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Abstract

We consider the neural contextual bandit problem.
In contrast to the existing work which primarily
focuses on ReLLU neural nets, we consider a gen-
eral set of smooth activation functions. Under this
more general setting, (i) we derive non-asymptotic
error bounds on the difference between an over-
parameterized neural net and its corresponding
neural tangent kernel, (ii) we propose an algo-
rithm with a provable sublinear regret bound that
is also efficient in the finite regime as demon-
strated by empirical studies. The non-asymptotic
error bounds may be of broader interests as a tool
to establish the relation between the smoothness
of the activation functions in neural contextual
bandits and the smoothness of the kernels in ker-
nel bandits.

1. Introduction

The stochastic contextual bandit has been extensively
studied in the literature (see, Langford & Zhang, 2007;
Lattimore & Szepesvari, 2020, and references therein). In
this problem, at each discrete sequential step, a context
is revealed by the environment. Then, a bandit agent
chooses one of the K available actions. Choosing each
action yields a random reward, the distribution of which
is determined by the context. The problem was primarily
studied under a linear setting where the expected reward
of each arm is a linear function of the context (Chu et al.,
2011; Li et al., 2019b; Chen et al., 2021). It was later
extended to kernel-based models (Valko et al., 2013),
where the expected reward function associated with the
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context-action pairs belongs to the reproducing kernel
Hilbert space (RKHS) determined by a known kernel.
Recently, a variation of the problem has been proposed
where the expected reward function associated with the
context-action pairs is modeled using a neural net (Zhou
et al., 2020; Zhang et al., 2021; Gu et al., 2021; Kassraie
& Krause, 2022). The three contextual bandit settings
mentioned above are increasingly more complex in the
following order: Linear — Kernel-based — Neural.

Contextual bandits find application in recommender sys-
tems, information retrieval, healthcare and finance (see a
survey on applications in Bouneffouf & Rish (2019)). The
problem can also be seen as a middle step from classic
stochastic bandits (Auer et al., 2002) and (non-contextual)
linear bandits (Abbasi-Yadkori et al., 2011) towards a re-
inforcement learning (RL) problem on a Markov decision
process (MDP), where the contexts resemble the states of
the MDP. One of the first formulations of linear contextual
bandits was referred to as associative RL with linear value
function (Auer, 2002). Nonetheless, contextual bandit is
different from RL in that the contexts are determined ar-
bitrarily (adversarially) rather than following a stochastic
Markovian process.

1.1. Existing Results on Neural Contextual Bandits

With neural nets demonstrating a great representation power
(much more general than linear models), there has been an
increasing interest in modeling bandit and RL problems
based on neural nets. This setting can be implemented using
the typical neural net toolboxes. The neural contextual
bandit has been considered in several works: (Zhou et al.,
2020) and (Zhang et al., 2021), respectively, adopted the
upper confidence bound (UCB) and Thompson sampling
(TS) algorithms to the neural bandit setting. The algorithms
are, respectively, referred to as NeuralUCB and NeuralTS.
(Gu et al., 2021) considered a batch observation setting,
where the reward function can be evaluated only on batches
of data. (Kassraie & Krause, 2022) provided analysis for
a variation of NeuralUCB algorithm with diminishing
instantaneous regret.

The analysis of neural bandits has been enabled through
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the theory of neural tangent (NT) kernel (Jacot et al., 2018)
which approximates an overparameterized neural net with
the kernel corresponding to its infinite width, and the bounds
on the approximation error (e.g., see, Arora et al. (2019)).
Zhou et al. (2020), Zhang et al. (2021) and Gu et al. (2021)
proved O(T'x(T)v/T)" bounds on cumulative regret, where
T is the number of steps and I'y(7') is a complexity term
determined by the neural tangent kernel k£ associated with
the particular neural network. Specifically, I'y(T) is the
information gain corresponding to k for datasets of size T
For the ReLLU neural nets on d-dimensional domains con-
sidered in Zhou et al. (2020), Zhang et al. (2021) and Gu
et al. (2021), T (T) = O(T“7") is the best upper bound
known for the information gain (Kassraie & Krause, 2022;
Vakili et al., 2021b). Inserting this bound on I';(T'), the
aforementioned regret bounds become trivial (superlinear)
generally when d > 1, unless further restrictive assump-
tions are made on the contexts. Kassraie & Krause (2022)
addressed this issue by considering the Sup variant of Neu-
ralUCB (referred to as SupNeuralUCB). The Sup variant
is an adoption of SupLinUCB, which was initially intro-
duced in Chu et al. (2011) for linear contextual bandits, to
the neural setting. Kassraie & Krause (2022) proved an
O(\/T(T)T) regret bound for SupNeuralUCB in the case
of ReLU neural nets, which solved the issue of superlinear
regret bound (non-diminishing instantaneous regret).

1.2. Contribution

All the existing works mentioned above, are limited to
neural nets with ReLU activation functions. This limitation
is rooted in the fact that the existing error bound between
an overparameterized neural net and the corresponding NT
kernel (Arora et al., 2019, Theorem 3.2) holds only for
the ReLU neural nets. In Theorem 1, which may be of
broader interest, we extend this result by providing error
bounds for neural nets with arbitrarily smooth activation
functions. Using Theorem 1, together with the recently
established bounds on I'y(7") corresponding to arbitrarily
smooth neural nets (Vakili et al., 2021b), we provide regret
bounds for neural contextual bandits under a more general
setting than only ReLLU activation function. In particular,
in Theorem 3, we prove an @(T%) upper bound
on regret, where s is the smoothness parameter of the
activation functions (s = 1 in the case of ReLLU, and s
grows larger as the activations become smoother). Our
regret bounds recover that of Kassraie & Krause (2022)
for ReLU activations, and can become as small as @(\/T)
when the activations become infinitely smooth.

Broadening the scope of neural bandits to general smooth

'The notations © and O are used for mathematical order and
that up to logarithmic factors, respectively.

activations is of interest in two aspects. Firstly, as shown
in (Li et al., 2019a; Opschoor et al., 2022), deep neural
nets constructed using smoother activation functions
like Rectified Power Units or RePUs provide better
approximation guarantees than those with ReLLUs. This is
particularly true when the function to be approximated is
smooth, which is generally the case in practical applications.
Additionally, smoother activation functions have also been
shown to more suitable for certain applications like implicit
representations (Sitzmann et al., 2020). We explore whether
such advantages of smoother activations reflect in the neural
bandit settings. In particular, the regret bounds with ReLU
neural nets, although sublinear, grow at a fast @(Tzégl)
rate, that quickly approaches the linear rate as d grows. We
show that using neural nets with smoother activations can
significantly reduce rate and thereby affirmatively establish
the benefits of employing smoother activations in neural
nets. Secondly, our results help establish connections
between varying smoothness of activations in neural
bandits and varying smoothness of kernels in kernel-based
bandits . Kernel-based bandits (Srinivas et al., 2010) and
Kernel-based contextual bandits (Valko et al., 2013) are well
studied problems with regret bounds reported for popular
kernels such as Matérn family, which is perhaps the most
commonly used family of kernels in practice (Snoek et al.,
2012; Shahriari et al., 2015). Our regret bound for a neural
contextual bandit problem with activations with smoothness
parameter s is equivalent to the regret bound in the case of
kernel-based bandits with a Matérn kernel (Valko et al.,
2013; Li & Scarlett, 2022) with smoothness parameter
s — % This connection may be of general interest in terms
of contrasting neural nets and kernel-based models through
NT kernel theory.

In Theorem 2, we prove confidence intervals for overpa-
rameterized neural nets with smooth activation functions,
which are later used in the analysis of our algorithm. The
confidence intervals are a consequence of our Theorem 1
and those for kernel regression. In contrast to prior work,
our confidence intervals are tighter and hold for a general
set of smooth activation functions (see Sec. 3).

In addition to the above analytical results for neural ban-
dits with general smooth activation functions, we propose
a practically efficient algorithm. The Sup variants of UCB
algorithms are known to perform poorly in experiments (Ca-
landriello et al., 2019; Li & Scarlett, 2022), including Sup-
NeuralUCB presented in Kassraie & Krause (2022), due
to over-exploration. We propose Neural GCB, a neural con-
textual bandit algorithm guided by both upper and lower
confidence bounds to provide a finer control of exploration-
exploitation trade-off to avoid over-exploration. In the ex-
periments, we show that NeuralGCB outperforms all other
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existing algorithms, namely NeuralUCB (Zhou et al., 2020),
NeuralTS (Zhang et al., 2021) and SupNeuralUCB (Kass-
raie & Krause, 2022).

1.3. Other Related Work

Linear bandits have been considered also in a non-contextual
setting, where the expected rewards are linear in the actions
in a fixed domain (e.g., see the seminal work of Abbasi-
Yadkori et al., 2011). The kernel-based bandits (also re-
ferred to as Gaussian process bandits) have been extensively
studied under a non-contextual setting (Srinivas et al., 2010;
Chowdhury & Gopalan, 2017). The GP-UCB and GP-TS
algorithms proposed in this setting also show suboptimal
regret bounds (see Vakili et al. (2021c) for details). Recently
there have been several works offering optimal order regret
bounds for kernel-based (non-contextual) bandits (Salgia
et al., 2021; Camilleri et al., 2021; Li & Scarlett, 2022).
These results however do not address the additional difficul-
ties in the contextual setting.

There is a large body of work that studies the performance of
overparametrized neural nets (see, for example, Cao & Gu,
2019; 2020; Allen-Zhu et al., 2019) which is closely related
to the NTK approximation studied in this work. While there
are similarities, our proposed technical approach introduces
non-trivial novel analysis over all these studies. Specifically,
all of them consider neural nets with ReLU activation func-
tions. In our work, we derive new results and lemmas that
hold for a larger class of activation functions as opposed
to only the ReL.U activation function. A notable exception
to activation function being ReL U is the work by Du et al.
(2019) where the authors also consider “smooth” activation
functions. However, the activation functions considered in
that work are “smooth” in the sense that the derivative of
the activation function is globally Lipschitz. This is not
necessarily true for the class of activation functions consid-
ered in this work, especially for s > 3. Consequently, our
work extends the results in Du et al. (2019) to a new class
of activation functions.

2. Preliminaries and Problem Formulation

In the stochastic contextual bandit problem, at each discrete
sequential stept = 1,2,...,T, for each action a € [K] :=
{1,2,..., K}, a context vector x; € X is revealed, where
X is a compact subset of R?. Then, a bandit agent chooses
an action a; € [K] and receives the corresponding reward
re = h(X¢q,) + &, where h : R? — R is the underlying
reward function and &; € R is a zero-mean martingale noise
process. The goal is to choose actions which maximize
the cumulative reward over 1" steps. This is equivalent to
minimizing the cumulative regret, that is defined as the
total difference between the maximum possible context-

dependent reward and the actually received reward

T

R(T) = (M(x1,01) = h(%t.a,)), 1)

t=1

where a; € arg max,c|x) h(X¢,q) is the context-dependent
maximizer of the reward function at step ¢. Following is a
formal statement of the assumptions on X', f and &;. These
are mild assumptions which are shared with other works on
neural bandits and NT kernel.

Assumption 1. (i) The input space is the d dimensional
hypersphere: X = S% 1. (ii) The reward function h
belongs to the RKHS induced by the NT kernel, and
h(x) € [0,1], ¥V x € X. (i) & are assumed to
be conditionally v-sub-Gaussian, i.e., for any ( € R,
In(E[eSS [y, ..., &) < CPr?/2.

2.1. The Neural Net Model and Corresponding NT
Kernel

In this section, we briefly outline the neural net model and
the associated NT kernel. Let f(x; W) be a fully connected
feedforward neural net with L hidden layers of equal width
m. We can express f using the following set of recursive
equations:

FOaW) = [ =W, (10 (x)), @

TV = WWx, fO60) = [ =W 0o, (7470 ()

forl<I<L

Let W = (W!);<141 denote the collection of all
weights. The dimensions of weight matrices satisfy:
Wh e R™xd; for 1 < | < L, WO e Rmxm;
WD) ¢ R™ - All the weights W), V 1,4, j, are
initialized to A(0,1) and ¢; := 2/(2s — 1)!l. With
an abuse of notation, o, : R™ — R"™ is used for
coordinate-wise application the activations of the form
os(u) = (max(0,u))® to the outputs of each layer. Note
that o, is s — 1 times differentiable everywhere which gives
our results a general interpretability across smoothness of
activations and the resulting function classes and allows us
to draw parallels between our results and well established
results for kernel-based bandits.

It has been shown that gradient based training of the neural
net described above reaches a global minimum where the
weights remain within a close vicinity of random initializa-
tion. As a result the model can be approximated with its
linear projection on the tangent space at random initializa-
tion Wy:

W) & f(x; Wo) + (W — Wo) Tg(x; W),
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where the notation g(x; W) = Vw f(x; W) is used for
the gradient of f with respect to the parameters. The ap-
proximation error can be bounded by the second order term
O(|I[W —Wg||?), and shown to be diminishing as the width
m grows, where the implied constant depends on the spec-
tral norm of the Hessian matrix (Liu et al., 2020). The NT
kernel corresponding to this neural net when m grows to in-
finity is defined as the kernel in the feature space determined
by the gradient at initialization:
k(x,x') = Jim g (x; Wo)g(x; Wo).

