(xy) | ET] > T. Consequently, since Pr(Er) > 0, we can conclude that

BCRy = Q(T).

E Auxiliary Lemmas

For convenience, we here show the assumption again:

Assumption 2.1. Let X C [0,7]¢ be a compact and convex set, where r > 0. Assume that the kernel k satisfies the
following condition on the derivatives of sample path f. There exist the constants a,b > 0 such that,

I\2
>L) < aexp (— (E) ), for j € [d],

ax]'

Pr (sup
xeX

where [d] ={1,...,d}.

Then, from Assumption 2.1, we obtain several lemmas. First, we show an upper bound of the supremum of
partial derivatives. This result is tighter than Lemma 12 in Kandasamy et al. (2018). Note that, in the proof of
Lemma 12 in Kandasamy et al. (2018), there is a typo that Pr(L > t) is bounded above by a exp{t?/b?}, which
should be ad exp{-t?/b*}.

Lemma E.1. Let f ~ GP(0,k) and Assumption 2.1 holds. Let the supremum of the partial derivatives Lyax =

SUP je[4] SUPxex |;Tfj‘. Then, BE[Lmax] can be bounded above as follows:

E[Lmax] < b(v/log(ad) + Vr/2). (28)

Proor. From the assumption, using the union bound, we obtain a bound on the probability,

d I\ I\2
Pr(Lpax > L) < Zaexp (— (z) ) = ad exp (— (3) ) (29)

Jj=1
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Then, using expectation integral identity, we can bound E[Ly,.«] as follows:

E[Lmax] = / Pr (Lyax > L) dL (30)
0
S/ min{1, ade~L/?)*}dL (" Eq. (29)) (31)
0
= by/log(ad) + / ade” "4 (32)
b+/log(ad)
_ byflog(ad) + abdvx L wmigp (33)

b\iog(ad) 27 (b?/2)

= bylog(ad) + abd\'r (1 -0 %g\/(;d)))

< by/log(ad) + g, (. Lemma E.3) (35)

where ® is a cumulative distribution function of the standard normal distribution. O

Next, we show the bound for the difference of discretized outputs:

Lemma E.2. Let f ~ GP(0,k) and Assumption 2.1 holds. Let X; = {-%=, ..., Z=}¢ ¢ X, where each coordinate

T4+1° > T+l
takes values from a uniform grid of t; = bdru, (+/log(ad) + \/r/2) points. Then, we can bound the expectation of
differences,

T T
1
DE [sup flx) - f<[x]t>] <> -, (36)
= xeX
where [x]; is the nearest point in X; of x € X.
Proor. From the construction of X;, we can obtain the upper bound of L1 distance between x and [x]; as

follows:
dr

sup [lx — [x]¢[ly < (37)
xeX o bdru, (ylog(ad) + \r/2)
1
= : (38)
bu, (ylog(ad) + Vr/2)
Note that this discretization does not depend on any randomness and is fixed beforehand.
Then, we obtain the following:
T T
B [sup f@ - f(xln] < D E [Lmax sup flx ~ [l (39)
=1 xeX =1 xeX
! 1
< ) E[Lmax] . Eq. (38) (40)
; - bu, (ylog(ad) + Vr/2) ( )
T
1
< —. " Lemma E.1 41
2 ( G
O
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We used the following useful lemma:

Lemma E.3 (in Lemma 5.2 of Srinivas et al. (2010)). For ¢ > 0, the survival function of the standard normal
distribution can be bounded above as follows:

1-®(c) < %exp(—cz/z). (42)

Lemma E.4 (Eq. (4.3) of Laurent and Massart (2000)). Pick 6 € (0,1). Suppose that X follows a chi-square
distribution with D degrees of freedom. Then, the following upper bound for the tail probability holds:

Pr (X > D +2VDc + 20) < exp(-c),
for any ¢ > 0. Therefore, the following inequality holds with probability at least 1 — §:
X < D +2+4/Dlog(1/d) + 2log(1/6).
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