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Abstract

We consider the stochastic bandit problem with a continuous set of arms, with the expected reward function
over the arms assumed to be fixed but unknown. We provide two new Gaussian process-based algorithms for
continuous bandit optimization — Improved GP-UCB (IGP-UCB) and GP-Thomson sampling (GP-TS), and
derive corresponding regret bounds. Specifically, the bounds hold when the expected reward function belongs
to the reproducing kernel Hilbert space (RKHS) that naturally corresponds to a Gaussian process kernel used as
input by the algorithms. Along the way, we derive a new self-normalized concentration inequality for vector-
valued martingales of arbitrary, possibly infinite, dimension. Finally, experimental evaluation and comparisons
to existing algorithms on synthetic and real-world environments are carried out that highlight the favorable
gains of the proposed strategies in many cases.

1. Introduction

Optimization over large domains under uncertainty is an important subproblem arising in a variety of sequen-
tial decision making problems, such as dynamic pricing in economics (Besbes and Zeevi, 2009)), reinforce-
ment learning with continuous state/action spaces (Kaelbling et al., [1996; |[Smart and Kaelbling, [2000), and
power control in wireless communication (Chiang et al.,2008). A typical feature of such problems is a large,
or potentially infinite, domain of decision points or covariates (prices, actions, transmit powers), together
with only partial and noisy observability of the associated outcomes (demand, state/reward, communication
rate); reward/loss information is revealed only for decisions that are chosen. This often makes it hard to
balance exploration and exploitation, as available knowledge must be transferred efficiently from a finite set
of observations so far to estimates of the values of infinitely many decisions. A classic case in point is that
of the canonical stochastic MAB with finitely many arms, where the effort to optimize scales with the total
number of arms or decisions; the effect of this is catastrophic for large or infinite arm sets.

With suitable structure in the values or rewards of arms, however, the challenge of sequential optimization
can be efficiently addressed. Parametric bandits, especially linearly parameterized bandits (Rusmevichien-
tong and Tsitsiklis, 2010), represent a well-studied class of structured decision making settings. Here, every
arm corresponds to a known, finite dimensional vector (its feature vector), and its expected reward is assumed
to be an unknown linear function of its feature vector. This allows for a large, or even infinite, set of arms
all lying in space of finite dimension, say d, and a rich line of work gives algorithms that attain sublinear
regret with a polynomial dependence on the dimension, e.g., Confidence Ball (Dani et al.l 2008), OFUL
(Abbasi-Yadkori et al.,[201 1)) (a strengthening of Confidence Ball) and Thompson sampling for linear bandits



(Agrawal and Goyal, 2013ﬂThe insight here is that even though the number of arms can be large, the number
of unknown parameters (or degrees of freedom) in the problem is really only d, which makes it possible to
learn about the values of many other arms by playing a single arm.

A different approach to modelling bandit problems with a continuum of arms is via the framework of
Gaussian processes (GPs) (Rasmussen and Williams) 2006). GPs are a flexible class of nonparametric mod-
els for expressing uncertainty over functions on rather general domain sets, which generalize multivariate
Gaussian random vectors. GPs allow tractable regression for estimating an unknown function given a set of
(noisy) measurements of its values at chosen domain points. The fact that GPs, being distributions on func-
tions, can also help quantify function uncertainty makes it attractive for basing decision making strategies on
them. This has been exploited to great advantage to build nonparametric bandit algorithms, such as GP-UCB
(Srinivas et al., [2009), GP-EI and GP-PI (Hoffman et al., 2011). In fact, GP models for bandit optimization,
in terms of their kernel maps, can be viewed as the parametric linear bandit paradigm pushed to the extreme,
where each feature vector associated to an arm can have infinite dimension

Against this backdrop, our work revisits the problem of bandit optimization with stochastic rewards.
Specifically, we consider stochastic multiarmed bandit (MAB) problems with a continuous arm set, and
whose (unknown) expected reward function is assumed to lie in a reproducing kernel Hilbert space (RKHS),
with bounded RKHS norm — this effectively enforces smoothness on the functionﬂ We make the following
contributions-

e We design a new algorithm — Improved Gaussian Process-Upper Confidence Bound (IGP-UCB) — for
stochastic bandit optimization. The algorithm can be viewed as a variant of GP-UCB (Srinivas et al.,
2009), but uses a significantly reduced confidence interval width resulting in an order-wise improve-
ment in regret compared to GP-UCB. IGP-UCB also shows a markedly improved numerical perfor-
mance over GP-UCB.

e We develop a nonparametric version of Thompson sampling, called Gaussian Process Thompson sam-
pling (GP-TS), and show that enjoys a regret bound of o] <7T vV dT) . Here, T is the total time horizon

and 7 is a quantity depending on the RKHS containing the reward function. This is, to our knowl-
edge, the first known regret bound for Thompson sampling in the agnostic setup with nonparametric
structure.

e We prove a new self-normalized concentration inequality for infinite-dimensional vector-valued mar-
tingales, which is not only key to the design and analysis of the IGP-UCB and GP-TS algorithms, but
also potentially of independent interest. The inequality generalizes a corresponding self-normalized
bound for martingales in finite dimension proven by |Abbasi- Yadkori et al.| (2011)).

e Empirical comparisons of the algorithms developed above, with other GP-based algorithms, are pre-
sented, over both synthetic and real-world setups, demonstrating performance improvements of the
proposed algorithms, as well as their performance under misspecification.

2. Problem Statement

We consider the problem of sequentially maximizing a fixed but unknown reward function f : D — R over
a (potentially infinite) set of decisions D C RY, also called actions or arms. An algorithm for this problem
chooses, at each round ¢, an action z; € D, and subsequently observes a reward y; = f(x;) + €, which is a
noisy version of the function value at ;. The action z; is chosen causally depending upon the arms played
and rewards obtained upto round ¢ — 1, denoted by the history H;—1 = {(zs,ys) : s = 1,...,t —1}. We

1. Roughly, for rewards bounded in [—1, 1], these algorithms achieve optimal regret ) (dﬁ) , where O (+) hides polylog(T') factors.

2. The completion of the linear span of all feature vectors (images of the kernel map) is precisely the reproducing kernel Hilbert space
(RKHS) that characterizes the GP.
3. Kernels, and their associated RKHSs,



assume that the noise sequence {e; }$2 is conditionally R-sub-Gaussian for a fixed constant R > 0, i.e.,

A2 R2
Vt>0, VAER, E[e* | Foy] < eXp( 5 ) (1)

where F;_; is the o-algebra generated by the random variables {x, 53}2;11 and z;.This is a mild assump-
tion on the noise (it holds, for instance, for distributions bounded in [— R, R]) and is standard in the bandit
literature (Abbasi-Yadkori et al.| [2011; |Agrawal and Goyal, [2013)).

Regret. The goal of an algorithm is to maximize its cumulative reward or alternatively minimize its cumu-
lative regret — the loss incurred due to not knowing f’s maximum point beforehand. Let 2* € argmax,p f(x)
be a maximum point of f (assuming the maximum is attained). The instantaneous regret incurred at time ¢ is
ry = f(a*) — f(x¢), and the cumulative regret in a time horizon T' (not necessarily known a priori) is defined
tobe Ry = Zle r+. A sub-linear growth of Ry in T signifies that Ry /T — 0 as T — oo, or vanishing
per-round regret.

Regularity Assumptions. Attaining sub-linear regret is impossible in general for arbitrary reward func-
tions f and domains D, and thus some regularity assumptions are in order. In what follows, we assume
that D is compact. The smoothness assumption we make on the reward function f is motivated by Gaus-
sian processesﬂ and their associated reproducing kernel Hilbert spaces (RKHSs, see |Scholkopf and Smola
(2002)). Specifically, we assume that f has small norm in the RKHS of functions D — R, with positive
semi-definite kernel function & : D x D — R. This RKHS, denoted by Hy (D), is completely specified
by its kernel function k(-,-) and vice-versa, with an inner product (-, -);, obeying the reproducing property:
flz) = (f,k(z,-)) forall f € Hy(D). In other words, the kernel plays the role of delta functions to repre-
sent the evaluation map at each point z € D via the RKHS inner product. The RKHS norm || f||,, = \/(f, f)
is a measure of the smoothnessE] of f, with respect to the kernel function k, and satisfies: f € Hy(D) if and
only if || ||, < oo.