The particular form on the NT kernel depends on the activa-
tion function and the number of layers. For example, for a
two layer neural net with ReLU activations, we have

k(x,x") = % (2u(7r —arccos(u)) + V1 — u2)

where u = x ' x’. For the closed form derivation of NT
kernel for other values of s and L, see Vakili et al. (2021b).

2.2. Assumptions on Neural Net and NT Kernel

The following technical assumptions are mild assumptions
which are used in the handling of the overparameterized
neural nets using NT kernel. These assumptions are com-
mon in the literature and often are fulfilled without loss of
generality (Arora et al., 2019; Zhou et al., 2020; Zhang et al.,
2021; Gu et al., 2021; Kassraie & Krause, 2022).

Assumption 2. (i) Consider H € RET*ET gych that
H]; ; = k(z;,2;) for all pairs in Z x Z, where Z =
{UxtatE 3. We assume H = XL, where \g > 0.
(ii) f(x; W) is assumed to be 0. (iii) The number of
epochs during training, J, and the learning rate, n, sat-
isfy J = ZTlog(T) and n = /T for some constants
¢, > 0and )\ > 0 is the regularization parameter

2.3. Information Gain

The regret bounds for neural bandits are typically given
in terms of maximal information gain (or the effective di-
mension) of the NT kernel. The maximal information gain
is defined as the maximum log determinant of the kernel
matrix (Srinivas et al., 2010):

Tk(t) = sup log <det <H + 1kx,,xt>> . 3)
X,CX A
It is closely related to the effective dimension of the kernel,
which denotes the number of features with a significant
impact on the regression model and can be finite for a finite
dataset even when the feature space of the kernel is infinite
dimensional (Zhang, 2005; Valko et al., 2013). It is defined
as

di(t) = tr (kx, x, (kx, x, + AI) 7). )

It is known that the information gain and the effective dimen-
sion are the same up to logarithmic factors (Calandriello
et al., 2019). We give our results in terms of information
gain; nonetheless, that can be replaced by effective dimen-
sion.

3. Approximation Error and Confidence
Bounds

As discussed earlier, the error between an overparameterized
neural net and the associated NT kernel can be quantified
and shown to be small for large m. To formalize this, we
recall the technique of kernel ridge regression. Given a
dataset Dy = {(x;,y;)}i_;, let fnrk denote the regressor
obtained by kernel ridge regression using NT kernel. In
particular, we have

furk(x) = kg, (x)(AL + kx, x,) "' Yo, (5)

where kx, (x) = [k(x1,%),...,k(x¢,x)]" is the NT ker-
nel evaluated between x and ¢ data points, kx, x, =
[k(xi,%;)]¢ j—; is the NT kernel matrix evaluated on the
data, Y; = [y1,..., 9] is the vector of output values, and
A > 0 is a free parameter. Note that fytk can be com-
puted in closed form (without training a neural net). In
addition, let fxn be prediction of the neural net at the end
of training using D,. Theorem 3.2 of Arora et al. (2019)
states that, when the activations are ReLLU and m is suffi-
ciently large, we have, with probability at least 1 — J, that
|fnn(x) — fntk(X)| < e. In this theorem, the value of m
should be sufficiently large in terms of ¢, L, §, ¢, and Ag. We
now present a bound on the error between the neural net and
the associated NT kernel for smooth activations.

Theorem 1. Consider the neural net f(x; W) defined
in (2) consisting of L hidden layers each of width m >
poly(1/e,s,1/ Mo, |D|,10g(1/8)) with activations o. Let
InTk and fan be the kernel ridge regressor and trained
neural net using a dataset D. Then for any x € X, with
probability at least 1 — § over the random initialization of
the neural net, we have,

| ATk (%) — fan(x)] < e.

Theorem 1 is an generalization of Theorem 3.2 in Arora et al.
(2019) to the class of smooth activation functions {o, s €
N}. To prove Theorem 1, we show the following bound
on the error between NT kernel and the kernel induced by
the finite width neural net at initialization. This result is
an generalization of Theorem 3.1 in Arora et al. (2019) to
smooth activation functions.

Lemma 1. Consider the neural net f(x; W) defined

in (2) consisting of L hidden layers each of width
Ly2 2

m > 0(35720510{;2(8[//55)) with activations os. Let
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g(x; W) = Vw f(x; W) and k be the associated NT ker-
nel, as defined in Section 2.1. Fixe > 0 and 6 € (0,1).
Then for any x,x’ € X, with probability at least 1 — 6 over
the initialization of the network, we have,

& (% Wo)g(x'; Wo) — k(x,x')| < (L + 1)e.

The proof entails a non-trivial generalization of various
lemmas used in the proof of Arora et al. (2019, Theorem
3.2) to the class of smooth activation functions. We defer the
detailed proof of the lemma and theorem to supplementary
material.

Confidence Intervals: The analysis of bandit problems
classically builds on confidence intervals applicable to the
values of the reward function. The NT kernel allows us to
use the confidence intervals for kernel ridge regression, in
building confidence intervals for overparameterized neural
nets. In particular, given a dataset D, let

t
Vi =M+ g(xi; Wo)g! (xi; Wo) 6)

i=1

be the Gram matrix in the feature space determined by the
gradient. Taking into account the linearity of the model
in the feature space, we can define a (surrogate) posterior
variance as follows,

67 (x) =g (x)V;'g(x), ©)

that can be used as a measure of uncertainty in the prediction
provided by the trained neural net. Using Theorem 1 in
conjunction with the confidence intervals for kernel ridge
regression, we prove the following confidence intervals for
a sufficiently wide neural net.

Theorem 2. Let D; = {(x;,7;)},_, denote a dataset
obtained under the observation model described in Sec-
tion 2 such that the points {x;}._, are independent of
the noise sequence {&;}!_,. Suppose Assumptions 1
and 2 hold. Suppose the neural net defined in (2)
consisting of L hidden layers each of width m >
poly (T, s, L, K, \7 1, )\51, log(1/9)) is trained using this
dataset. Then, with probability at least 1 — 0, the following
relation holds for any x € X':
Cs 1t

b = Fos Wl £ 2 4 Bian(x), ®)

where Wy denotes the parameters of the trained model,
B = S+ 2v\/log(1/6) + CL pt(1 — nN)72/t/X +

< L/ t3/Am, S is the RKHS (corresponding to the NT
kernel) norm of h and Cs 1, C;, 1, C{ | are constants de-
pending only on s and L.

Both results presented in this section may be of broader
interest in neural net literature. We would like to emphasize

a couple of points here. Similar to (Vakili et al., 2021a;
Kassraie & Krause, 2022), the independence of query points
from the noise sequence is fundamental to obtain these
tighter bounds and hence cannot be directly used to improve
the regret bounds of adaptive algorithms like NeuralUCB.
Secondly, these bounds hold for all activation functions
{os : s € N} improving upon the existing results which
hold only for ReLU activation function. Furthermore, this
bound is tighter than the one derived in Kassraie & Krause
(2022), even for the case of ReLU activation function. The
confidence intervals are important building blocks in the
analysis of NeuralGCB in Section 4. Please refer to the
supplementary material for a detailed proof of the theorem.

4. Algorithm

The UCB family of algorithms achieve optimal regret in
classic stochastic finite action bandits (Auer et al., 2002).
The optimal regret, however, hinges on the statistical inde-
pendence of the actions. In more complex settings such as
kernel-based and neural bandits, the inherent statistical de-
pendence across adaptively chosen actions leads to skewed
posterior distributions, resulting in sub-optimal and poten-
tially trivial (i.e., superlinear) regret guarantees of UCB
based algorithms (Vakili et al., 2021c¢). To address this issue,
one approach adopted in the literature is to use samples with
limited adaptivity. These algorithms are typically referred
to as Sup variant of UCB algorithms, and have been devel-
oped for linear (Chu et al., 2011), kernel-based (Valko et al.,
2013) and neural (Kassraie & Krause, 2022) contextual ban-
dits. These Sup variants, however, are known to perform
poorly in practice due to their tendency to overly explore
suboptimal arms.

We propose Neural GCB, a neural bandit algorithm guided
by both upper and lower confidence bounds to avoid
over-exploring, leading to superior performance in practice
while preserving the nearly optimal regret guarantee.
The key idea of NeuralGCB is a finer control of the
exploration-exploitation tradeoff based on the predictive
standard deviation of past actions. This finer control
encourages more exploitation and reduces unnecessary
exploration.  Specifically, NeuralGCB partitions past
action-reward pairs into R = log T" subsets (some subsets
may be empty at the beginning of the learning horizon).
Let {T(M}E | denote these subsets of action-reward pairs
where the index r represents the level of uncertainty about
the data points in that set (with » = 1 representing the
highest uncertainty). Upon seeing a new context at time ¢,
Neural GCB traverses down the subsets starting from r = 1.
At each level r, it evaluates the largest predictive standard
deviation among current set of candidate actions, A,., and
compares it with 277,
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Algorithm 1 Neural GCB

1: Require: Time horizon 7', maximum initial variance
09, error probability §

2: Initialize: R < [log, T'|, Ensemble of R Neural Nets
with WS = Wo, w(7 « 0, Vr e [R], H « 0,
arrays ctr, max.mu, £b of size R with all elements
set to 0, batch sizes {q, } X,

plays that action. Otherwise, it updates A, by eliminating
actions with small UCB score and moves to the next level.
This encourages exploitation of less certain actions in a
controlled manner as opposed to SupNeuralUCB which
exploits only actions with much higher certainty.

On the other hand, if the value is greater than 277,
Neural GCB directly exploits the maximizer of the mean
computed using data points in ¥("~1) until the allocated
budget for exploitation at level r is exhausted. It then resorts
to more exploratory actions by choosing actions with large

values of &ﬁi)l. The exploitation budget is set to match

GetPredictions (7—[, \I,gr_)h {Xt,a}le, £o[r], vai)17 qr}he length of exploration sequence at the corresponding

3: fort=1,2,3,...T do

4 r+1,A.() =[K]

5:  while True do

6: Receive the context-action pairs {x; o } X ;

T G W) 61 () VS, W, glr]

8: &251)1 ST maX,e i, (1) &t(:)l(l't,a)

9: max-mu(r] <= argmax, .z f(If,,a;W,Ei)l)

100 if5") < 027" then

11: auCB ¢~ AIgMAax,c i UCBgi)1 (Xt,a)

12: if Ugi)l(xm,ucg) < no/+/t then

13: Choose a; + aycp and set v; < 1

14: Receive y; = h(x¢,q,) + & and update H <
HU{(z1,a0,, 1)}

15: Set \II,ET'H) \Ilgrjl) U {(¢t,v)} and

\Ilgr/) — \I/,ET_/% forall 7’ € [R]\ {r + 1}
16: break
17: else
18: Arir(t) « {a € A(t) : UCB!", (x1.4) >
maX, ¢ i () LCBIEQ1 (Xt )} —r+1
19: end if

20: else
21: ifr =1or ctr[r] > ap4” then
22: Choose any a; € A,(t) such that

@@1 (x¢,q) > 00277 and set vy < 2

23: else

24: Choose a; < max_mulr — 1] and set v; + 3

25: end if

26: Receive v, = h(x¢q,) + & and update H <
HU{(zta,,yt)}, ctr[r] < ctr[r]+1

27: Set U\ U UL(t, v)} and B W)
forall v € [R]\ {r}

28: break

29: end if

30:  end while

31: end for

If this value is smaller than 27", Neural GCB checks if it
can exploit based on predictions at the 7" level. Specifically,
if the predictive standard deviation of the action that
maximizes the UCB score is O(1/+/t) (indicating a high
reward with reasonably high confidence), then NeuralGCB

evel to ensure an optimal balance of exploitation and
exploration and preserve the optimal regret order while
boosting empirical performance.

In addition to improved empirical performance, NeuralGCB
takes into consideration the practical requirements for train-
ing the neural nets. Specifically, as pointed out in Gu et al.
(2021), it is practically more efficient to train the neural net
over batches of observations, rather than sequentially at
each step. Consequently, before evaluating the mean and
variance at any level r, Neural GCB retrains the neural net
corresponding to that level only if ¢, samples have been
added to that level since it was last trained. This index-
dependent choice of batch size, g, lends a natural adaptivity
to the retraining frequency by reducing it as time progresses.

A pseudo code of the algorithm is outlined in Algorithm 1.
In the pseudo code, UCB!"”) and LCB!" refer to the up-
per and lower confidence scores respectively at time ¢ cor-
responding to index r and are defined as UCBET)(~) =
FEWE) + 6607 () and LCBY () = f(s W) —
ﬁ&y)(-). GetPredictions is a local routine that calculates
the predictive mean and variance after appropriately retrain-
ing the neural net (see supplementary for a pseudo code).
Lastly, the arrays ct r, max_mu and £b are used to store the
exploitation count, maximizer of the neural net output and
feedback time instants. We now formally state the regret
guarantees for Neural GCB in the following theorem.
Theorem 3. Suppose Assumptions 1 and 2 hold. Con-
sider NeuralGCB given in Algorithm 1, with R neural
nets, as defined in (2) with L hidden layers each of width
m > poly(T, L, K, s, \™ 1, )\51, S=1 log(1/6)). Suppose
NeuralGCB is run with a fixed batch size for each group,
then the regret defined in (1) satisfies

R(T) = O(\/TT(T) + /TT(T)log(1/5)+
max quk(T))

As suggested by the above theorem, Neural GCB preserves
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the regret guarantees of SupNeuralUCB which are much
tighter than those of NeuralUCB. Moreover, these guaran-
tees hold even for smooth activation functions as opposed
to just for ReLU activation. In particular, on plugging in
the upper bound on 'y (T") obtained in Vakili et al. (2021b),
we obtain that the regret incurred by Neural GCB satisfies

O(Tﬁ%), which is a sublinear function of 7', imply-
ing convergence to the maximizer. For s = 1, i.e., the
ReL U activation function, it reduces to @(T 2T ), match-
ing the known regret bound for ReL U neural nets (Kassraie
& Krause, 2022). Moreover, the regret bound for neural
nets with activation functions with smoothness parameter
s matches the optimal order of regret for optimization of a
function in an RKHS corresponding to the Matérn kernel
with smoothness s — 1/2. This equivalence paves a path to
enable us extend known results for Matérn kernels for NTK
theory. Furthermore, the above regret guarantees also show
that the retraining neural nets only at the end of batches of
observations increases the regret at most with an additive
term in the batch size. Our results also hold with an adaptive
batch size (see Appendix D).

S. Empirical Studies

In this section, we provide numerical experiments
on comparing NeuralGCB with several representative
baselines, namely, LinUCB (Chu et al.,, 2011), Neu-
ralUCB (Zhou et al., 2020), NeuralTS (Zhang et al., 2021),
SupNeuralUCB (Kassraie & Krause, 2022) and Batched
NeuralUCB (Gu et al., 2021).

We perform the empirical studies on three synthetic and
two real-world datasets. We first compare NeuralGCB with
the fully sequential algorithms (LinUCB, NeuralUCB, Neu-
ralTS ans SupNeuralUCB). We then compare the regret
incurred and the time taken by Neural GCB, NeuralUCB
and Batch NeuralUCB. We perform both set of experiments
with two different activation functions. The construction
of the synthetic datasets and the experimental settings are
described below.

5.1. Datasets

For each of the synthetic datasets, we construct a contextual
bandit problem with a feature dimension of d = 10 and K =
4 actions per context running over a time horizon of T' =
2000 rounds. The set of context vectors {{x; , }X ;}I_; are
drawn uniformly from the unit sphere. Similar to Zhou et al.
(2020), we consider the following three reward functions:

hi(x) = 4la’x|%; ho(x) = 4sin®(a’x); hs(x) = ||Ax]s.

©))

For the above functions, the vector a is drawn uniformly
from the unit sphere and each entry of matrix A is randomly

generated from A (0, 0.25).

We also consider two real datasets for classification namely
Mushroom and Statlog (Shuttle), both of which are available
on the UCI repository (Dua & Graff, 2017). The classifi-
cation problem is then converted into a contextual bandit
problem using techniques outlined in Li et al. (2010). Each
datapoint in the dataset (x,y) € R? x R is transformed into
K vectors of the form x(!) = (x,0,...,0),...,x5) =
(0,...,0,x) € RE9 corresponding to the K actions associ-
ated with context x. Here K denotes the number of classes
in the original classification problem. The reward function
is set to h(x(®)) = 1{y = k}, that is, the agent receives
a reward of 1 if they classify the context correctly and 0
otherwise. We present the results for hy (), ha(z) and the
Mushroom dataset in the main paper, and the additional
results in the supplementary material.

5.2. Experimental Setting

For all the experiments, the rewards are generated by adding
zero mean Gaussian noise with a standard deviation of 0.1
to the reward function. All the experiments are run for a
time horizon of 7' = 2000. We report the regret averaged
over 10 Monte Carlo runs with different random seeds.
For the real datasets, we shuffle the context vectors for
each Monte Carlo run. For all the algorithms, we set the
parameter v to 0.1, and .S, the RKHS norm of the reward,
to 4 for synthetic functions, and 1 for real datasets. The
exploration parameter [3; is set to the value prescribed by
each algorithm.

We consider a 2 layered neural net for all the experiments
as described in Equation (2). We carry two sets of experi-
ments each with different activation functions, namely o
(or equivalently, ReLLU) and 5. For the experiments with
o1 as the activation, we set the number of hidden neurons to
m = 20 and m = 50 for synthetic and real datasets respec-
tively. Similarly, for o2, m is set to 30 and 80 for synthetic
and real datasets, respectively. For all the experiments, we
perform a grid search for A and n over {0.05,0.1,0.5} and
{0.001,0.01,0.1}, respectively, and choose the best ones
for each algorithm. The number of epochs is set to 200 for
synthetic datasets and Mushroom, and to 400 for Statlog.
For the experiments with sequential algorithms, we retrain
the neural nets at every step, including Neural GCB. For
Batched NeuralUCB, we use a fixed batch size of 10 for
synthetic datasets, and 20 for Mushroom. For Neural GCB
we set batch size to ¢, = 527! for synthetic datasets, and
qr = 5 - 2" for Mushroom. More details and additional
experiments are given in the supplementary material.
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Figure 1: First, second and third rows correspond to the reward functions hj(x), ho(x) and the Mushroom dataset,
respectively. The two leftmost columns show the cumulative regret incurred by the algorithms against number of steps, with
o1 activation functions for the first column and o5 for the second. The rightmost column compares the regret incurred and
the time taken (in seconds) for batched and sequential versions of NeuralUCB and Neural GCB.

5.3. Results

The two leftmost columns in Fig. 1show that NeuralGCB
outperforms other algorithms in the case of both synthetic

and real world datasets, corroborating the theoretical claims.

That holds true for both set of experiments with different
activation functions, further bolstering the practical
efficiency of the proposed algorithm. In addition, the regret
incurred by the algorithms in experiments with o9 as the
activation is less than that for the experiments with o as
the activation, demonstrating the effect of smooth kernels
on the performance of the algorithms in practice.

In the third column, we compare the regret and running
time between the batched and the sequential versions of
NeuralUCB and Neural GCB. We plot the regret incurred
against time taken for different training schedules for 10
different runs. For all functions, the regret incurred by
the batched version is comparable to that of the sequen-
tial version while having a significantly less running time.
Furthermore, Neural GCB has a smaller regret compared to
Batched NeuralUCB for comparable running times.
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6. Conclusion

In this work, we considered the problem of neural contextual
bandits with general set of smooth activation functions. We
established non-asymptotic error bounds on the difference
between an overparametrized neural net and its correspond-
ing NT kernel along with confidence bounds for prediction
using neural nets under this general setting. Furthermore,
we proposed a new algorithm that incurs sublinear regret
under this general setting is also efficient in practice, as
demonstrated by extensive empirical studies.
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Appendix

We present the proofs of the theorems and lemmas stated in the main paper, as well as additional empirical results, in the
appendix. The appendix is structured as follows: In Appendix A, we provide the proof of Theorem 1, while we defer the
proof of auxiliary lemmas to Appendix B. Proof of Theorem 2 is given in Appendix C. Further details on NeuralGCB and
proof of Theorem 3 are provided in Appendix D. Lastly, the details on empirical studies and further results are reported in
Appendix E.

A. Proof of Theorem 1

Before we provide the proof of Theorem 1, we first set up some preliminaries and notation that would be useful throughout
the proof.

A.1. Proof Preliminaries

A.1.1. NOTATION

For any n € N, [n] denotes the set {1,2,...,n}. For any vector v € R", diag(v) is the R™*"™ diagonal matrix with the
elements on v on its diagonal entries. ||v|| denotes the Lo norm of the vector v. || M]||3 and || M]|| r denotes the spectral and
Frobenius norms respectively of a matrix M. For events A and B, we define A = B := -~ A V B. For matrix A, we denote
the projection matrix for the column space of A by ITo := A AT, where A denotes the pseudo-inverse of A. Similarly, we

denote the orthogonal projection matrix as Hj :=I— AAT. For two random variables, X and Y, X 4 A Y means X is
equal to Y in distribution conditioned on the o-algebra generated by the event A. For any p € [—1, 1], we use £, to denote

the matrix ([1) /1)> Lastly, for n € N, we define (2n — 1)!! =[], (2i — 1). For example 3!! = 3 and 5!! = 15.

A.1.2. FULLY CONNECTED NEURAL NETWORK

In this proof, we consider a general fully connected neural net consisting of L hidden layers defined recursively as follows:
£O(x) = WOh®D(x) e R%, hO(x) =, /%"o— (f@(x)) eRY, 1=1,2,...,L, (10)
1

where h(®) (x) = x and x € X is the input to the network. In the above expression, WO ¢ Réxdi-1 is the weight
matrix in the [ layer for I € [L] and dy = d, o(-) : R — R is a coordinate-wise activation function and the constant

o = (Boono,lo(2)?]) ~' The output of the neural network is given by its last layer defined as follows:
i W) = £ (x) = WEFDRE) (x), (11)

where W(Z+1) € R1¥4z is the weight matrix in the final layer, and W = (W) W) W{+D) represents all the
parameters of the network. Recall that the domain is assumed to be the hypersphere S?~!. Consequently, ||x|| = 1 for
allx € X. This is just the generalization of the of the neural net defined in eqn. (2) with possibly different width in each layer.

The partial derivative of the output of the neural network with respect to a particular weight matrix is given as

ag(;(\lv)\f) =bW(x)- (h(l_l)(x))T, l=1,2,...,L+1, (12)
where b(¥) (x) is defined recursively as
1 I=L+1,
b(x) = \/an(x) (W) T B () 1= 1,2,..., L, 13)
In the above definition,
DV (x) := diag (a’ (f(l)(x))) e RUxdr, (14)

11
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is a diagonal matrix, where o’(-) is the derivative of the activation function o and is also applied coordinate wise. Note
that b (x) € R% forl = 1,2,..., L and b(“*1)(x) € R. In other words, b(") (x) is the gradient of output of the neural
network f(x; W) with respect to (), the pre-activation of layer /.

A.2. Neural Tangent Kernel

In the infinite width limit, the pre-activation functions f(!) at every hidden layer | € [L] has all its coordinates tending to
i.i.d. centered Gaussian Processes with covariance matrix (=1 : R? x R¢ — R defined recursively for | € [L] as:

O (x,x) =x"x/,
»=D(x,x) 20D (x,x")
Z(l_l)(xl,x) E(l_l)(xl X/) ’

)

AD(x,x') =

20 (x,%') = 0By 0)onr (0,40 () [ (W) (0)]. (15)
Similar to ©()(x,x’), we also define 3() (x, x') as follows:

SO (x,x") = By myan(0,00 (xxy) [0 (W) (V)], (16)

for I € [L] and X(-+D (x, x") = 1 for x,x” € X. The final NTK expression for the fully-connected network is given as

L+1 L+l
@(L)(X7 x') = Z Z(l_l)(x, x') H Z(j)(x, x| (17)
=1 =t

Note that this is same as k(x, x’) referred to in the main text.

A.3. The Activation Function

In this work, we assume that the activation function o € A,, where A, = {os(x) : s € N} and o5(x) = (max(0, z))".
Note that o1 () corresponds to the popular ReLU activation function and existing results hold only for o1 ().

We state some definitions which we will be later used to establish certain properties of activation functions in A.

Fact 1. (Vakili et al. (2021b)) The normalizing constant c,, = forall os € A.

2
(2s —

For simplicity of notation we use c, instead of ¢, _ for the rest of the proof.
Definition 1. A function f : R — R is said to be a-homogeneous, if f(Ax) = \*f(x) for all x € R and A > 0.

It is straightforward to note that o4(z) is s-homogeneous.

Let M, (d) denote the set of positive semi-definite matrices of dimension d, that is, M, = {M € R4 : xTMx >
0 Vx € R?}. Similarly, we use M . (d) to denote the class of positive definite matrices of dimension d. For vy € [0, 1],
we denote

Mlz{(gn glz> €M+(2)’1—7§2117222§1+’Y}~ (18)
12 222
Definition 2. The dual of an activation function o (+) is the function & : [—1,1] — R defined as

6(p) = CO'E(X7Y)NN(O7EP)[O—(X)O-(Y)]‘ (19)
Note that from definition of ¢,, 6(p) € [-1,1] and (1) = 1.