We assume a known bound on the RKHS norm of the unknown target functiorﬂ | f|l, < B. Moreover,
we assume bounded variance by restricting k(x,z) < 1, for all z € D. Two common kernels that satisfy
bounded variance property are Squared Exponential and Matérn, defined as

ksp(x, ') = exp ( - 52/2l2),
217V 1 5\/20\ ¥ sV 2v
knratérn (T, ! = < ) Bu( )7
Matérn (2, &) T\ 1 I
where [ > 0 and v > 0 are hyperparameters, s = || — z'||, encodes the similarity between two points

xz,2’ € D, and B, () is the modified Bessel function. Generally the bounded variance property holds for
any stationary kernel, i.e. kernels for which k(x,2’) = k(z — ') for all z, 2’ € R%. These assumptions are
required to make the regret bounds scale-free and are standard in the literature (Agrawal and Goyall 2013)).
Instead if k(z,x) < cor || f]|, < cB, then our regret bounds would increase by a factor of c.

3. Algorithms

Design philosophy. Both the algorithms we propose use Gaussian likelihood models for observations, and
Gaussian process (GP) priors for uncertainty over reward functions. A Gaussian process over D, denoted
by GPp(u(-), k(-,+)), is a collection of random variables (f(z))zep, one for each z € D, such that every
finite sub-collection of random variables (f(xz;))7, is jointly Gaussian with mean E [f(x;)] = u(z;) and
covariance E [(f(z;) — p(z:))(f(z;) — p(z;))] = k(zi,25), 1 < 4,5 < m, m € N. The algorithms use

4. Other work has also studied continuum-armed bandits with weaker smoothness assumptions such as Lipschitz continuity — see
Related work for details and comparison.

5. One way to see this is that for every element g in the RKHS, |g(z) — g(y)| = [{g, k(z, ) —k(y, )| < gl 1k(z, ) — k(y, )l
by Cauchy-Schwarz.

6. This is analogous to the bound on the weight 6 typically assumed in regret analyses of linear parametric bandits.



GPp(0,v2k(-,-)), v > 0, as an initial prior distribution for the unknown reward function f over D, where
k(-, ) is the kernel function associated with the RKHS Hj, (D) in which f is assumed to have ‘small’ norm at
most B. The algorithms also assume that the noise variables £, = y; — f(x¢) are drawn independently, across
t, from N(0, \v?), with A > 0. Thus, the prior distribution for each f(z), is assumed to be N'(0, v2k(x, z)),
x € D. Moreover, given a set of sampling points A; = (z1,...,x;) within D, it follows under the assump-
tion that the corresponding vector of observed rewards y1.: = [y1, ... ,yt]T has the multivariate Gaussian
distribution NV'(0, v?(K; + AI)), where K; = [k(z,2)],.2ca, is the kernel matrix at time ¢. Then, by the
properties of GPs, we have that y;.; and f(x) are jointly Gaussian given A;:

{J;(lxt)] N <0, [”jfk(ixﬁ) u;}(?;‘z(i)ATI)D ’

where k;(z) = [k(x1,2), ..., k(z¢,x)]T. Therefore conditioned on the history H;, the posterior distribution
over fis GPp(u(+), v?ke (-, )), where

pi(x) = kt(x)T(Kt + M) My, 2)
Ei(z,2') = k(x,2') — ke(2)T (K + M) ke (2), 3)
o2(z) = ki(x,x). “)

Thus for every = € D, the posterior distribution of f(z), given H, is N (¢ (), v?02(x)).

Remark. Note that the GP prior and Gaussian likelihood model described above is only an aid to al-
gorithm design, and has nothing to do with the actual reward distribution or noise model as in the problem
statement (Section . The reward function f is a fixed, unknown, member of the RKHS Hy (D), and the
true sequence of noise variables ¢, is allowed to be a conditionally R-sub-Gaussian martingale difference
sequence (Equation[I)). In general, thus, this represents a misspecified prior and noise model, also termed the
agnostic setting by |Srinivas et al.| (2009).

The proposed algorithms, to follow, assume the knowledge of only the sub-Gaussianity parameter R,
kernel function k and upper bound B on the RKHS norm of f. Note that v, \ are free parameters (possibly
time-dependent) that can be set specific to the algorithm.

3.1 Improved GP-UCB (IGP-UCB) Algorithm

We introduce the IGP-UCB algorithm (Algorithm [I)), that uses a combination of the current posterior mean
tt—1(x) and standard deviation vo;_1(x) to (a) construct an upper confidence bound (UCB) envelope for the
actual function f over D, and (b) choose an action to maximize it. Specifically it chooses, at each round ¢,
the action

Ty = argg)axﬂt—l(ﬂf) + Bror—1(x), &)

with the scale parameter v set to be 1. Such a rule trades off exploration (picking points with high uncertainty

o¢—1(x)) with exploitation (picking points with high reward ji;_1 (), with 8; = B+R+/2(11—1 + 1 + In(1/9))
being the parameter governing the tradeoff, which we later show is related to the width of the confidence in-
terval for f atround t. § € (0, 1) is a free confidence parameter used by the algorithm, and ~; is the maximum
information gain at time t, defined as:

= I(ya; .
& Acrgf‘aui(‘zt (ya; fa)
Here, I(ya; fa) denotes the mutual information between f4 = [f(x)]zca and ya = fa + €4, where

e4 ~ N(0,\?I) and quantifies the reduction in uncertainty about f after observing 34 at points A C D.
¢ is a problem dependent quantity and can be found given the knowledge of domain D and kernel function
k. For a compact subset D of R, y7 is O((In T)*+1) and O(T4(¢+1)/(2v+d(d+1) Iy T), respectively, for the
Squared Exponential and Matérn kernels (Srinivas et al.l [2009), depending only polylogarithmically on the
time 7.



Algorithm 1 Improved-GP-UCB (IGP-UCB)
Input: Prior GP(0, k), parameters B, R, A, §.
fort=1,2,3...Tdo

Set B; = B+ R\/2(71—1 + 1+ In(1/9)).
Choose z; = argmax py—1(x) + Bror—1(x).
zeD

Observe reward y; = f(x¢) + &4.
Perform update to get y; and o using[2] [B|and 4]
end for

Discussion. |Srinivas et al.| (2009) have proposed the GP-UCB algorithm, and |Valko et al.| (2013)) the
KernelUCB algorithm, for sequentially optimizing reward functions lying in the RKHS Hy (D). Both al-
gorithms play an arm at time ¢ using the rule: z; = argmax,cp t—1(x) + Bror—1(x). GP-UCB uses the

exploration parameter (3; = \/ 2B2 + 3007, In®(t/5), with A set to o2, where o is additionally assumed to
be a known, uniform (i.e., almost-sure) upper bound on all noise variables €; (Srinivas et al., 2009, Theorem
3). Compared to GP-UCB, IGP-UCB (Algorithm [T)) reduces the width of the confidence interval by a factor
roughly 0(1113/ 2 t) at every round ¢, and, as we will see, this small but critical adjustment leads to much better
theoretical and empirical performance compared to GP-UCB. In KernelUCB, By is set as 1) /AY2, where 7
is the exploration parameter and ) is the regularization constant. Thus IGP-UCB can be viewed as a special
case of KernelUCB where n = ;.

3.2 Gaussian Process Thompson Sampling (GP-TS)

Our second algorithm, GP-TS (Algorithm [2), inspired by the success of Thompson sampling for standard
and parametric bandits (Agrawal and Goyall 2012} Kaufmann et al., 2012} |Gopalan et al., |2014; |Agrawal
and Goyal, 2013), uses the time-varying scale parameter v; = B + R+/2(vi—1 + 1 + In(2/0)) and operates
as follows. At each round ¢, GP-TS samples a random function f;(-) from the GP with mean function
pi—1(-) and covariance function vZk;_1(-,-). Next, it chooses a decision set D; C D, and plays the arm
¢ € D, that maximizes ftﬂ We call it GP-Thompson-Sampling as it falls under the general framework of
Thompson Sampling, i.e., (a) assume a prior on the underlying parameters of the reward distribution, (b) play
the arm according to the prior probability that it is optimal, and (c) observe the outcome and update the prior.
However, note that the prior is nonparametric in this case.

Algorithm 2 GP-Thompson-Sampling (GP-TS)
Input: Prior GP(0, k), parameters B, R, ), 6.
fort=1,2,3...,do

Setv; = B + R/2(yi—1 + 1 +In(2/9)).
Sample f;(-) from GPp (ps—1(-), vike—1(-,+)).
Choose the current decision set D; C D.

Choose x; = argmax f;(z).
x€Dy

Observe reward y; = f(x¢) + ;.
Perform update to get 11, and k; using[2]and 3]
end for

7. 1f D¢ = D for all ¢, then this is simply exact Thompson sampling. For technical reasons, however, our regret bound is valid when
Dy is chosen as a suitable discretization of D, so we include D; as an algorithmic parameter.



4. Main Results

We begin by presenting two key concentration inequalities which are essential in bounding the regret of the
proposed algorithms.