Fact 2 (Daniely et al. (2016), Lemma 11). The dual 7 is continuous in [—1, 1], smooth in (—1, 1), convex in [0, 1] and is
non-decreasing.

12
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The dual of an activation function can be extended to 7 : M (2) — Ras 7(X) = ¢, E(x y)~n0,5)[0(X)o(Y)]. Note

thatif ¥ = <E” Z12

and o is k-homogeneous, we have,
Y12 XYoo

o B by
() = (Z11802)" %5 (%2112222) :

Let &, be the dual function of o, € A, forall s € Nand A, = {7s : s € N} denote the set of dual functions. It is not
difficult to note that 55(—1) = 0 and 54(1) = 1 for all s € N. Since 7 is non-decreasing, 5(p) € [0,1] for all p € [—1,1].

Fact 3 (Vakili et al. (2021b), Lemma 1). The functions in A, satisfy,

52

o' (p) = s 20

05(p) = 5 —0s-1(p) (20)
for s > 1. Here &', denotes the derivative of 5.

., s? s? o, N
Consequently, |57 (p)| < 57— 1 los—1(p)| < 5 1" Thus, 75 is s*/(2s — 1) Lipschitz.
s — s —
Definition 3. For any function o, € A,, we define s , = E(x y)n(0,,)[0s(X)os(Y)] = Is.
Cs

A.4. Proof of Lemma 1

The central piece in the proof of Theorem 1 is Lemma 1. We focus our attention on first proving Lemma 1. Since the proof
is involved, we first provide an outline of the proof to give the reader an overview of the approach before delving into the
technical details.

Informally, Lemma 1 states that for sufficiently large network widths, the following relation holds with probability of at
least 1 — § over the random initialization of the network weights.

Kaf(x; W) 0f(x'?W)> — 0" (x,x)

< .
W oW < (L+1)e

Firstly, note that

<6f(x;W)’ af(x';w>> i <8f(x;W) 3f(x’;W)>

oW oW — OWO 7 oW )
and recall that
L+1 L+l
o) (x,x') = Z 2N (x, x') H 20 (x,x")
=1 j=l

Using these relations, note that it is sufficient to show that,

Of (x; W) af(x/;W)> 1) e oy TT 50 (e ot
, - (x,x") I | O (x,x")| < e (1)
< oW oW i

holds for all [ € [L] with probability 1 — §. Furthermore, we have,

<<9f(X;W) 3f(X';W)> _ <b(l)(x) . (h(l—l)(x))T b0 () - (h(z—l)(x/))T>

OWO 7 gW®
- <h(l—1>(x), h<l—1>(x)'> <b(l>(x), b<l>(x')> .

13
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The proof revolves around establishing (h('~Y(x), h(=1) (x')} is close to (=1 (x, x") while (b (x), b(®)(x')) is close
to H]L;“ll %) (x,x’). On combining these two relations, we obtain the result in (21) and consequently prove the theorem.

Throughout the proof, we fix some s € N and hence ¢ = 0. Recall from equation (15), we have,
O (x,x') =x"x/,

0D (xx) B0 (x,x)
Z(lfl)(xl,x) 2(171)(X/7X/) )

S (%,%) = By 0)mnr (0,00 (xxy) [0 (W) (0)].

A (x, %) = [

(x,x) = 1 for all z € X. Using induction, we can establish that ©(V)(x, x) = 1 for
allz € X, foralll € {0,1,2,...,L}. The base case follows immediately as X(?) (x,x) = 1 for all z € X. Assume true

for I — 1. Consequently, we have, A®) (x,x) = E ﬂ . On plugging this value in the definition of X()(x, x), we obtain

»((x,x) = 1, completing the inductive step. As a result, |Z()(x,x’)| < 1 for all x,x’ € X and hence we can write
20 (x, %) = 7,(20-D (x, x')).

As the final step before the proof, we define a sequence of events which will be used throughout the proof. Let AW (x,x') =
D®(x)D®(x’). We define the following events:
S €1 }7

o Al(x, %" e1) = Al(x, %", e1) N Al (x,x,61) N A(x, %, e1)

. AZ(X,X/,El) — {’(}l(l)(x)>T h(l)(x/) _ Z(l)(X, x)

* A(va/ael) - Al(X,X/,El)

DS

0
« B(x,x,22) = § | (b0 (x), bV (x)) = [ P, %)| < 2

¢ Bl(x’ X/aEZ) - Bl(xa X/a52) n Bl(X,X, 52) N Bl(xlax/aEZ)

L+1
. xxsg ﬂBxxez

* C(Xv X/,&‘g) = {|f(X,W)| < es, |f(X/;W)| < 53}

tr(AY (x,x"))

4 - 20 (x,x)

Cs

<E4}

° @l (X7 le 54) = Dl(xa X/a 64) N Dl(xa X, 54) N DI(X/7 le 54)

o Di(x,x" e4) = {

L+1
. XX€4 mDXXE4

. Elx,x,e5) = {||A<l (x,x')||2 < 55}

o Elx,x' e5) = EX(x, X, e4) N EL(x, x,84) N ELX, X, €5)

L+1
o £(x,%/,e5) ﬂé’xx55

14
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We also state the following two Lemmas taken from Arora et al. (2019) which are used at several points in the proof before
beginning with the first part.

Lemma 2. For any two events, A and B, Pr(A = B) > Pr(B|A).

Lemma 3. Let w ~ N(0,1;), G € R¥™¥ be a fixed matrix and F = w ' G be a random matrix. Then, conditioned on the
value of F, w remains Gaussian in the null space of the row space of G. Mathematically,

1 d 1~
IIgw =p_w7cq lgw,
where W is a i.i.d. copy of w.

A.4.1. PRE-ACTIVATIONS ARE CLOSE TO THE NTK MATRIX

In the first step, we show that (h('"Y(x), h(=1) (x')} is close to £~V (x,x’). We formalize this idea in the following
lemma.

Lemma 4. For o(z) = o4(z) and [W1];; S N(O 1) foralli € [di41],7 € [di]andl € {0,1,2,...,L}. There exist
L
constants c1, ¢z > 0 such that if ming d; > ¢1*—5= log?(sL/de) and € < cy /s, then for fixed x,x' € X,

(h9) 80 ")) — =0 y.y)| <e

holds with probability at least 1 — 6 for all | € {0,1,...,L} and all (y,y') € {(x,%), (x,x'), (x',x")}. In other words,
Pr(A(e)) > 1 -4, for fixed x,x'.

Proof. The proof of this Lemma relies on following lemmas.

Lemma 5. Let p € [—1,1] and (X,Y) ~ N(0,X,). If (X1,Y1), (X2,Y2),...,(Xn,Y,) are independent samples from
N(0,%,) and S,, = L3 | 0,(X;)04(Y;) for some o5 € A, then for any t > 0,

nt?

_21/3[1437,;
n 1/s
(n+1)exp (—%) ift > t*(n).

2
Pr(S, — pus < —t) < exp <— nt ) ,

2,”423,/)

(n+1)exp > ift <t*(n),

2—1/s
\/ SHas
where t*(n) = (4(1/3/;;> n~(37%), Consequently, if n. > n.(s, 9, p), then

2(\/3l4s p + H2s 1
Pr ‘Sn _ /,Ls7p| Z \/ ( lu’4 P /'1‘2 ’P) 1og (n + ) S 67
n

)

1 2 1 2s—1
wheren*(8,57p) = mln{mENmZ (82(\/% |:10g (m;_ >:| }+1

For simplicity of notation, we define @;(n,d, p) := w 1

restated as Pr(|S, — 1s,,] > @s(n, 9, p)) < 6.

og (2+L). Thus, the result of Lemma 5 can be

Lemma 6. For a given s € N, the dual activation function & is Bs-Lipschitz in M7* w.rt. the oo-norm for s < 1/s and
Bs < 6s.
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iid.
~

Lemma 7 ((Daniely et al., 2016)). For o(z) = 04(z) and [W®];; N(0,1) for all i € [di41],j € [di] and
1€{0,1,2,...,L}. If minggr dy > nj (BL %) then for fixed x,x' € X,

‘<h(”(.Y), h(”(y’)> —sW(y,y)| <e

holds with probability at least 1—éforalll e {0,1,..., L} and all (y,y’) € {(x,x), (x,%), (x',x')}. In the above
expression, By, s = Z]L:_ol B, ZL+1 dy and n*(g,9) = min{n : ps(n,d) < e}.

Lemma 4 follows immediately from Lemma 7 which in turn follows from the previous lemmas. The proofs of Lemma 5
and 6 are provided in Appendix B.
O

A.4.2. PRE-ACTIVATION GRADIENTS ARE CLOSE TO NTK DERIVATIVE MATRICES

In the second step, we show that (b()(x), b)) (x')) is close to HL+1 »() (x,x"). We formalize this idea in the following
lemma.

Lemma 8. For o = o5 and [WW],; ['im'fl' N(O 1) foralli € [di41],j € [di] andl € {0,1,2,..., L}. There exist constants
% log?®(sL/dc) and € < cos~ 12 /L, thenforﬁxedx x € X,

c1,c¢o > 0 such that if ming d; > ¢ 2

L+1

(bO(y). bV () = [[ 2P (3| < L(Bs +1)s" e,

J=l

holds with probability atleast1 —§ foralll € {0,1,..., L} and all (y,y’) € {(x,x%), (x,%), (x',x)}. In other words,
ifming d; > ¢y 2255 log?(sL/de1) and &1 < cy5 L+2/L then for fixed x,x, Pr (A(e1/2) A B(L(Bs + 1)stTey)) >
1—0.

Proof. We first state some helper lemmas that will be used in the proof followed by the proof of the above lemma.

Lemma 9 (Arora et al. (2019), Lemma E.4).

Pr [AL(€/2):>C<2 log (;))1 >1—-0 Veel0,1], Vo€ (0,1).

Lemma 10. If AL (e, /2) A B (e3) AC(e3) A Dl(es) A EY(es) for any pair of points x,x' € X, then for any (y,y’) €
{(X7 X), (Xa X/)v (le X/)}’ we have

(A, y) /2 I+1 T L1
e, = YL (p0 (), b (7)) — TS0y, )| < 8571 + ses.

d
! e

Lemma 11. If A" (e1/2) A B (e5) AC(e3) A Dley) A El(es) for any pair of points x,x’ € X, then for any (y,y’) €

{(X7 X)’ (X7 Xl)? (X,7 X/)}

dy

<ecs (<b(l+1)(y),b(l+1)(y)> + <b(l+1)<y’)7b(l+1)(y/)>) ( d%log <§> + dlllog (2)) €5

2c
2Cs [+ (1+1) 4/
o ()G e

“ (b)) WEDTIEAO (y,y)img (WD) bE(y) - Cial(y,y) (bt (y) b<l+1><y'>>|
l
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holds with probability at least 1 — §. Consequently, for anyy € {x,x'},
Cs
d;
Lemma 12. If A% (e1/2) A B'*Y(g9) A C(e3) A Dl(ea) A EL(es) for any pair of points x,x' € X, then for any (y,y’) €

{(x,%), (%, %), (x, )}

Cs

dy

.
(b)) W(”l)HéD(”(Y)H < /2, (b (y), b+ (y)) 5.

T T
(b)) WHDAO(y,y) (WD) b ()

T T
— (b<z+1>(y)) WEHDITEAD (y, y I (W<z+1)) b+ (y")| <

% [(s("‘_l)/2 +e2)1/2log <§> + st les V2| x
!