Theorem 1 Let {x,}52, be an R¥-valued discrete time stochastic process predictable with respect to the
Siltration {F;}52,, i.e., xy is Fy_1-measurable ¥t > 1. Let {e:}5°, be a real-valued stochastic process such
that for some R > 0 and for allt > 1, €; is (a) Fi-measurable, and (b) R-sub-Gaussian conditionally on
Fi1. Let k : RY x R* — R be a symmetric, positive-semidefinite kernel, and let 0 < § < 1. For a given
n > 0, with probability at least 1 — 6, the following holds simultaneously over all t > 0:

Vdet((1+n)I + Ky)
)

(Here, K, denotes the t x t matrix K.(i,j) = k(z;,z;), 1 < 4,7 < t and for any v € R* and A € R**?,

llz|| 4 == VaT Az). Moreover, if Ky is positive definite ¥t > 1 with probability 1, then the conclusion above
holds with n = 0.

. (6)

2
‘|51:t||((Kt+n[)71+])71 < 2R2 In

Theorem [T] represents a self-normalized concentration inequality: the ‘size’ of the increasing-length se-
quence {e;}; of martingale differences is normalized by the growing quantity ((K; + nI)~! + I)~? that
explicitly depends on the sequence. The following lemma helps provide an alternative, abstract, view of the
self-normalized process of Theorem I} based on the feature space representation induced by a kernel.

Lemma 1 Let k : R? x R? — R be a symmetric, positive-semidefinite kernel, with associated feature map
¢ : R* — H}, and the reproducing kernel Hilbert spac (RKHS) Hy. Letting Sy = Zi:l esp(zs) and
the (possibly infinite dimensional) matrhﬂ Vi=1+ 22:1 o(zs)p(xs)T, we have, whenever K, is positive
definite, that

||€1:t||(K;1+I)71 = HSt”Vfl s

‘/;71/25,25

where || S HV;1 = ‘ o denotes the norm ofolmSt in the RKHS Hy,.
k

Observe that S; is F;-measurable and also E [St } ]-'t,l] = Sy_1. The process {S;}¢>0 is thus a mar-
tingale with valueﬂ in the RKHS H, which can possibly be infinite-dimensional, and moreover, whose
deviation is measured by the norm weighted by Vt_l, which is itself derived from .S;. Theoremrepresents
the kernelized generalization of the finite-dimensional result of |Abbasi-Yadkori et al.|(2011)), and we recover
their result under the special case of a linear kernel: ¢(x) = z for all x € R?.

We remark that when ¢ is a mapping to a finite-dimensional Hilbert space, the argument of |Abbasi-
Yadkori et al.| (2011}, Theorem 1) can be lifted to establish Theorem E], but it breaks down in the generalized,
infinite-dimensional RKHS setting, as the self-normalized bound in their paper has an explicit, growing
dependence on the feature dimension. Specifically, the method of mixtures (de la Pena et al., 2009) or Laplace
method, as dubbed by Maillard (2016) (Lemma 5.2), fails to hold in infinite dimension. The primary reason
for this is that the mixture distribution for finite dimensional spaces can be chosen independently of time,

but in a nonparametric setup like ours, where the dimensionality of the self-normalizing factor (K P ) -
itself grows with time, the use of (random) stopping times, precludes using time-dependent mixtures. We get
around this difficulty by applying a novel ‘double mixture’ construction, in which a pair of mixtures on (a)
the space of real-valued functions on R?, i.e., the support of a Gaussian process, and (b) on real sequences
is simultaneously used to obtain a more general result, of potentially independent interest (see Section [5|and
the appendix for details).

Our next result shows that how the posterior mean is concentrated around the unknown reward function

f.

8. Such a pair (p, Hy,) always exists, see e.g.,[Rasmussen and Williams| (2006).
9. More formally, V; : Hy, — Hy, is the linear operator defined by V(z) = z + 3.\ _; w(zs){p(xs), 2) Vz € H,.
10. We ignore issues of measurability here.




Theorem 2 Under the same hypotheses as those of The()rem let D C R and f : D — R be a member
of the RKHS of real-valued functions on D with kernel k, with RKHS norm bounded by B. Then, with
probability at least 1 — 6, the following holds for all x € D and t > 1:

e (@) = f@)] < (B+ RV200 1 + 1+ In(1/8) o1 (),

where ;1 is the maximum information gain after t — 1 rounds and ji;_1(z), o?_, () are mean and variance
of posterior distribution defined as in Equation with A settol +nandn=2/T.

Theorem 3.5 of[Maillard|(2016) states a similar result on the estimation of the unknown reward function from
the RKHS. We improve upon it in the sense that the confidence bound in Theorem [2]is simultaneous over all
x € D, while the bound has been shown only for a single, fixed x in the Kernel Least-squares setting. We are
able to achieve this result by virtue of Theorem

4.1 Regret Bound of IGP-UCB

Theorem 3 Let § € (0,1), || fl|, < B and ¢, is conditionally R-sub-Gaussian. Running IGP-UCB for
a function f lying in the RKHS Hy (D), we obtain a regret bound of O(\/T(B,/’yT + ’yT)) with high

probability. More precisely, with probability at least 1 — 0, Ry = O(B\/T'yT + \/T’yT (vr + ln(l/é))).

Improvement over GP-UCB. |Srinivas et al.| (2009), in the course of analyzing the GP-UCB algorithm,
show that when the reward function lies in the RKHS Hy (D), GP-UCB obtains regret O(\/T (By/r +

s In®/2 (T))) with high probability (see Theorem 3 therein for the exact bound). Furthermore, they assume

that the noise ¢ is uniformly bounded by o, while our sub-Gaussianity assumption (see Equation[I)) is slightly
more general, and we are able to obtain a O(lng/ 2 T') multiplicative factor improvement in the final regret
bound thanks to the new self-normalized inequality (Theorem([I)). Additionally, in our numerical experiments,
we observe a significantly improved performance of IGP-UCB over GP-UCB, both on synthetically generated
function, and on real-world sensor measurement data (see Section @

Comparison with KernelUCB. |Valko et al.| (2013) show that the cumulative regret of KernelUCB is
O( \/J?), where d, defined as the effective dimension, measures, in a sense, the number of principal directions
over which the projection of the data in the RKHS is spread. They show that d is at least as good as ~yr,
precisely 47 > Q(dInInT) and thus the regret bound of KernelUCB is roughly O(y/T77), which is VAT
factor better than IGP-UCB. However, KernelUCB requires the number of actions to be finite, so the regret
bound is not applicable for infinite or continuum action spaces.

4.2 Regret Bound of GP-TS

For technical reasons, we will analyze the following version of GP-TS. At each round ¢, the decision set used
by GP-TS is restricted to be a unique discretization D; of D with the property that | f(z) — f([z]:)| < 1/t2
for all x € D, where [z]; is the closest point to x in D;. This can always be achieved by choosing a

compact and convex domain D C [0,7]¢ and discretization D, with size |D;| = (BLrdt?)? such that
1/2
o — [2):]l, < rd/BLrdt? = 1/BLt* for all z € D, where L = sup sup (65;#;;) \p:q:z) . This
zeD je[d] 7

implies, for every x € D,

£ (@) = Sl < ISl L lle = [alell, < 1/2%, M
as any f € Hy(D) is Lipschitz continuous with constant || f||,, L (De Freitas et al., 2012, Lemma 1).

Theorem 4 (Regret bound for GP-TS) Let § € (0,1), D C [0, r]* be compact and convex, | f||,, < B and
{et}+ a conditionally R-sub-Gaussian sequence. Running GP-TS for a function f lying in the RKHS Hy, (D)




and with decision sets Dy chosen as above, with probability at least 1 — 6, the regret of GP-TS satisfies

Ry = 0(\/(7T ¥ 1n(2/5))d1n(BdT)(,/T7T + B\/W)).

Comparison with IGP-UCB. Observe that regret scaling of GP-TS is O(vy7\/dT') which is a multiplica-
tive /d factor away from the bound O('YT V/T) obtained for IGP-UCB and similar behavior is reflected in
our simulations on synthetic data. The additional multiplicative factor of y/d In(BdT') in the regret bound of
GP-TS is essentially a consequence of discretization. How to remove this extra logarithmic dependency, and
make the analysis discretization-independent, remains an open question.

Remark. The regret bound for GP-TS is inferior compared to IGP-UCB in terms of the dependency
on dimension d, but to the best of our knowledge, Theorem {4 is the first (frequentist) regret guarantee of
Thompson Sampling in the agnostic, non-parametric setting of infinite action spaces.