{\/1? [(s(L—l)/2 +1)/210g (?) +shlegy/3| 4+ VB(sED/2 4 1)}
l

holds with probability at least 1 — 0.
Lemma 13. Foranye; € [0,1/s], 2,64 € [0,1] and e3,e5 > 0,
Pr [A"(e1/2) A BT (e2) AC(es) ADH(ea) A Eles) = B > 14,

where

2 6 1 6 2cy _ _
e = 2cs(sL_l +1) < d—l log (5> + d—l log (5)> c5 + d—cl(sL Ly es + stley + seo

1
+ 58 l(s(L_l)/2 +1)y/2log (f) + sL_l€3\/§] X

{\/lcT l(s(Ll)/2 +1)4/2log (?) + sb7les V2| + VB(sETD/2 1)} :
1

We now prove Lemma 8 by using induction on Lemma 13. Before the inductive step, we note some relations that will

be useful to us during the analysis. Firstly, using Lemma 4, we can conclude that if d; > n’(¢/Bp 5,/32d(L + 1)) and
e < co/s, then

Pr[A"(e/2)] > 1-4/4. (22)

From Lemma 9, we can conclude that

Pr [AL(5/2) =C (2 log (?))] >1-4§/4. (23)

If d > n%(g/3,8/24(L + 1)), then we can conclude that 3s%¢s_1((min; d;),/24(L + 1)) + ;?if < (B + 1)s%.
Consequently for e < 2/s,

Pr[A(e/2) = D((Bs + 1)s’e) ANE(")] > 1-6/4, (24)
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6(L + 1)(maxl dl)
0

s—1
where " = 352 [2 log ( ﬂ . Applying the union bound on (22), (23) and (24), we obtain that

Pr

A(e/2) NC (2 log (?)) AD((Bs +1)s%e) A E (5”)1 >1-35/4. (25)

Let d; be chosen large enough to ensure that

SL_l+2€ > 2CS(SL_l + 1) z log M + l +10g M &
d; 1) d; 1)
+ CSE”\/E(S(L_Z)/Q + 1) (S(L_l)/2 + 1)\/2 log (64(1’(;’_1)> + 45L_l\/10g (16(L§+U>
l
2
4(L+1 16(L - 1
* CZ [( (E=072 1)\/2 log (6(;)) + 4sL—l\/1og (6(;))
l

Define v; := (L + 1 —1)(Bs + 1)st~*2¢c for [ = 0,1,...,L + 1. Invoking Lemma 13 with ¢; = ¢, g3 = v,

3 =24/log (18), 4 = (B, + 1)s’c and e5 = & gives us that

AL(e/2) N BT (vp) A C (2 log (?)) ADY(Bs +1)s%) AELE") = Bl(v) | > 1 d

P S
' TN

Thus,
Pr [A(e/2) A B(v1)]

L+1
> Pr | A(g/2) /\C<2 log <156>> AD((Bs +1)s%e) ANE(e <n Bl(u >

=F(e)

[ L L1
> Pr | F(e) ABE  (up1) A ﬂ {.7:(5) A ( ﬁ Bj+1(uj+1)) éBLl(UL_l)}]

j=L+1-1

o , 16 _ . : i
N {AL(E/Z) AC (2 log ((5)) ADY((Bs +1)s%) AEY(E") A BT (up11) = Bl(vl)H

1

>1—Pr [ﬂ A(e/2) NC (2 log <56>> AD((Bs +1)s%e) ANE(e ”)}] —Pr [-B " (vp41)]

- ZPr l { Ale/2)nc ( log <166>> ((Bs + 1)s%e) AEUE") A B (up41) = Bl(vl)H
L
>

5190
4 & 4(L+1)
>1-34.

Thus, Pr [A(e/2) A B(L(Bs 4+ 1)s"*'e)] > 16, as required. The proof of the helper lemmas are provided in Appendix B.
O
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Now, it is straightforward to note that Lemma 1 immediately follows from the Lemma 4 and Lemma 8. With Lemma 1 in
place, the rest of the proof of Theorem 1 follows similar to the proof of Theorem 3.2 in Arora et al. (2019). The only step
in the proof of Theorem 3.2 that is dependent on kernel being ReLLU, is Lemma F.6, where they bound the perturbation
in gradient based on the amount of perturbation in the weight matrices. We would like to emphasize that this is only step
apart from the ones which use Theorem 3.1. Such steps follow immediately by invoking Lemma 1 proven above, instead
of Theorem 3.1. Using the result from Liu et al. (2020, Theorem 3.2), we know that the spectral norm of the Hessian
of the neural net is O(m~'/?). Here the implied constant only depends on s and L. Thus for the a perturbation in the
weight matrices of the order of O(y/mw), the corresponding perturbation in the gradient is O(w), with the implied constant
depending only on s and L. On substituting this relation in place of Lemma F.6, the claim of Theorem 1 follows using the
same arguments as the ones used in the proof of Theorem 3.2 of Arora et al. (2019).

B. Proof of Helper Lemmas

We first state some additional intermediate lemmas which are used in the proofs several helper lemmas then provide a proof
of all the lemmas.

Definition 4.
GO (x,x) = WV (x) h¥V(x)] € R4*?

é(l)(x, ) = [G(Z)(X,x')}TG(l)(x, ) = {<h(l)(x),h(l)(x)> <h(l)(x),h(l)(x/)>]

_ Gll G12
(h(l)(x’)7h(l)(x)> <h(l)(x’),h(l)(x’)> :{ ]

G2 Ga

Lemma 14.

2 s—1
Pr lfll(s) = pit! (3829081(0[;,6/6, 1)+ 222 ﬁsf) AEHT (382 [2 log (6?)} >] >1-96

Veel0,1/s], 6 € (0,1).

Lemma 15. Let

2528, L+1 st
e — 332%_1((mlindl),6/6(L +1),1) + 285 f 16, & — 342 {2 log (6( + )émaxz dl))] _

Then,

Pr[A(e) = D(E)ANEE")] >1-6 Veel0,1/s], 6 €(0,1).

Lemma 16. Forany 1 <1 < L, any fixed {W® i;% and x,x' € X, with probability 1 — § over the randomness of W,
we have,

@) / 2 5
Cs tr(A (X’X )) _ S \o-f_s_l (G(l) (X,X/))

dy 25 —1 $(G11G2) T u1(d1,6/2, pa),

and
d s—1
||A()(X x| < s* |:(\/G11G22+G12) log( 3 )} ,

where pg = %
Lemma 17 ((Boucheron et al., 2013)). Let & ~ N(0,1,) be an n-dimensional unit Gaussian random vector and A € R™*™
be a symmetric matrix, then for any t > 0,

Pr(|eTAg B [¢7Ag]| > 2|AlpvE+ 2] All2t) < exp(—0),
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or equivalently,

2
Pr (‘5TA§ _E {ﬁAg} ( > t) < exp <m> .

Lemma 18. If A% (1 /2) A B (e3) AC(e3) ADl(e4) A El(es) for any pair of points x,x’ € X, then for anyy € {x,x'}

T 4
HHG (W”“)) b”“)(y)H < (sED2 4 1),/ 210g <5) + sE7leg V2,

holds with probability at least 1 — 0.

B.1. Proof of Lemma 5

We fix a particular s € N. Let (Xy,Y7),(X2,Y2),...,(X,,Y,) be n independent samples from N'(0,3,) and let
Z; = 04(X;)o4(Y;). Define S, := %ZZ;I Z;. Note that E[S,,] = E[Z1] = ps. To prove the bound, we first bound
Pr(Z; > t) for any ¢t > 0 and then using techniques borrowed from Gantert et al. (2014), we obtain an upper bound on
Pr(S,, — pus > t). The bound on Pr(S,, — us < —t) follows from Cramer’s Theorem (Cramér, 1938).

We begin with bounding Pr(Z; > t) for any ¢ > 0. Since Z; = (01(X;)01(Y;))®, we just focus on bounding
Pr(o1(X)o1(Y) > t) for (X,Y) ~ N(0,%,). Fixat > 0. We have,
Pr(c1(X)o1(Y) > t) = E[1{o1(X)o1(Y) > t}]
—E[1{XY >t X >0,Y >0}].

Using a change of variables define U = (X +Y)/v2and V = (X —Y)/+/2. Note that U and V are zero-mean Gaussian
random variables with Cov(U, V') = 0 implying that they are independent. Also Var(U) = 1 + p and Var(V) =1 — p.
Thus,

PI‘(O’l(X)O'l(Y) ) Exy[]l{XY>t,XZO,YZOH
=Eyy [L{U*-V?>2t,U >0,V € [-U,U]}]
<Eyy [1{U? >V?+2t,U > 0}]

<Ey [Pr(U> VVZr2t)]
<Ey [exp (V(jiit))}

W oo (i) oo (o) @
< e et o

t
<er(-155).

In the sixth line we used the concentration bound for Gaussian random variable and in the eighth line we used the Gaussian
integral. Consequently,

1/s
Pr(Z; > t) = Pr(o1(X)oy(Y) > t1/%) < exp ( 1t+ p) . (26)

20



Provably and Practically Efficient Neural Contextual Bandits

Using this relation, we now move on to bound Pr(S,, > x) for z > p, ,. For the rest of the proof we drop the argument p

for simplicity. Firstly, note that

Pr(S, > x) < Pr (maXZj >n(r — ,us)> +Pr (S >z, max Z; < n(x — us)) .

icln] i€ln]
AiL A;
We begin with the first term.
1/s — 1/s
Pr (maXZ = n(x — MQ) <nPr(Z; > n(r — ps)) < nexp (_n(a:us)> .
J€[n] 1+ p

Let B¢(n) = lei/ps > 0 for some ¢ > 0 which will be specified later. We have,

A} =Pr (S >, max Z; < n(x us)>

JE[n]

—Pr (expwd )52 2 exp (Fe(n)e)  max 2y < e - )
BN AN
< exp (- 1_1 [ ( )Z)ﬂ{zjm(x—us)}}

= log (A3) < —B¢(n x+ZF<(J

7.(n)
exp (W)]) and Zj(") = Z;1{Z; < n(x — ps)}. Using the relations log(1 +

)

where Fc(j)(n) = log (E

2
r) <xande® <1+ 2+ %e”, we have,

7.
ZFC Nin Zlog< exp (W)

2
- Be(m)Z;™ | 1 Be(n)2;™ Be(n)2;™
S;log 1+ E TJ +§E T] exp Tj
<z": E Be(n)Z;™ ) Be(n)Z;™ QQX Be(n)Z;™
_j=1 n 2 n P n
Note that,
- ﬂC(n)Z () _ & 6((”) (n)
> | AET 5 g 0]
j=1 j=1
gﬁ((n)ﬂs

For the second term we have,

E <5<(H)Zl(n)>2exp <ﬂ<(n)Z1(")> < (54(”))211«:
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2(14n) /" A o
) = {,uzs(urn) ] , we focus on the other

for some 1 > 0 by using Holder’s inequality. Since £ [(Zl(”)

term. We have,

B [eXp ((1 + n)ﬁg(n)Zl(”)ﬂ

/n(r_ﬂs) (1+n)B¢(n) exp ((1 +m)Bc(n)z

n

) Pr(Z, > z) dz
0

) (Bt p)y
) [ o (

=1+n(r— us - ) Pr(Zy > n(z — ps)y) dy

' n(x — 1/s
<1+ (z— us)/o (1 +1)Bc (n) exp ((1 +1)Be(n) (@ — 1)y — Hlipﬁ!)) a

Ut m) s [ oo (560 [+ e = oty - WD a.

(z — NS)l/Sil
2(1+mn)

exp ((1 - n)ﬁdn)zﬁmﬂ

n

For ¢ < , we have,

E

VW s/
(z usgl y! D dy

<1t o ) ) [ e (ﬂc(n) [(1 ) — )y —

<1 (o= )0 ) [ oo (=51 + e = m)y ) dy

<3.

/s
On combining all the equations, we obtain that for ¢ < % andn >0

log (A7) < —Bc(n)(x — s) + W ({MH} * 3>

We set 7 = 1. Thus for ¢ < 0.25(x — ﬂs)l/sfl, we have,

_Cnl/s(m_,us) <2n2/s—1

log (A3) < V 3hds-

1+p 2(1 + p)?
1=1/s(p _ 4. 1
Note that the RHS is minimized at (, = n (z —ps)0+ p)‘ However, (. < 0.25(x — p)Y/*~ " only for (z — p,) <
/ Vv 3/’(‘48
2—1/s
\/3 s (==L . . . .
(4(1 i‘l )) n~(3=1), Thus, for (x — ps) < t*(n), we can plug in ¢ = (. in the above expression to obtain
p
=t*(n)
n(z — ps)?
log (AY) < ———4—.
R N T
For (z — ps) > t*(n), we plug in ¢ = 0.25(z — p,)*/*~! to obtain
nl/s(w_'u )1/3
log (AD) < — 18/
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On combining the two, we obtain that for any ¢ > 0

nt?
n+1l)exp | ———— if t <t*(n),
(e (5 ) it rm)
(nt)l/s

Pr(S, — us > t) = .
(n+1)exp <_8(1+p)> ift > t*(n).

We now consider the other side. Consider any < ps and A > 0. We have,

Pr(Sp < @) = Pr (exp(=ASa) 2 e7*)
< E [exp(—=AS,)] e*®

2 Q2
gE[lAS"Jr)\QS"}eM

2 2
< (1 — ME[S,] + A ]EQ[S"]> e

I
< (1 — s + ,u2> e
2n

I
< exp (—Aus + 2’:12 + )\x>

A2 pgs
< exp (/\(m — ps) + AH2s )\x) .
2n
n(z — ps)
H2s

2
Pr(S, < z) <exp (_n(gu,ug)) .
2s

Minimizing this over \ yields A, = — > 0. On plugging this value, we obtain,

Consequently for any ¢ > 0, we have,

t2
Pr(Sn — s < _t) < exp (_ i ) .
2:“25

On combining the relations, we can conclude that if n > n.(s, d, p), then

Pr (ISn—usl > f(v?’“ﬁ*’“‘%) log(”“)) <s.

)

B.2. Proof of Lemma 6

Fix a s € N. We drop the subscript s for the remainder of the proof for ease of notation. We need to show that the
Y Y2

dual activation function ¢ is S-Lipschitz in M7 w.r.t. the co-norm. Let ¥ = (Z 5
12 222

> € M. In order to prove
[B-Lipschitzness w.r.t. the co-norm, it is sufficient to show that,

00
0%12

<B.