Linear Models and a Matching Lower Bound. If the mean rewards are perfectly linear, i.e. if there
exists a § € R? such that f(z) = 6Tz for all z € D, then we are in the parametric setup, and one way
of casting this in the kernelized framework is by using the linear kernel k(x, ') = xT2’. For this kernel,
yp = O(dInT), and the regret scaling of IGP-UCB is O(dv/T) and that of GP-TS is O(d®/2\/T), which
recovers the regret bounds of their linear, parametric analogues OFUL (Abbasi-Yadkori et al., [2011) and
Linear Thompson sampling (Agrawal and Goyal, 2013)), respectively. Moreover, in this case d = d, thus
the regret of IGP-UCB is v/d factor away from that of KernelUCB. But the regret bound of KernelUCB also
depends on the number of arms N, and if N is exponential in d, then it also suffers O(d\/f ) regret. We
remark that a similar O(lnS/ it ) factor improvement, as obtained by IGP-UCB over GP-UCB, was achieved
in the linear parametric setting by |Abbasi-Yadkori et al.| (2011) in the OFUL algorithm, over its predecessor
ConfidenceBall (Dani et al., [2008)). Finally we see that the for linear bandit problem with infinitely many
actions, IGP-UCB attains the information theoretic lower bound of Q(d\/T) (see Dani et al.| (2008)), but
GP-TS is a factor of v/d away from it.

5. Overview of Techniques

We briefly outline here the key arguments for all the theorems in Section 4] Formal proofs and auxiliary
lemmas required are given in the appendix.

Proof Sketch for Theorem 1} It is convenient to assume that K, the induced kernel matrix at time ¢, is
invertible, since this is where the crux of the argument lies. First we show that for any functiong : D — R

and for all ¢ > 0, thanks to the sub-Gaussian property , the process {Mtg = exp(elygre — 3 ngHQ)}
¢

is a non-negative super-martingale with respect to the filtration 7, where g1.¢ := [g(21), ..., g(x¢)]? and in
fact satisfies E [M/] < 1. The chief difficulty is to handle the behavior of M; at a (random) stopping time,
since the sizes of quantities such as €., at the stopping time will be random.

We next construct a mixture martingale M; by mixing M/ over g drawn from an independent G Pp (0, k)
Gaussian process, which is a measure over a large space of functions, i.e., the space R”. Then, by a change
of measure argument, we show that this induces a mixture distribution which is essentially N'(0, K;) over

. . . . .. _ 1 1 2
any desired finite dimension ¢, thus obtaining M; = W) exp (2 llewellrs K1 ) Next from the

fact that E [M,] < 1 and from Markov’s inequality, for any ¢ € (0, 1), we obtain

P [||51:T||§K;1+,),1 >2In (mm)] <.

Finally, we lift this bound simultaneously for all ¢ through a standard stopping time construction as in|/Abbasi-
Yadkori et al.|(2011).

Proof Sketch for Theorem Here we sketch the special case of n = 0, i.e. A = 1. Observe
that |p(x) — f(z)| is upper bounded by sum of two terms, P := |k (2)" (K;+ 1) 'e1y| and Q :=
ke (@) (K¢ + 1) 7 fre — f(x)|. Now we observe that o7 (z) = ¢(x)” (@] ®¢ + I)~'¢(z) and use this
observation to show that P = [p(z)” (®] ®; + I) ' ®f 14| and Q = |o(2)” (®F ®; + 1)~ f|, which are




in turn upper bounded by the terms o () ||.S; val and || f||,, o+(x) respectively. Then the result follows using

Theorem along with the assumption that || f||, < B and the fact that £ In(det( + K;)) < -, almost surely
(see Lemma [3) when K; is invertible.

Proof Sketch for Theorem 3} First from Theorem 2] and the choice of z; in Algorithm[I} we show that
the instantaneous regret r; at round ¢ is upper bounded by 23;0;_1 () with probability at least 1 — §. Then
the result follows by essentially upper bounding the term Z;‘FZI ot—1(x¢) by O(v/T~r) (Lemma E in the
appendix).

Proof Sketch for Theorem[d] We follow a similar approach given in[Agrawal and Goyal| (2013) to prove
the regret bound of GP-TS. First observe that from our choice of discretization sets D;, the instantaneous
regret at round ¢ is given by 1y = f(z*) — f([2*],) + f([z*]e) — f(z¢) < & + Ay(z), where Ay(z) =
f([z*]¢) — f(x) and [x*]; is the closest point to 2* in D;. Now at each round ¢, after an action is chosen, our
algorithm improves the confidence about true reward function f, via an update of ;(-) and k¢ (-, -). However,
if we play a suboptimal arm, the regret suffered can be much higher than the improvement of our knowledge.
To overcome this difficulty, at any round ¢, we divide the arms (in the present discretization D;) into two
groups: saturated arms, Sy, defined as those with A;(x) > c¢io4—1(x) and unsaturated otherwise, where ¢,
is an appropriate constant (see Definition[I} 3). The idea is to show that the probability of playing a saturated
arm is small and then bound the regret of playing an unsaturated arm in terms of standard deviation. This
is useful because the inequality >, , ov—1(x:) < O(v/Tr) (Lemma allows us to bound the total regret
due to unsaturated arms.

First we lower bound the probability of playing an unsaturated arm at round ¢. We define a filtra-
tion ]—',;7 1 as the history H;_; up to round ¢ — 1 and prove that for “most” (in a high probability sense)

]:t,fl’ P {xt € D\ Sy ] ]-';71] > p — 1/t, where p = 1/4e\/7 ( Lemma|9). This observation, along

with concentration bounds for f;(z) and f(z) (Lemma|f) and “smoothness” of f (Equation [7), allow us
to show that the expected regret at round ¢ is upper bounded in terms of o;_1(x), i.e. in terms of re-

gret due to playing an unsaturated arm. More precisely, we show that for “most” .7-';71, E [rt ‘ .7—',;7 1] <

%E {Jt,l(xt) | }'tlfl} +28¢L (Lemma, and use it to prove that X; ~ r; — 1;” o1 () — 2t > 1

is a super-martingale difference sequence adapted to filtration {]—',; bi>1 (Lemma. Now, using the Azuma-

Hoeffding inequality (Lemma , along with the bound on ZtT:l ot—1(x¢), we obtain the desired high-
probability regret bound.

6. Experiments

In this section we provide numerical results on both synthetically generated test functions and functions from
real-world data. We compare GP-UCB, IGP-UCB and GP-TS with GP-EI and GP-P

Synthetic Test Functions. We use the following procedure to generate test functions from the RKHS.
First we sample 100 points uniformly from the interval [0, 1] and use that as our decision set. Then we
compute a kernel matrix K on those points and draw reward vector y ~ N(0, K). Finally, the mean of
the resulting posterior distribution is used as the test function f. We set noise parameter R? to be 1% of
function range and use A = R?. We used Squared Exponential kernel with lengthscale parameter I = 0.2 and
Matérn kernel with parameters v = 2.5, = 0.2. Parameters [, Bt, v, of IGP-UCB, GP-UCB and GP-TS are
chosen as given in Section with § = 0.1, B2 = fT K f and ~; set according to theoretical upper bounds for
corresponding kernels. We run each algorithm for 7" = 30000 iterations, over 25 independent trials (samples
from the RKHS) and plot the average cumulative regret along with standard deviations (Figure[I)). We see a
significant improvement in the performance of IGP-UCB over GP-UCB. In fact IGP-UCB performs the best
in the pool of competitors, while GP-TS also fares reasonably well compared to GP-UCB and GP-EI/GP-PI.

We next sample 25 random functions from the GP(0, K) and perform the same experiment (Figure
for both kernels with exactly same set of parameters. The relative performance of all methods is similar to

11. GP-EI and PI perform similarly and thus are not separately distinguishable in the plots.
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Figure 1: Cumulative regret for functions lying in the RKHS corresponding to (a) Squared Exponential ker-
nel and (b) Matérn kernel.
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Figure 2: Cumulative regret for functions lying in the GP corresponding to (a) Squared Exponential kernel
and (b) Matérn kernel.

that in the previous experiment, which is the arguably harder “agnostic” setting of a fixed, unknown target
function.

Standard Test Functions. We consider 2 well-known synthetic benchmark functions for Bayesian Op-
timization: Rosenbrock and Hartman3 (see[Azimi et al| (2012)) for exact analytical expressions). We sample
100 d points uniformly from the domain of each benchmark function, d being the dimension of respective
domain, as the decision set. We consider the Squared Exponential kernel with [ = 0.2 and set all parameters
exactly as in previous experiment. The cumulative regret for 25 independent trials on Rosenbrock and Hart-
man3 benchmarks is shown in Figure [3] We see GP-EI/PI perform better than the rest, while IGP-UCB and
GP-TS show competitive performance. Here no algorithm is aware of the underlying kernel function, hence

10
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Figure 3: Cumulative regret for (a) Rosenbrock and (b) Hartman3 benchmark function.

we conjecture that the UCB- and TS- based algorithms are somewhat less robust on the choice of kernel than
EI/PL.