0X11

HstHl = ’ 8222

‘ 055

‘ 055

Recall that since o is s-homogeneous,

y $/2 - )y
i) = (o (524
114422
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Using this relation, we have,

a&s s—1 212
(D1 Te) T 2
0%12 (BnuZa) T 0, (\/211222)

885151 (211222) ' ¥026 (%22112222> - %(211222)%5{5 </722j12222> %ﬁ
—ma{gmea e () s T () k)
aag; = 2(211222) 1316 (%) — %(211222)5515; (%) %Z
-on{gma e (i) - 7ol (G st
Consequently,

(v I+
° Z:112322

(B11 + Ba2)(X11892)3 71
2

. s—1
Vsl = (X11292) 2

sa( Y12 )_U,< Y12 ) Y12
"\ VI D2 TA\VENZ2 /) VEYee

. .. ~ Sio .
For simplicity, let p = m For s = 1, Arora et al. (2019) showed that the above expression is 1 + o(y). We consider
the case for s > 1. Using (20), we have,

52 _

2 s )Y $92)(L11822) 5 !
s 1 (B11 + 292) (11 222) 554 (5) — 25_15571 (ﬁ)p’

Vsl = ﬁ(zllzzz)T Gs—1 (P)| + 9

IN

S s—1 3s s_
3(211222)T + Z(Eu + 292) (811 820) 2 1
13

68 (147t

I /\

If v < 1/s, then | V5|1 < 65, as required.

B.3. Proof of Lemma 10
‘We have,

tr(AY(y,¥) /1 i) (1) ()
Csd—l<b (v),b > 1_[E (v,¥")

(A% (y,y)

< o, R T 50y (B (), b )+
’2(”(3’73") <b(l+1)( ), U ( > H S (y,y')
Jj=l+1
2
Ea
< [(BE (), b)) |24+ 51 (AV(x,%)) 22
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Since BF(es), (bHV(y), bH(y")) < H]L:Hl YO (y,y') + &2 < H§:1+1 »U)(y,y’) + 1. Moreover, since
20(y,y) = gim105-1 (AO(y,5)) < 527, we have,

r(AV(y,y) (1+1) (141) (o oo ”) / 2\
= — < + +
Cs a <b (¥).b (y)> [[ 29G.y) S v L) es+se

j=l41

< sL_l€4 + seq.

B.4. Proof of Lemma 11

Fix any (y,y’) € {(x,x),(x,x'), (x/,x')}. Recall that GO (y,y") = WV (y) h)(y)] € R4*2. Similarly define,
FUHD(y,y") = [+ (y) £+ (y")] € R4*2, Using Lemma 3 for each row of W(+1) we can conclude that

I+l 4 WTTL
W( + )HG —F U+ =W+ GWO) WHG7

where W is a i.i.d. copy of W(+D),

1) (o T (hO+D o T o] 2d by, by, .
Note that {(b (y)) W (b{HD(y") W} € R?% ~ N(0,X) where 3 = Wl . |- In the definition of
d; d;

2, b = (b (y), b (y)) 0 = (b (y), b+ (y")) and b = (b(+D(y"), b+ (y")). If M is such that
> = MM, then

[(b(l+1)(Y))T W (b““) (Y’)) ' Vﬂﬂ fa ME,

where & ~ N(0,124,). Thus, for fixed G() and conditioned on the value of {b(*1) (y), b+ (y') h® (y), h® (y')}, we
have,

D ) T WEDTTE AD (v v L (WD) | p+D

b (y)) W gAY (y, y)Ilg (W ) b (y)

T —~\ T
£ (b (y)) WHEAD (y,y)TIE (W) b (y)

1.7 0 gAY (y,y' ) g
a 55 MT |: J_A(l) ) N G ( ) G ME
IIg (y,y)Ig 0

[l

SH

Define

1 L A / 1
A=iMT| o 0 . ngAY (y,y' ) Ilg M.
2 Iz A (Yay/)HG 0

Then we have,

1 LA®D NTTL

= btr(MgAY (y,y)IIgl,,)

= vur(AO (y,y)ITE)
=b'tr(AD(y,y') (14 — Ig))

=V [(AO(y,y") — (A (3, y)TIg)] -

Since tr(IIg) = rank(Ilg)) < 2, we have,

0 < tr(AD(y,y")g) < [|[AD(y,y)|2tr(Ig) < 2[|AD(y,y")]2.
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Consequently,
El¢T AL - Vu(AV(y.y)| < 20| AV (y,y)l2-
For the upper bound on the spectrum, note that [|[M||3 = || 2|2 < b+ b”. Hence,

1
[All2 < S IMIBTgAY (y, y) TG .

1
5 0+ V)G 2| A (v, y) |2/ T |2
b+b

\ N

—— 1A (y,y")]2.

| /\

Thus, on using Lemma 17 with ¢ = log(3/), we have with probability at least 1 — §/3

&' AL —ElgT Al < 2| Al v+ |Alz¢)

< 2[|All2(v2dit + 1)

< b+ Ay, ¥z ( 2artog () +1og (f;)) |

Consequently,

%s (b(z+1)(y)>T WEDITL AD (y, y' ) TIL (W(z+1)>Tb(l+1)(y) _Gsy
1 1

A0y (b03), b )|

€ AL+ 2

2 3\ 1 3 %We,
scs<b+b">||A<”<y,y’>||2( 0w (3) + 4 los (5)>+ “ a0y, y') .

holds with probability at least 1 — /3. The lemma follows by taking a union bound over all possible choices of (y,y’).

El¢" Ag] - V(A (y,y)|

We can use the above result to obtain the following bound for any y € {x,x’}

Cs
d;

;
(b)) W(M)HéD(l)(y)H

Cs i T 12
< { (b)) WEITIEAO (3, y)11G (WD) b<l+1>(y)}

<{
Cs 2 3 1 3 2bc,
< {dtr<A<”<y,y>>b+2csb||A“><y,y>||2 ( Tox (3) + 4 1og (5)> 2 a0y, y >2}
l 1 l
/

iaT {24 (e (2)))

< \/20e, 1A (y,y)]l2

1/2

where b = (b("*D(y), b+ (y)) and the last step uses the relation the bound on d;.
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B.5. Proof of Lemma 12

Fix any (y,y’) € {(x,x%), (x,x), (x/,x’)}. For ease of writing let V(+1)(x) := (W(l“))T b(+1)(x). We are interested
in bounding the following expression.

(VD)) LA,y V) - (VD)) T IEAD () IEVED ()
= (VO(y)) (e + IEDO(3)DO (y') (Mg + T VD (')
(Ve () mEDY (y)D () IE V()
= (V”“)(Y)) DO (y)D () IV (y) + (V”“) (.Y)) ' TeDO(y)DO (y TV (y) 4
(Ve ) IEDO()DO () He VD ().
Consequently,

T T
S (Vi) AV y) VD) - (VED(y)) TEAD v,y IEV (y)
l

Cs

T T
(VD () meDV(y)DO ) TeVHI(y) + (VEH(y)) TeDO(y)DO(y )GV (y)+

d;

,
(V”“)(Y)) gD (y)DO (y) e VI (y)

Cs T .
< 4 (b(l+1)(}’)) W(l+1)Hc;D(l)(y)‘ ‘D(l)(y Mg ( (l+1)) b l+1) n

o | (0rvi) W man| o0y <w~+1fb«ﬂ .

d

Cs T .

a4 (b(lH)(Y)) W(l“)HéD(l)(y)‘ ‘ DO (y") (W(l+1 ) b+ (y

Cs [ _ 8 B B 3 .
< dT (s(L n/2 4 1)4/21log <5> + st lgg\@] l(s(L n/2 4 1)4/2log (6) + st 153\/5 HD(Z)(Y)HQHD(Z)(y’)||2+

2 _ 8 _
o7 [(# 2 4 1)y f2tog (§) + 5 ﬂ] DO () 2 b ()| [P () -+

S, 00

2
csh| = [(S(LZ)/2 +1)4/2log <

d ) +s“ssﬂ] DO )LD () [PV ()2

2
S - 8 -
< ZT l(s@ D2 41), [210g <6> + st 153\/5] 1AY (v, y") 2+

Cs ,dﬁ [(S(L—l)/2 + 1) 210g <§> +SL_l€3\/§‘| (S(L_l)/2 + 1)||A(l)<y’y/)”2
1

Cs€x (L—1)/2 8) L-l
< 1)4/21 - 2] x
_\/a[(s +1) og<(S + st lesV/2

{jj [<s<“>/2+1> 2tog () + s+ teavB + VR(sth- l/2+1>}
l

where we used Lemma 11 and 18 in fourth step and the condition of B'+1(g5) A £!(e5) in the last step. Both lemmas hold
with probability at least 1 — 4/2, ensuring that the overall expression is true with probability at least 1 — 4.
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B.6. Proof of Lemma 13
Fix any (y,y’) € {(x,x), (x,x'), (x,x')}. Conditioned on A* (g, /2) A B!*1(g9) A C(e3) A D'(e4) A E'(e5), we begin
with bounding ’<b(l) (y), bO(y") — [T U (x,y’)|. Using the definition of b®)(y) we have,

7=l

L+1

l
- % (b(l"‘l)(y))TW(H‘l)A(l)(y,y') (W(l+1)) b (y)
l

T T
— (b)) WEHDTITEAD (y, y)ITg (WD) b+ ()

Cg T T
+ de (b(l+1)(y)> W(l"'l)HéA(l)(y,y/)Hé (W(l+1)) b(l‘H)(y)_

Cs
Etr(A(l)(y,y’)) <b“+”(Y),b”“)(y’)> ‘

L+1

0 .
+ csw (b (y), by ) ]Hl 20y, y")

Cs€5 (L—1)/2 <16) L—1
< +1)4/21 + V2
> ( \/(Tl [(S ) 0g 5 S €3 X

Vd;

+¢s (<b(l+1)(y)7b(l+1)(y)> + <b(l+1)(y’)7b(l+1)(y')>) ( d%log (g) + dlllog (g)) €5

2¢, _
+ di <b(l+1)(y)7 b(l+1)(y/)> g5+ s ey + seq
!

< <C*€5 [(S(L_l)/2_~_1) 2log 16) +SL—1€3\/§] «

{1 [(S(Ll)/2 +1)4/2log (?) + sh7les V2| + VB(sETD/2 1)} )

Vd, 5
vV,

6 1 6 2¢cg _ _
+2cs(sL_l+1)< d—llog <5> +d—llog (6>>85+ a (s¥ l+1)€5+sL ley + seo.

{1 l(S(Ll)/2+1) 2log (156>+5L leav2| + V8(s'E l/2+1)}>

In the fourth step, we used Lemma 10, 12 and 11 with the last two each holding with probability at least 1 — §/2.
Consequently, the above expression holds with probability at least 1 — 4.

B.7. Proof of Lemma 14

We carry out the analysis conditioned on A!(g). Since ‘( ) h®(y") = 2O(y,y)| < ¢ for all (y,y') €
{(x,%), (x,%), (x,x’)} we can conclude that |G(!) — AD||, < 2. Since &,_; is Bs—1-Lipschitz in M w.r.t.
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oo-norm, we have,

|5-s—1(G(l)) - &S—I(A(l+1))| < BS—IHG(Z) - A(l+1)||oo < 265—157

fore < vs_1. Fixany (y,y’) € {(x,x), (x,x'), (x/,x’)}. We have that,

tr(AT (y,y")) tr(AO(y,y)) 52

. _ () N < e, _ 5o (A(l+1) ’ )
c . ¥, ¥)| < e d; 95 — 1071 v:y')
(A (y,y) ¢
< e, Y)) 5.1 (GO )
=€ d; 23—10 1( v:¥))1+
s 0 . (I+1)
5s 1101 (GY) =g (AT
252,
< ' (14 €)* Mpem1(di, 6/2,min{ 1, (y,y") +¢}) + QZ f 16’

holds with probability 1 — §. The last step follows from Lemma 16. On taking a union bound, we can conclude that

tr(A (y,y"))
di1

2528,

— S ()| < 521+ 0)  Noun (d,6/6,1) + S

Cs

holds for all (y,y’) € {(x,x%), (x,x’), (x/,x’)} with probability 1 — §. Since we have already invoked Lemma 16, it also
gives us that

s—1
A0l < 5 |20+ ey tog ()]

holds for all (y,y’) € {(x,x), (x,x’), (x/,x’)} with probability 1 — §. Using this result along with Lemma 2 ande < 1/s
yields us

Pr

2 s—1
Al(e) = DIF! (332ap51(dl,§/6, 1) + 228 BS;) A &L (332 [2 log (6(?)] )1 >1-4,
P

as required.
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B.8. Proof of Lemma 15

Consider,

>1_Zpr [AL(e) A - {DH1(e) A EH1 ()]

>1- Zpr é DlJrl( /) A glJrl(E//))]

where the eighth line follows from Lemma 14 and the choice of ¢’ and ¢”.

B.9. Proof of Lemma 16

We can rewrite tr (A(l) (%, x’)) as follows:

tr(AV(x,x')) = tr

x)
h (10 J»dmg@; (1))
7, (£060) o2 (196)))
— <03_1 (W@h(l*l)(x))  Te (W<l>h<l*1>(x’))> .
Note that since all the matrices {W () }!Z1 are fixed, h(!~1)(-) is a fixed function. Consequently, each term of the vector

WOR-D(x) is distributed as A (0, (h l)( ),h()(x))) and is independent of others. If (wﬁ.l))T denotes the j™ row of
the matrix W), then we can write the inner product as

tr(A0 (x, %)) = 52 <crs_1 (W(l)h(l*”(x)) e (W(l)h(l”)(x’))>

=3 (%) 060 ) o ((w1) 0000
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where Z; are all independent and identically distributed as o5_1(X)os_1(Y) where (X,Y) ~ N (O, GU-D(x, x’)). If
we define Zj = (G11G22)_(57;1), then Zj are all independent and identically distributed as o5_1(X)os_1(Y") where

(X,Y) ~N(0,%,,) and pg = \/% From Lemma 5, we know that

d

1 ~ ~
d—l Z Z] — E[Z]] S Sosfl(d176> pG)

=1

with probability at least 1 — §. Consequently,

d,
1 (s=1)
=" Z; —E[Z)]| < (G11G2) 7 ¢a_1(di, 6, pc)
d; =
with probability at least 1 — §. Note that E[Z;] = E [0s 1(X)os 1 (V)] = =G5 1 (G(l)(x, x’))

(X,Y)~N (0,G0) (x,x)) ot
and c¢s_1 = ¢s(2s — 1). On combining this with the previous result, we can conclude that,

tr(AY(x,x")) s?
dl 2s —1

Cs

Fot (G (X))

dy
1
< s d—ZE Z; — E[Zy]
j=1

(s=1)
< 5(G11G22) 7 ws—1(di,6/2, pa),
holds with probability 1 — §/2. For the spectral norm of AD(x, x/ ), we have,
IAD (x, x')[|2 = s2 max Z; = s2(G11Gan) "7 max Z;.
JEd; JEd

Using (26), we can show that

s—1 s—1
Pr { max Z; > |(1+ pc)log 4 <dPr| Z > |(1+ pg)log 4
j€d o o
1+ pc dy
< — 1 — <.
_dlexp( L+ pc og(5)>_(5

JAD (X2 = (G Gan) = max
JEd;

Consequently,

(s=1)

< s*(G11Ga) 2 [(1+0G)10g (2?)]81

holds with probability 1 — §/2. Thus, both the hold simultaneously with probability at least 1 — 4.

B.10. Proof of Lemma 18

We will prove the claim for y € {x,x'}. Recall that GW (y,y’) = [h¥(y) h()(y’)] € R%*2, For simplicity, we drop the
arguments from h(") and b("*1). Define IT, = hh and I, = IIg — Ij. Note that ILg , is still a projection matrix
of rank O or 1.

Recall that bU+1) is the gradient with respect to the pre-activation layer [ + 1 given by f(:t1) = WUHDh® | If we view the
output f as a function of h), WU+ W{+1) then we have the following relation:

0
oh®)

f(h(l)7 W(H—l), o ,W(L_‘—l)) — (b(l+1))T W(l+1)'
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Recall that o is s-homogeneous,that is, o5(A\x) = A®cs(x) for any A > 0. Using this recursion repeatedly, we have,

) (I+1) (L+1)y _ st ) (14+1) (L+1)
F(AR'Y W sy W )=A f(h'" W yoos W )
0

= ﬁf(Ah(l)’W(Hl)w.’W(L+1)) _ stz)\(sL—Lnf(h(z)’W(z+1)7 L WED),

Using this, we can write,

PO, WO WD) = Sl—L%f()\h(l)7W(l+1),___7w(L+1))
A=1
0 d(Ah®)
_ J—L 1) (14+1) (L+1)
=5t 2 OO, Wi W g )
*gowmy PR WE WAL T
)
_J-L__ 7 )\h(l)7w(l+l) '”7w(L+1) h(l)
S 8(Ah(l))f( ) ) 1

) (b”“)) T WO

By definition of II},, we have,

HHh (W(l+1)> T INCSY

- H e b (00) (W) pe

_ - lf W

M@

Since A (g1/2) ACle3), |h®D| > 1 —,/2 > 1/2 and |f(y; W)| < 3. Consequently,

.
th (W<z+1)> p00|| < sEte,v3.

Similar to the proof of Lemma 11, we note that for a fixed h and conditioned on (1) and b(+1) Lemma 3 gives us that
WEDTE L _warono WITE,

where W is a i.i.d. copy of W(+1)_ From the definition of Ilg /m, we can conclude that Hg/hl"[h = (. Thus, combining
this with the previous equation, we can conclude that

I+1 d —
WD Spein—wasnnn WIg .

If rank(Ilg ) = 1, then ILg,,, = uu' for some unit vector u. Thus,

HHG/h (W(l+1)> T b+D) au’ (W(lJrl)) T b+D)

~laT (Wu+1))T B+

4

UTWTb(l—H)‘ = Itl,

where t ~ N (0, ||b(+1)||2). Therefore, with probability at least 1 — §/2,

1 < IV, [210g (;‘) < (D72 4 1), [210g (;1)
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In the above step, we used similar arguments as used in Appendix. B.7 to bound |[b¢+V)|. If rank(Tlg/n) = 0,

HHG /n (WD) Tpt+n H = 0. On combining this with the previous result, we obtain that with probability 1 — &

HHG (W(l“)) T 04D

< HHG/h (W(l+l))T b(l+1)

n HHh (Vv(zﬂ))T B(+D

4
< (sE0/2 1 1)/ 210g (5> + st les V2.

Taking the union bound over the two possible choices of y gives us the final result.

C. Proof of Theorem 2

The proof of Theorem 2 involves combining several smaller results, some of which follow from Theorem 1 and the others
are minor modifications of existing results. We begin with stating these results along with proofs, if needed, and then
combine them to prove Theorem 1.

Firstly, using Theorem 1 along with Lemma 5.1 from Zhou et al. (2020), we can conclude that for
m > poly(T,L, K,A\"*, \;', S, log(1/6)), there exists a W* such that h(x) = (g(x;Wy), W* — W) with
probability at least 1 — § forall x € Z = {{x;,}X ;}L_,. Furthermore, | W* — W2 < S.

Secondly, using Lemma 4 and 8, along with (12), we can conclude that for m > poly(T, L, K, \=', \j !, S, 1log(1/9)),
llg(x; Wo)|| < O(st), independent of m.

Thirdly, we know that the spectral norm of the Hessian of the neural net is (’)(m_l/ 2) (Liu et al., 2020, Theorem 3.2) for all
W such that |[W — Wy || < R, where R is some finite radius. Here the implied constant depends on s, L and R. Thus, by
choosing 1 to be sufficiently large, we can conclude that for all [[W — W] < \/T/\, |[H(W)|| < C, m~ /3. Here H
denotes the Hessian and C; j, denotes a constant that depends only on s and L. Using this relation, we can conclude that for
any |W — Wyl < /T/\, we have

£ (x; W) — f(x; W) — (g(x; W), W — W) | < Cy pm 3T/
— [f(x; W) — (8(x; W), W = W) | < Cs LA 'm0,

where the last step follows by choosing a sufficiently large m and Assumption 1. Moreover, the above result holds for any
x € Z.

Lastly, using the relation h(x) = (g(x; Wy), W* — W) along with the result from Vakili et al. (2021a, Theorem 1) on
the kernel defined by neural net at initialization, i.e. k(x;x’) = (g(x; Wy), g(x’; Wy)), we can conclude that

h(x) — g7 (6 Wo) Vi x| < <s+ u\/ilogu/a)) 1)

In the above equation, V; and 6, are defined with respect to the dataset D and r = Zzzl ¥ig(x:; Wy). Also, we have used
the independence of dataset from noise sequence to invoke the above theorem.
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Using these results we can prove our main result. For any x € Z, we have,

|h(x) — f(x; W) < [h(x) — g (x; Wo) Ve + g7 (3 Wo) Vi — f(x; W)

IN

(s +v ilog(l/é)) 6:(x) + g ( Wo) Vi 'r — f(x; W)

Cs 2 . _
Somire + <S /3 1og<1/5>> 5(x) + I8 (% Wo) Vi 'x = (g(x; Wo), Wi = Wo) |

CS,L 2 ~ — ~
Ami/6 <S BTN 1og<1/6>> G(x) + [We = Wo = Vil [ Vi6(x)

Cs,L 2 J/2 C;,L ~
N L/6 + <S +v 3 log(1/8) + (1 —nA)?2\/t/x + 1/ (A4 CY ) (x),

as required. As before C 1, C;’ 1, and Cg’ ;, represent constants that depend only on s and L. In the last but one step,
we used the fact that for any positive definite matrix A € R4 and x,y € RY, (x,y) < (xTA7'x) - (yTAy) <
(xTA='x)||A|l2ly|l2- And in the last step, we used the results from Zhou et al. (2020, Lemmas B.3,B.5,C.2) along with
the bound on gradient established earlier.

D. Additional Details on NeuralGCB

We first provide all the pseudo codes for Neural GCB followed by proof of Theorem 3.

D.1. Pseudo Codes

In Alg. 2, UCBET) and LCBgT) refer to the upper and lower confidence scores respectively at time ¢ corresponding to index r
and are defined as UCB!" (-) = f(x W)+ 8,6 (-) and LCB" (1) = f(-; W) — B,6{") (-). The arrays ct r, max_mu
and fb are used to store the exploitation count, maximizer of the neural net output and feedback time instants respectively.
The exploitation count is tracked to ensure that the exploitation budget is not exceeded. Similarly, the maximizer of the
neural net output is stored to guide the algorithm in exploitation at the next level and the feedback time instants are used to
keep track of last time instant when the neural net was retrained, or equivalently obtained a feedback. Lastly, v;’s provide
analytical and notational convenience and are not crucial to the working of the algorithm.

GetPredictions is a local routine that calculates the predictive mean and variance after appropriately retraining the neural net
and described in Alg. 3 and used as a sub-routine in Neural GCB. We would like to emphasize that NeuralGCB computes
only the mean with the trained parameters. The predictive variance is computed using the gradients at initialization. This is
made possible by having an additional ad hoc neural net which is just use to compute the gradients for calculating the
variance. This is similar to the setup used in (Kassraie & Krause, 2022).

After computing the predictive variance for the set of current actions, the GetPredictions routine decides whether the neural
net needs to be retrained based on the previous feedback instant ¢¢,, and batch parameter q. In particular, we consider two
training schemes, fixed and adaptive. The fixed frequency scheme retrains the neural net if there are an additional of ¢ points
in W after ¢¢,. Consequently, the neural corresponding to the 7 subset in the partition is retrained after every ¢, points are
added to the subset. On the other hand, in the adaptive scheme, inspired by the rarely switching bandits (Abbasi-Yadkori
etal., 2011; Wang et al., 2021), the neural net is retrained whenever det(V) > ¢ det(V¢,) where V and V¢, are as defined
in line 2 and 3 of Alg. 3. Since log(det(V)/ det(Al)) is a measure of information gain, the neural net is effectively retrained
only once sufficient additional information has been obtained since the last time the neural net was trained. We would like to
point out that in the main text, we only refer to the fixed training scheme due to space constraints. However, our NeuralGCB
works even with the adaptive scheme and the regret guarantees under this training schedule are formalized in Appendix D.

Lastly, TrainNN is another local routine that carries out the training of neural net for a given dataset using gradient descent
for J epochs with a step size of 7 starting with Wy,
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Algorithm 2 Neural GCB

1: Require: Time horizon 7', maximum initial variance o, error probability &
2: Initialize: R < [log, T'], Ensemble of R Neural Nets with W(" = W, W\ «~ 0, Vr € [R], H « 0, arrays ctr,
max._mu, b of size R with all elements set to 0, batch sizes {q, } 2,

3: fort=1,2,3,...T do
4 re1,A.(t) = [K]
5:  while True do
6.
7

Receive the context-action pairs {x; o}
{f(Xt,a; WET)) &t(r)l (x¢.0) M, Wt(r), £blr] + GetPredictions (7—[ \I!t L {xea Y £[r], ng)l, qr)

8: Ut( )1 max,c 4 g Uzg_)1(95t7a)’ maxmulr] < argmax, . 1 f(xt,a;ng)l)
9: if 0,5_)1 < 0027 " then

10: auce ¢ argmax,c i () UCBgC)1 (Xt,a)

11: if Ugi)l(xtaucs) < 1o/+/t then

12: Choose a; < aycp and set vy < 1

13: Receive y; = h(xy,q,) + & and update H < H U {(z¢,q,,¥4)}

14: Set U o Bl U {(£,0)} and B B forall 7 € [R]\ {r + 1}
15: break

16: elsg .