Temperature Sensor Data. We use temperature datﬂ collected from 54 sensors deployed in the Intel
Berkeley Research lab between February 28th and April 5th, 2004 with samples collected at 30 second
intervals. We tested all algorithms in the context of learning the maximum reading of the sensors collected
between 8 am to 9 am. We take measurements of first 5 consecutive days (starting Feb. 28th 2004) to
learn algorithm parameters. Following |Srinivas et al.[ (2009), we calculate the empirical covariance matrix
of the sensor measurements and use it as the kernel matrix in the algorithms. Here R? is set to be 5% of
the average empirical variance of sensor readings and other algorithm parameters is set similarly as in the
previous experiment with v, = 1 (found via cross-validation). The functions for testing consist of one set of
measurements from all sensors in the two following days and the cumulative regret is plotted over all such test
functions. From Figure[d] we see that IGP-UCB and GP-UCB performs the same, while GP-TS outperforms
all its competitors.

Light Sensor Data. We take light sensor data collected in the CMU Intelligent Workplace in Nov 2005,
which is available online as Matlab structure'*|and contains locations of 41 sensors, 601 train samples and 192
test samples. We compute the kernel matrix, estimate the noise and set other algorithm parameters exactly
as in the previous experiment. Here also GP-TS is found to perform better than the others, with IGP-UCB
performing better than GP-EI/PI (Figure [).

Related work. An alternative line of work pertaining to X'-armed bandits (Kleinberg et al.,|2008; Bubeck
et al., 2011} (Carpentier and Valko, 2015} |Azar et al.,[2014)) studies continuum-armed bandits with smoothness
structure. For instance, (Bubeck et al., 2011) show that with a Lipschitzness assumption on the reward

function, algorithms based on discretizing the domain yield nontrivial regret guarantees, of order Q(T%)
in R, Other Bayesian approaches to function optimization are GP-EI (Mockus| 1975), GP-PI (Kushner,
1964), GP-EST (Wang et al.l [2016) and GP-UCB, including the contextual (Krause and Ong| [2011)), high-
dimensional (Djolonga et al., 2013} |Wang et al.| [2013)), time-varying (Bogunovic et al., 2016) safety-aware
(Gotovos et al.l 2015), budget-constraint (Hoffman et al., 2013) and noise-free (De Freitas et al., 2012)
settings. Other relevant work focuses on best arm identification problem in the Bayesian setup considering
pure exploration (Griinewélder et al.| 2010). For Thompson sampling (TS), Russo and Van Roy| (2014)

12.http://db.csail.mit.edu/labdata/labdata.html
13. http://www.cs.cmu.edu/~guestrin/Class/10708-F08/projects/lightsensor.zip
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Figure 4: Cumulative regret plots for (a) temperature data and (b) light sensor data.

analyze the Bayesian regret of TS, which includes the case where the target function is sampled from a GP
prior. Our work obtains the first frequentist regret of TS for unknown, fixed functions from an RKHS.

7. Conclusion

For bandit optimization, we have improved upon the existing GP-UCB algorithm, and introduced a new GP-
TS algorithm. The proposed algorithms perform well in practice both on synthetic and real-world data. An
interesting case is when the kernel function is also not known to the algorithms a priori and needs to be
learnt adaptively. Moreover, one can consider classes of time varying functions from the RKHS, and general
reinforcement learning with GP techniques. There are also important questions on computational aspects of
optimizing functions drawn from GPs.
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Appendix
A. Proof of Theorem 1]

For a function g : D — R and a sequence of reals n = (n;)$2, define for any ¢ > 0

)
where the vector g1.¢ , = [g(z1) + n1,...,g(x:) + ne]?. We first establish the following technical result,
which resembles [Abbasi- Yadkori et al.[ (2011, Lemma 8).

T R2
MP" = exp (51;t91:t,n - l91:¢,n

Lemma 2 For fixed g and n, { M }{2 is a super-martingale with respect to the filtration {F; }32,,.

Proof First, define
2

A" = exp (2algl) + ) = - (gl) + m0)?).

Since x; is F;_1-measurable and ; is F;-measurable, M"" as well as AJ" are F; measurable. Also, by the
conditional R-sub-Gaussianity of &, we have

2 p2
VA € R, }E[eA‘g‘ ’]:t_l] Sexp(/\f )7

which in turn implies E [Af’n | ]—'t,ﬂ < 1. We also have

E [M{™ | Fooi]
= E[MIMAP" | Fioy] = METE AP | Fooy] < MPT,
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showing that { MJ""}£2, is a non-negative super-martingale and proving the lemma. |

Also observe that E [MJ"] < 1 forall t, as
E[M{™ <E[M] < <E[MJ"]=E[l] =1.

Now, let 7 be a stopping time with respect to the filtration {F;}72,. By the convergence theorem for non-
negative super-martingales (Durrett, [2005), M %" = tlim Mtg " exists almost surely, and thus M9™ is well-
— 00

defined. Now let Q7" = Mﬁl’iﬁ{T i t > 0, be a stopped version of {M;""};. By Fatou’s lemma (Durrett,
2005)),
g ) gn] .. an
BUME"] = E[Jim Qt"] =E [iminr ot
. . g,n
< htrglong[ il
_ . . g,n
= liminfE [ Mg <, ®)

since the stopped super-martingale (M 9.1 ) is also a super-martingale (Durrett, 2005)).
t

min{7,t}

Now, let F, be the o-algebra generated by {F;}22,, and let N = (N;)$2, be a sequence of independent
and identically distributed Gaussian random variables with mean 0 and variance 7, independent of F,. Let
h : D — R be a random function distributed according to the Gaussian process measure GPp(0, k), and
independent of both Fo, and (N;)52;.

For each t > 0, define M; = E [MthN } .7-'00]. In words, (M}); is a mixture of super-martingales of the

form MJ"", and it is not hard to see that (M;); is also a (non-negative) super-martingale w.r.t. the filtration
{Fi}t, hence M, = tlim M, is well-defined almost surely. We can write
—00

E[M,] :IE[MZ”N} —E {IE [M[”N | hNH <E[l]=1 V.

An argument similar to also shows that E[M,] < 1 for any stopping time 7. Now, without loss of
generality, we assume R = 1 (this can always be achieved through appropriate scaling), and compute

M, = E {exp (e{thlm - % ||h1;t,N||2> \]—'oc}
_ / / exp (e{t([h(xl) b))+ 2) — % [[(z1) - h(z))” + 2| )dul(h)dug(z)
RD JRe
= [ e (A= F I ) ran

where ji; is the Gaussian process measure G Pp (0, k) over the function space RP = {g : D — R}, gy is
the multivariate Gaussian distribution on R? with mean 0 and covariance 1/ where I is the identify, du is
standard Lebesgue measure on R?, and f is the density of the random vector [h(x1) ... h(z¢)]T + 2, which
is distributed as the multivariate Gaussian N (0, K; + nI) given the sampled points x1, . .., ; up to round ¢,
where K is the induced kernel matrix at time ¢ given by K (4, j) = k(x;, x;), 1 <i,j < t. (Note: K} is not
positive definite and invertible when there are repetitions among (21, . .., x), but Ky + nI is).

Thus, we have

1 2 Il "
M, = / exp [ T\ — IMI” Ll Gy A
T et D) 2 2

eI 2
) ) [ o (_|A—m||2_IIAH(K,,W)1>dA
Rt

V/(2m)tdet(K; +nl) 2 2
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Now for positive-definite matrices P and )
2 2 - 2 2 2
lz = allp + llzlly = ||z = (P + Q)™ Pa|[ o + lallp = 1Pall{psqy-1 -
Therefore,

2 2
A= evall? + 1N rys
1y 2 5 )
= H)‘_(I+(Kt+771) 1 1151:tHI+(Kt+nI)*1 + |lewell7 — ||Iel:tH(I+(Kt+nI)71)717
which yields
1 exp (5 el )
X - . 1y —
Jemtde( K, 1) P\ Il emn )
1 —1\—1 2
X/Rt exp (= 5 I = T+ (o)) e} gy o )
1 ex (3 llewal? )
X — . T
Aot t D) dot(K, D) Tx D) P Az EEl i n =y

ex - . —1)y—1 |
Jdet(I 1 K, + ) P g el (k+nn)-1)

Mt =

since for any positive definite matrix A € RY,

/Rt exp(— %(xfa)TA(xfa))dsc = /Rt eXp(f % ||xfa||124)dx: V(27)t/ det(A).

Now as E [M,] < 1, using Markov’s inequality gives, for any ¢ € (0, 1),

P [llevr Iy 1401 > 210 (VAU(T+ )T + K7)/5)|
= P[M, >1/8 < SE[M,] <. 9)

To complete the proof, we now employ a stopping time construction as in|Abbasi-Yadkori et al.| (2011)). For
each t > 0, define the ‘bad’ event

B,(6) = {w € Q: llevtll sy nry-11py-1 > 2In (\/det((l o+ Kt)/é)},

so that

P [ Bi(9)

>0

_ P [at >0 evall? g4y 14y < 21 (\/det((l )l + Kt)/é)} :

which is the probability required to be bounded by ¢ in the statement of the theorem.
Let 7’ be the first time when the bad event B,(d) happens, i.e., 7/(w) := min{t > 0 : w € By(d)}, with
min{@} := oo by convention. Clearly, 7’ is a stopping time, and

U Bi(0) ={w e Q: 7' (w) < o0}

t>0
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Therefore, we can write

P | Bi(o)

t>0

= P < ]
P {Hgl,,Hf(KT/W),IH),l >2In <\/det((1 Ty KT,)/a),T' < oo]

P levr 2, gny 100y > 200 (VAel((T+ )T+ K- /5)| <3,

IN

by the inequality (9).

When K is positive definite (and hence invertible) for each ¢ > 1, one can use a similar construction
as in Part 1, with n = 0 (i.e., IV is the all-zeros sequence with probability 1), to recover the corresponding
conclusion (6) with n = 0. |

Proof of Lemma 1l

Define, for each time ¢, the ¢ x oo matrix ®; := [¢(z1) - -- ¢(z¢)]T, and observe that V; = I + ®] ®, and
K; = ®;®T. With this, we can compute

t t
_ -1
||StH%/t’l = StTV;t lst = ng(p(xs)T (I + (I)tT(bt> ZES@(‘IS)
s=1 s=1

-1
=el, @ (I +@] Q) @] cry
-1
=l @07 (0,07 +1) e
= E?:th (K¢ + I)_l €1:¢

_ —1
=l (K7 +1) 7 e = e

(K'+n) ™

completing the proof.

B. Information Theoretic Results

Lemma 3 For every t > 0, the maximum information gain -y, for the points chosen by Algorithm[I| and 2]
satisfy, almost surely, the following :

1
v 51n(det([+ AR,
1<
"oz g Z‘; In(1+A"to?_ (x,)).
Proof At round ¢ after observing the reward vector y;.; at points A; = {z1,...,2:} C D, the information

gain - by the algorithm - about the unknown reward function f is given by the mutual information between
f1.¢ and y1.; sampled at points A;:

I(y1ats fre) = H(yre) — H(yre | fre),
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where y1.¢ = fi.+e1t = [Y1, - Y] Ly fre = [f(w1), ..., f(z4)]T and €14 = [e1, ..., & . Clearly, given
f1.¢ the randomness - as perceived by the algorithm - in y;.; are only in the noise vector £1.; and thus

1
H(y1. ‘ fie) = 5 In(det(2melv?)) = %log@ﬁe)\vz),

as €1, is assumed to follow the distribution A'(0, Av?I) and H (N (u, X)) = % In(det(2meX)). Now y;., sam-
pled at points A, is believed to be distributed as N'(0, v (K;+AI)), which gives H (y1.;) = 3 In(det(2mev? (A +

Ky))) = £log(2meAv?) + L In(det(I + A"'K,)), and therefore

1
I(y1.e; fr) = 3 In(det(I + \71Ky)). (10)

Again, conditioned on reward vector y1.s_1 observed at points A,_1, the reward y, at round s observed at
x, is believed to follow the distribution N (11s—1 (), v*(A + 02_;(x,))), which gives H(ys | y1:s—1) =
L1n(2rev?(A + 02y (z,))) = 2 In(2meAv?) + 1 In(1 + A~'o?_;(x,)). Now by chain rule H(yi.;) =
S H(ys | y1:-1) = £ In(2merv?) + & S In(1 4+ X"o2_,(x,)), and therefore

1 t
I(ylzt;fl:t) = 5211’1(14—)\7103—1(1‘8))' (11)
s=1

Now I(y1.+; f1.¢) is a function of A; C D, the random points chosen by the algorithm and thus

I(yi.g; f1) < I(ya; = a.s.
(yl.tafl‘t) > AC%lji(\:t (yAa fA) Yty S.,

Now the proof follows from Equation[I0]and [T} |

Lemmad Let x1,...x; be the points selected by the algorithms. The sum of predictive standard deviation
at those points can be expressed in terms of the maximum information gain. More precisely,

Z or—1(x:) < AT + 2)7yr.
t=1

Proof First note that, by Cauchy-Schwartz inequality, Zthl or1(xt) < /TS h_, 02 (x;). Now since
0 < 02 4(x) < 1forall z € D and by our choice of A\ = 1+ 7,7 > 0, we have A\"to? | (z;) <
2In(1+A"1o?_;(x1)), where in the last inequality we used the fact that for any 0 < o < 1, In(1+a) > a/2.
Thus we get 07, (x¢) < 2AIn(1 + A"to? ;(x)). This implies

T T T
1
S osi(@) < 4|27 AIn(1+A107 (2) < ([4TAY (L + 07 (2)) < VAT (14 n)yr,
t=1 t=1 t=1
where the last inequality follows from Lemma Now the result follows by choosing n = 2/T. |
C. Proof of Theorem 2

First define ¢(z) as k(z,-), where ¢ : R — H maps any point = in the primal space R¢ to the RKHS
H associated with kernel function k. For any two functions g, h € H, define the inner product (g, h)) as
g" h and the RKHS norm ||g||,, as v/g”g. Now as the unknown reward function f lies in the RKHS Hy (D),
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these definitions along with reproducing property of the RKHS imply f(x) = (f, k(z, ))x = ([, () =
fTo(x) and k(x, 2') = (k(z,-), k(2', )i = (p(x), o(2")) = ()T p(2’) for all z, 2" € D. Now defining
Py = [p(z1)T, ..., (p(xt)T}T, we get the kernel matrix K; = ®,®7, ky(z) = ®p(z) for all z € D and
fi. = ®.f. Since the matrices (®7 ®; + I) and (®,® + ) are strictly positive definite and (®7 ®; +
AN®T = o1'(®,8] + A\I), we have

o7 (@07 + A~ = (o @, + A1) 'D]. (12)
Also from the definitions above (®7 ®; + AI)p(z) = T ki(x) + Ap(x), and thus fromwe deduce that
o(x) = OT (B + XI) " ki (2) + M DT & + X)L io(x),

which gives

p(2)o(x) = ke(2) (2@} + M) ke (@) + Ap(x) T (2F D¢ + M) ().
This implies

Mo(@)T(@F @y + A Lo(x) = k(2 2) — ke(2)T (K 4+ M) 7k (2) = 02 () (13)
Now observe that

|f(2) = k()T (K + M) 7 ] = Jo(@) f — o(2)T @ (2,0] + M) '@, f|
lo(@)" f — (@) (@] @y + M) 'O D, f|
| Ap(2) T(<I>T<I>t + AT *1f|

IA@T D, + A1) (@), 111,

IN

11l AP@)T (@F @, + XD —IAI(@F &, + AT)~ ()

By Ap()T (7@, + A1)~ ($7 B, + AI)(®] D, + M)~ 1ip(a)
= Bo(z),

where the second equality uses [I2} the first inequality is by Cauchy-Schwartz and the final equality is from
[[3] Again see that

ke (2)T (K + M) ey |o(x) T<I>T(<I>t<I>T+)\I)’151t|
lo(@)" (2] 4 + AI) ' 0 1.4

H (@T®, + M)~ Y2p(x) Hk H <I>tT<I)t+)\[)’1/2<I>tT51;tHk

IN

Vo@)T (@70, + AD) o)/ (@7 21.0)T (@70, + )17 21,y

)\71/20}(33) 8?]5(1)15‘1)?((1)75@? + /\I)_lé‘l:t

A 20y (x )\/51fKt(Kt+>\I) leys

where the second equality is from[12] the first inequality is by Cauchy-Schwartz and the fourth mequahty uses
both. and. 13| Now recall that, at round ¢, the posterior mean function pi;(z) = k¢(2)T (K + M) Ly =

ki (z)T (Ky+ M) 7 (f1: + 1), where fr. = [f(z ),...,f(xt)} and ey, = [51,...,5t]T. Thus we have
(@) — f(@)] < |ke(2)T (K 4+ M) er] + [ f(@) — k(@) T (Ky + A 7! fra

< o) (B+ () ALK+ (D) ),
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where we have used A = 1 + 7, where 7 > 0 as stated in Theorem Now observe that when K is invertible,
KK+ '=(K+I)K ) t'=(I+K 1) ! Using K = K; + nl, we get

(K +nD) (K + 1+~ = (Ke+nl) "+ 1)~
Now see that
eLi K (K + (L))" lery < el (K + ) (K + (L)) lery = el (Ko + D)~ + 1) tery

Now using Theorem 1} for any 6 € (0, 1), with probability at least 1 — §, Vt > 0,V € D, we obtain

(@) = F@)| < 02(@) (B + vl s -14n1 ) < oel@) (B + R\/Q 1y Vdet((1 +6n)1 T Kt))

Now observe that det((1 + 7)1 + K;) = det(I + (1 + 1)1 K;) det((1 + n)I). Thus we have

In(det((1 +n)I + K;)) = In(det(I + (1 +n) " K;)) +tIn(l +n) < 2y +nt,

from lemma Now choosing 7 = 2/T we have |u:(x) — f(z)] < o) (B + R\/Z('yt +1+ ln(l/é)))
and hence the result follows.

D. Analysis of IGP-UCB (Theorem [3)

Observe that at each round ¢ > 1, by the choice of z; in Algorithm (I} we have p;—1(z¢) + Bror—1(zt) >
pe—1(z*) 4+ Beor—1(z*) and from Lemma 2] we have f(z*) < pe—1(2*) + Bror—1(x*) and p—1 (z) —
f(xy) < Broi—1(xt). Therefore for all ¢ > 1 with probability at least 1 — 4,

re = f(@") = f(x)
< 5t0t71($t) + Mtfl(ﬂﬁt) - f(CUt)
< 2801 (),
T T T
and hence > r: < 207 > 0¢—1(2¢). Now from LemmaH > ot—1(xt) = O(/Tr) and by definition
=1 i=1 =1

Br < B+ R\/2(yr + 1+ In(1/5)). Hence with probability at least 1 — 4,

T

Rr=Y r = O(B\/TWT +/Tyr(yr + ln(1/5)))7

t=1

and thus with high probability,
RT = O(\/T(B\/’}/T + ’YT)) .

E. Analysis of GP-TS (Theorem {)
Lemma 5 For any § € (0,1) and any finite subset D’ of D,

}P’[Vac € D' [ful) — p1(2)] < v/2 (D 2) 0y 1 (2) | HH} >1- 1/t

for all possible realizations of history H._1.
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Proof Fix x € D and ¢ > 1. Given history H¢_1, fi(z) ~ N (t—1(x),vio?_,(z)). Thus using Lemma B4
of Hoffman et al.|(2013), for any 6 € (0, 1), with probability at least 1 — ¢§

|fi(x) — pe—1(x)| < /2In(1/6) vior_1(2),

and now applying union bound,

[Fi(@) = pe—1 ()] < 0y/2I([D'] /8) 011 () Var € D'

holds with probability at least 1 — &, given any possible realizations of history H;_;. Now setting § = 1/t2,
the result follows. u

Definition 1 Define For allt > 1, ¢; = \/4 Int + 2dIn(BLrdt?) and ¢y = vi(1 + &), where vy = B +
R\/2(vi—1 + 1+ In(2/0)). Clearly, c; increases with t.

Definition 2 Define E/(t) as the event that for all x € D,

-1 () = f(2)] < viora (),

and E't(t) as the event that for all x € D,

|fe(x) = p—1(x)| < viCror1 ().

Definition 3 Define the set of saturated points Sy in discretization Dy at round t as
Sy :={x € Dy : Ay(z) > cror_1(2)},

where Ay(x) := f([x*]t) — f(2), the difference between function values at the closest point to =* in D, and
at x. Clearly Ay([x*]¢) = O for all t, and hence [x*]; € Dy is unsaturated at every t.

Definition 4 Define filtration .7-";_1 as the history until time t, i.e., -7:1:/—1 = H+_1. By definition, ]:{ CFyC
. Observe that given .7-";_1, the set S; and the event EY (t) are completely deterministic.

Lemma 6 Givenanyé € (0,1), P [Vt > 1, E/(t)| > 1—6/2 and for all possible filtrations F, P [Eff (t) ’ .7:;,1] >
1— 1/t

Proof The probability bound for the event E7(t) follows from Theorem Iby replacing § w1th £ and for the
event £/t (t) follows from Lemmalby setting D' = Dy and Hy_y = F, ;. [ |

Lemma 7 (Gaussian Anti-concentration) For a Gaussian random variable X with mean p and standard
deviation o, for any B > 0,
X - e’
P { £ ﬂ}

~ 4ymp

Lemma 8 For any filtration F,_, such that E7 (t) is true,

P[fi(@) > f(2) | Fioa| = p.

forany x € D, where p = 461/;.
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Proof Fix any € D. Given filtration F, ,, f;() is a Gaussian random variable with mean ;1 () and
standard deviation v;0,_; () and since event E/ (¢) is true, |p;—1(x) — f(x)| < e1,404—1(x). Now using the
anti-concentration inequality in Lemmal[7] we have

P [ft(x) > f(x) | ]-'1;,1} - P [ft(x) — pre—1(x) o f(@) — pu—1(z) | ]_-t'l]

veor—1(x) vy ()
Je(@) — () _ |f(x) = (@) |
= F [ veor—1(x) > V1011 () | ft1:|
1y
> n

4 /7B

where, from Deﬁnition 0, = M < 1. Therefore P [ft( ) > f(a) | ft,l} > 4(,\f, and hence

viop—1(x

the result follows. |

Lemma 9 For any filtration F,_, such that E7 (t) is true,

P [xt €D\ S | f;_l} >p— 1/

Proof At round ¢ our algorithm chooses the point x; € D, at which the highest value of f;, within cur-
rent decision set Dy, is attained. Now if f;([z*];) is greater than f;(x) for all saturated points at round ¢,
ie.,fi([x*]:) > fi(z),Ya € Sy, then one of the unsaturated points (which includes [x*];) in D; must be
played and hence z; € D, \ S;. This implies

P {xt €D\ S | f;_l} >P [ft([x*]t) > fu(z),Vo € S, | ft’_l} . (14)

Now form Definition 3] A(x) > ctot,l(x), for all z € S;. Also if both the events Ef(t) and E7¢(¢)
are true, then from Definition [[|and 2] fi(z) < f(z) + o 1(z), for all z € Dy. Thus for all z € Sy,
fi(x) < f(z) + A¢(z). Therefore, for any ﬁltratlon ]-'t 1 such that E7(t) is true, either Eft(t) is false, or

else for all z € Sy, fi(z) < f([z*]:). Hence, for any F, , such that E/(t) is true,

PAi(le"]) > ful@), Vo € Si | Fiy| 2 PLAle"]) > f([@*]0) | Foa] =B [BR@) | | 2 p-1/2

where we have used Lemma [6]and Lemma 8] Now the proof follows from Equation [T4] [ |

Lemma 10 For any filtration F, | such that EX (t) is true,

’ 1lc
E[rt|Ft_1:|S7tE|:O’t 1It |‘Ft 1:|+t727

where 14 is the instantaneous regret at round t.
Proof Let Z; be the unsaturated point in D; with smallest o1 (), i.e.,

Ty = argmin oy (). (15)
€D \St

Since 0_1(-) and S, are deterministic given F,_,, so is Z;. Now for any F,_, such that £/ (t) is true,
E |:O't_1(l‘t) | .7:,;_1:| > E [Ut—l(xt) ’ ]:t,—laxt € Dt \ St:| P |:.13t (S Dt \ St | ‘Ft/—1:|
> O'tfl(ft)(p— 1/t2), (16)
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where we have used Equationand Lemma@ Now, if both the events £/ (¢) and E/*(t) are true, then from
Definition[TJand 2] f(z) — c;o4—1(2) < fi(z) < f(2) 4+ ¢to4—1(x), for all 2 € D,. Using this observation
along with Deﬁnitionand the facts that f;(x;) > fi(z) forall z € D, and z; € D; \ S, we have

f([&]e) = f(@e) + f(@e) — flan)

A(Ze) + fie(Te) + ciop1(Te) — fewe) + ciop-1(w4)
ct01-1(Zt) + ci0—1(T¢) + cro—1(2¢)

ct (20t—1(9_3t) + CtUt—l(It))-

At(l“t)

INIA A

Therefore, for any F, , such that Ef (t) is true, either Ay (z;) < ¢; (201—1(Z¢) + crop—1(xy)), or BTt (t) is
false. Now from our assumption of bounded variance, for all z € D, |f(x)| < || f||, k(z,x) < B, and hence

Ay(z) < 2sup |f(z)| < 2B. Thus, using Equation we get
z€D

E [At(xt) ’ .F;71:| S E |:Ct (QUtfl(ft) + CtO'tfl(.’Et)) | f£71i| + 2BP |:Eff (t) | ftlfl]
2Ct 2B
p— 1/t2IE 2

11 /
pCt]E |:O't,1(xt) | ftiljl +

{Jt,l(zt) | }"t/,l} + ¢ E [Utfl(xt) | ]:t/fl:| +

2B
27

IN

a7

where in the last inequality we used that 1/(p — 1/t?) < 5/p, which holds trivially for ¢ < 4 and also holds
fort > 5, as t?> > 5e./m. Now using Equation we have the instantaneous regret at round ¢,

re = f(@") = f([2"]e) + f([27]e) = flae) < %2 + A(me),

and then taking conditional expectation on both sides, the result follows from Equation[T7] |

Definition 5 Let us define Yy = 0, and forallt =1,...,T:

Fo= 1 {ES(1)),
_ 11e 2B+1
Xt = T — tUt—l(ﬂft)*tig;
t
o o= ) X
s=1

Definition 6 A sequence of random variables (Z;;t > 0) is called a super-martingale corresponding to a
filtration Fy, if for all t, Z; is Fy-measurable, and fort > 1,

E [Zt | ]'—t—l} < Zia.

Lemma 11 (Azuma-Hoeffding Inequality) If a super-martingale (Z;;t > 0), corresponding to filtration
Fy, satisfies | Zy — Zy—1| < «y for some constant oy, forallt = 1,..., T, then for any 6 > 0,
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Lemma 12 (Y;;t =0,...,T) is a super-martingale process with respect to filtration ]-"t/.

Proof From Deﬁnition@ we need to prove that forall ¢ € {1, ..., 7T} and any possible ]-'tl_l, E [Y} —-Y 1 ’ .7:;_1} <

0,1i.e.
{rtlft 1] < %E {Jt 1($t)|}—t 1} +

2B+1
t2

Now if F,_, such that E7 (t) is false, then 7, = r,-I{ E/ ()} = 0, and Equationholds trivially. Moreover,

for ]—";_1 such that both Ef(t) is true, Equation |18|follows from Lemma |

(18)

Lemma 13 Given any ¢ € (0, 1), with probability at least 1 — 6,

T
llc 2B + 1)7? 4B 4 11)c
:z:: TZcrt 1(xy) ( G ) —|—( ’ Jer 2T 1n(2/9),

where T is the total number of rounds played.
Proof First note that from Definition[S|forall ¢t = 1,..., T,
_ 11c 2B +1
Vi = Yioa| = [ X| < || + Ttat,l(xt) + -
Now as 7y < 7y < 2sup |f(x)| < 2B and 02 | (7;) < 03(x4) < 1, we have
zeD

11¢, 2B+1 (4B+11
Vi~ Vi <2B 4 = 4 22 F < @B+ 1her
P t2 P

which follows from the fact that 2B < 2Bc;/p and also (2B + 1)/t < 2Bc;/p. Thus, we can apply
Azuma-Hoeffding inequality (Lemma [11)) to obtain that with probability at least 1 — §/2,

T T

Z%O’t 1 ZZ?t Z + 2/5 274B+11
t=1

t=1 =

IN

T
DT
t=1

T
11 2B + 1)x? 4B + 11
CTZUt 1(x¢) + @B+ 1) + (4B + Wer 2T In(2/9),
6
as by definition ¢; < cr forallt € {1,...,T}. Now, as the event E/(¢) holds holds for all ¢ with probability
at least 1 — ¢/2 (see Lemma @ then from Definition [5| #; = r; for all ¢ with probability at least 1 — §/2.

Now by applying union bound, the result follows. ]
Proof of Theorem 4]
T
From Lemmad|we have, Y o:_1(x:) = O(v/T~r). Also from Definition ,
i=1

Cr

IN

B+ R\/2(yr +1+1n(2/6)) + (B + Ry/2(yr + 1+ 1n(2/6) ) V) \/4InT + 2dIn(BLrdT?)

= 0Vl + W(@/5)(nT + dWn(BdT)) + By/dn(BdT))

= O(\/(w n 1n(2/6))d1n(BdT)).
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Hence, from Lemma [I3] with probability at least 1 — 0,

Rr=0 <\/(7T ¥ In(2/6))dn(BdT) (\/TWT + B\/m))
and thus with high probability,
Ry = O(\/T+}dn(BdT) + By/Tyrdn(BdT))
0( Tdn(BdT) (B\/TT + w)) .

F. Recursive Updates of Posterior Mean and Covariance

We now describe a procedure to update the posterior mean and covariance function in a recursive fashion
through the properties of Schur complement (Zhang| (2006)) rather than evaluating Equation [2and 3] at each
round. Specifically for all £ > 1 we show the following:

ke—i(z,x¢)
A+ o7 (x)
kt—l(x7xt)kt—1(xtaxl)
A7 (2)
k?fl(xvxt)
)\+0t271(93t).

pe(r) = p—1(x) + (Yt — pe—1(w¢)), (19)

kt(zrx/) = kt—l(zvx/) - (20)

oi(x) = o () -

(2D
These update rules make our algorithms easy to implement and we are not aware of any literature which
explicitly states or uses these relations.

First we write the matrix K; + A as [é g], where A = Ky 1 + M, B = k;_1(x;), C = BT and

D = X\ + k(x¢, x¢). Now using Schur’s complement we get

A B]7'  [AT'4A'BBCAT! —A"'Bp
c b T | -poca 3
_ [A'4+BA'BBTA™! —BA'B
L —ABTA™! g
_ [AT 4By —Ba
| BT B’

where 3 = (D —CA™'B)"! =1/(D - BTA™'B),y = A"'BBTA~! and « = A~'B. Therefore we
have
pe(z) = ke(z)T (K + AN g

- e sl [ 2P

= kt—l(I)T(/rl + B7)y1:e—1 — 5k(ﬂft7x)0¢Ty1:t—1 - ﬂytaTkt—l( ) + Byek(xy, x)
= ktfl(l')TA_lylztfl + ﬁ(ktfl(x)T'Yylztfl - /f(fftvf)OZTylth — Y ktfl( )+ yik(ay, )>7
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where

kioi(@)"A o1 = k()T (Ko + M)  yiaer = e (2),
ktfl(l')T'Vylztfl = ktfl(x)TAilktfl(l't)ktfl(xt)TAilylztfl = (ktfl(xt)TAilktfl(x)) pe—1(2¢),
aTyrecr = k()T A e = e (20),
Tk 1(x) = k1(z)TA ki (2).

Thus we have

(@) = peea(@) + Bk (@) AT ke (@) (a1 () = ) + k(@ @) (u = (@) )

pre—1(x) 4 B (ye — pe—1(4)) (k(xe, ) — ko1 (20)" A" k1 (2)
pe—1(x) + Bh—1(xe, ©) (Y — pe—1(x4)).

Now as
D — BTA_lB = A —+ k(mt,xt) — kt_l(.’lft)T(Kt_l + A[)_lk't_l(l‘t) = )\ —|— 0',52_1(.Tt),
putting 3 = 1/(A + o7_; (z¢)), we obtain Equation Again observe that

ky(z,2")
= k(z,2') — k(2)T (K, + M) "Lk (2)
= k(x,2)) — kg ()T A Ry (o)

+5 (kt_l(x)T’ykt_l(J;’) —k(zy, 2)aT ki1 (&) — k(zy, 2T k1 (z) + k(xy, 2)k(zy, x’))
Now we have

k(z,2') — k1 ()T Ak (2) = ke, o) — ko1 ()T (K1 + M) ke (2) = kyq(,2),

also
Eeo1(2)Tyky_1(2) — k(zy, 2)aT ky_q (2)
= k‘t,1(.Q?)TA_lk'tfl(l‘t)k‘tfl(xt)TA_lkt,1($I> — ki(.Tt, x)kt,l(xt)TA_lkit,l(x')
= (ktfl(iE)TA_lktfl(fEt) — k(l’t, "E))ktfl(xt)TA_lktfl(fEl)
= —k_1(ze, k1 ()T A e (2),
and

E(xe, x)k(ze, ') — k(xg,2)a ki 1 (x) = Kz, o)) (k(zg,2) — ki1 (2)T A k1 (2)
= k(a2 )ki—1 (2, 7).

Putting all these together we get

ky(z,2') = kiq(x,2") — B(k’(ﬂct,x’)kt,ﬂxhx) — kt,l(a:t,x)kt,l(xt)TA_lkt,l(x’))

koo (2, 2") — 5<kt_1(mt, z) (k(xt,x’) — kt_l(xt)TAflkt_l(x')))
= ki_1(z,2") — Bky_1(zg, ) ki1 (24, 7).

Now Equationandfollows by using 3 = 1/(A + 02 ;(x)) and 07 (z) = k¢(z, z). [ |
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