17: Ara(t)  {a € Ay(t) : UCB{”, (x1.0) > max 4 ) LCBY” (xy.0)} 7 7+ 1
18: end if

19: else

20: ifr=1or ctr[r] > a4 then

21: Choose any a; € AT( t) such that a(r) 1(%4,q) > 00277 and set vy +— 2

22: else

23: Choose a; « max_mu[r — 1] and set vy < 3

24: end if

25: Receive y; = h(X¢,q,) + & and update H < H U {(z1,4,,y1)}, ctrfr] - ctrfr] +1

26: Set U« Wi U{(t,0,)} and O « W) forall 1 € [R]\ {r}

27: break

28: end if

29:  end while

30: end for

D.2. Proof of Theorem 3

To analyse the regret of Neural GCB, we divide the time horizon into three disjoint sets depending on how the action at that
time instant was chosen. In particular, for ¢ = {1, 2, 3}, we define

Ti(s):={te wg) tvp =1}
R
- U7

Thus, 71, 72 and73 consist of all the points chosen by the chosen algorithm at line 12, 21 and 23 respectively. We consider
the regret incurred at time instants in each of these sets separately. We begin with 7'1. For any t € T1(r),

h(Xpar) = h(Xea) < F&ears WD) 4+ B4 816070 Ras) = (F(Xtas W) = B = Bi-160 1 (%0.0,))
Sf@mﬁwﬁﬂ+3+@ﬂﬁq)@mﬂ—f@mJWFﬂ+5+&4%q)@mﬂ

<26+28,16 7" (Xt.0,)
27}05:571

Vit

<26+
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Algorithm 3 GetPredictions

1: Input: Set of past actions and their corresponding rewards H, Index set ¥, Current set of actions {x; .}, Previous
feedback instant ¢¢,, Wy, , Batch choice parameter g

2: Z < N+ % ZiE\II g(xi§W0)g(Xi§WO)T

3t Zgp <+ N[+ % Eieql’igtfb g(xi§ WO)g(Xi§ VVO)—r

4: Set 02(X4.4) + &(Xt.0; Wo) T Z71g(x¢,0; Wo)/m forall a € [K]

5: For fixed batch size: to_train = (|¥| — tg, == q)

6: For adaptive batch size: to_train = (det(Z) > qdet(Z¢y))

7: if to_train then

8: W < TrainNN(m, L, J,n, \, Wo, {(2r,yr) € H: 17 € U}), ts, « |¥|
9: else

10: W «— Wtfb

11: end if

12: return {f(x¢.a; W), 0(x¢.0) 2, W, t5p.

Algorithm 4 TrainNN(m, L, J,n, \, Wo, {(x:, i)} 1)

1: Define L(W) =31 (f(xi; W) — 5:)? + mA|W — W |2
2: forj=0,1,...,J —1do

3 Wi =W, —nVwL(W;)

4: end for

5: return W ;

where we use Theorem 2 in the first step, 3 = )\iji?s and 5; = (S +vy/21og(1/0) + (1 — N2\ t/N + )\ml/s) (A+

C’g’ 1 t). Since this is independent of r, this relation holds for all ¢ € 7;. Consequently, the regret incurred over the time
instants in 7; can be bounded as

Z h Xta Xt at) S Z |:2B+ 2770/\?%—1:|

teTy teTy

< 2B|Ti| + 200587 VT.

We now consider a time instant in 73 or 73. Fix any » > 1 and ¢t € 75(r) U T3(r) which implies that a; € A, (¢).
Consequently, x; 4, satisfies the following relation:

f(xt at7W(r Y ) + Bt* Ut 1 )(Xt,at) > m,?}i )f(xt,g/;W,Ei_ll)) — ﬂtfl&t(i_ll) (xtA,a’)
a’ €A, (t

Note that output of the neural net is based on the parameters evaluated during the last time the neural net was trained, which

we denote by ¢y, In other words, f(X¢.q,; WE:D) = f(Xt,a,; Wg:b_l)). However, c}t(:l) is evaluated using all the points

in \Ily_)l We can account for the discrepancy using Lemma 12 from Abbasi-Yadkori et al. (2011) Which states that for any

two positive definite matrices A = B € R%*? and x € R?, we have x " Ax < x" Bx-/det(A)/det(B Using this result

along with noting that 6" 1" (x.4) = & (X1,0; Wo) Vi1 8(xt.0; Wo), 61 (x00) = & (%t,0; Wo) Vi g(%1.0; Wo)

and V;_; = Vg, we can conclude that &t(; )(xt’a) < a(r 1) (Xt.a) \/det Vi_1)/det(Vep).

For any batch such that det(Vt)/ det(Vfb) < 4, we have, &g;l) (%, a) < 205“ )(xm) for all @ € [K]. Consequently,
|h(x¢,q) — f(xe, atthfb )| < B+ Btfbat . )(xt,a) < B+ 2615,10,5_1 )(xt’a). Thus, for any such batch and a time
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instant ¢ € T3(r), using Theorem 2 we have,
f(xe, auWY 11 )+ Bi— 1U§ 11)(Xt ar) > ij( )f(xt,a/;WET_}U) - @_@F:l)(xt,a,)
a’'e
W(T 1) - W(7 1) ~(r—1)
= f(xt ags )Jrﬁt— Ut 1 (Xta ) (Xf ay; ) Bt—10;_1 (Xt,a*>

tep tep

- h(xt a,) + 3ﬂt 10t1” 11 (Xt af) B (Xt,a*) - 3Bt—1a—t(z_11)($t,a*) - B
Since A,(t) C A,_1(t), &g:l)(xtva) < &t(i_ll) < 0¢2'"" forall a € A,(t). Thus,

h(Xt,ar) — h(Xt,a,) < 35t—15ft(:1)(xt,a) + 351&—1@(:1)(&,(1;‘) +2B < 120081 - 27" + 2B

Similarly, for a time instant ¢ € T3(r), we have,

h(Xta:) = h(Xta,) < F e W) 4 B 4+28,167 7 (%par) = FKras W) + B+ 28167 (%10,)

< 3575—10,5_11)(Xt ar) + 3B 1&[’1”(&,@) +28 < 120081 - 27" + 28
< 120081 - 27" + 28,

where the first step uses Theorem 2 and the last step uses the fact that x; ,, € A4 (t). Forany t € T3(1) U T3(1), we use
the trivial bound h(xy q+) — h(X¢,q,) < 2.

We now bound |73 (r)| using similar techniques outlined in Valko et al. (2013); Auer (2002). Fix any r > 1. Using the fact

that for all t € Ta(r), 6t(:1) (X¢t,q,) > 0027 " and the bound on the sum of posterior standard deviations from Chowdhury
& Gopalan (2017, Lemma 4), we can write

002 ") < Y 6 (xea,) < VI (ATK(T) + 1)

teTs(r)

— |Ta(r)] < 27\/805 2 Ta(r)| (ALW(T) + 1)

We also used the fact that the information gain of the kernel induced by the finite neural net is close to that of NTK for
sufficiently large m (Kassraie & Krause, 2022, Lemma D.5). This also provides a guideline for setting the length of the

exploration sequence. Specifically, we can set ag such that |75(r)| also satisfies | 73(r)| < 2" \/80()_2\73,(r)\()\Fk(T) +1),
or equivalently, ag = O(T'x(T)). In general, we have |T3(r)| < apd” = [T3(r)| < 2"/ a|T3(r)]|.

We can use these conditions to bound the regret incurred for ¢ € 7, the subset of T3 that consists only of batches that satisfy
the determinant condition. We have,

Z h(xt,ar) = h(Xt,a,) < Z Z h(xt,a;) — h(xt,q,)

teTy r=1teTy(r)

<SIBOI+Y. S [1200800 27 + 28]

r=2teTa(r)

=

<IBOI+Y 1200811277 + 28] 1Ta(0r)]

r=2

R
< |T(1)] + 2B1Tal + (120081 - 277) - 271 /8032 T3 () (ATK(T) + 1)

r=2

< |T2(1)| + 28| | + 1287 v/8|To|R(ATk(T) + 1),
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where we used Cauchy-Schwarz inequality in the last step. Using a similar analysis, we can bound the regret incurred for
t € T, which is defined similarly to 75, to obtain,

3 hixea:) = h(xia,) < [T3(1)] + 26| T5] + 1267 /8T Rao.

teTy

Now, for batches for which the determinant condition is not satisfied, the regret incurred in any batch corresponding to
subset index 7 can be trivially bounded as ¢,. We show that the number of such batches is bounded by O(T'(T')). Fix a
r > 1. Let there be B, such batches for which the determinant condition is not satisfied and 7”(r) denote the set of time
instants at which such batches begin. Then,

4Br < H det Vt+q < det(VT+1)

det(Vy) —  det(Al)
teT'(r)

Since log (det(V 1)/ det(Al)) is O(I'x(T)), we can conclude that B, is also O(T'y(T")). Thus, regret incurred in all such
batches can be bounded as O(max, ¢.I'y(T) log T') as there are R = log T batches.

We can combine the two cases to obtain the regret incurred over 73 and 73 as

> h(Xtar) = h(Xea,) < |Ta(1)] + 26| T| + 1287V/8|To| ROTK(T) + 1) + O(max ¢, T'y(T)log T)
teT

> h(Xtar) = h(xXea,) < [Ts(1)] + 26|Ts| + 1287/8|Ts| Rag + O(max ¢, T'(T) log T).

teTs

The overall regret is now obtained by adding the regret incurred over 77, 73 and 73. We have,

Z h Xt ,a* Xt a,)
= Z h Xt,a* - Xt,at) + Z h(xt,a* Xt at + Z h Xt a* Xt at)

teTh teT2 teTs
<28(Ti| + | Tl + |Ta]) + | To()| + [T3(1)] + 20087 VT + 1287+/8|T3|Rag
+ 1287v/8| 2| ROT(T) + 1) + (’)(mgx ¢ T1(T)log T)

< 26T + 2007V + 1287/ST(ATR(T) + 1 + ag) + O(maxq, I (T) log T),

where we again use the Cauchy Schwarz inequality in the last step along with the fact that |7>(1)[ and [73(1)| satisfy
O(T',(T)). Since m > poly(T'), the first term BT is O(1) and using the values of J and 7 specified in Assumption 2 along
with the bound on m, we have 8r < 8 < 2S + vy/2X~log(1/4). Consequently, the regret incurred by Neural GCB

satisfies O(y/TT(T) log(1/8) + /TTx(T) + /T log(1/5) + max, ¢. Ty (T)log T).

The above analysis carries through almost as is for the case of adaptive batch sizes. Since the batches always satisfy the
determinant condition with ¢, instead of 4, we do not need to separately consider the case where the determinant condition
is not met. Using the same steps as above, we can conclude that the regret incurred by NeuralGCB when run with adaptive
step sizes is O(\/TT(T")log(1/0) - max, \/q,). Thus for the adaptive case, we incur an additional multiplicative factor.
This can be explained by the fact that in the adaptive batch setting, the number of times the neural nets are retrained is
O(TI'x(T)). However, in the fixed batch setting, even if we use the optimal batch size of \/T'/T';,(T), we end up retraining
the neural nets about O(,/TT(T)) times, which is more than in the case of the adaptive batch setting. The more frequent
of retraining of neural nets helps us achieve a tighter regret bound in the case of fixed batch setting.

E. Empirical Studies

In this section, we provide further details of the setup used during our experiments. For completeness, we first restate the
construction and preprocessing of the datasets followed by the experimental setup. We then provide the complete array of
results for the all the algorithm on different datasets.
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E.1. Datasets

For each of the synthetic datasets, we construct a contextual bandit problem with a feature dimension of d = 10 and K =4
actions per context running over a time horizon of 7' = 2000 rounds. The set of context vectors {{x; ,}2 ,} ; are drawn
uniformly from the unit sphere. Similar to Zhou et al. (2020), we consider the following three reward functions:

hi(x) =4la™x|?;  ho(x) =4sin?(a'x);  hs(x) = [|Ax].. 27)

For the above functions, the vector a is drawn uniformly from the unit sphere and each entry of matrix A is randomly
generated from N(0, 0.25).

We also consider two real datasets for classification namely Mushroom and Statlog (Shuttle), both of which are available on
the UCI repository (Dua & Graff, 2017).

Mushroom: The Mushroom dataset consists of 8124 samples with 22 features where each data point is labelled as an
edible or poisonous mushroom, resulting in a binary classification problem. For the purpose of the experiments, we carry out
some basic preprocessing on this dataset. We drop the attributed labeled “veil-type” as it is the same for all the datapoints
resulting in a d = 21 dimensional feature vector. Furthermore, we randomly select 1000 points from each class to create a
smaller dataset of size 2000 to run the experiements.

Statlog: The Statlog (Shuttle) dataset consists of 58000 entries with d = 7 attributes (we do not consider time as an
attribute) each. The original dataset is divided into 7 classes. Since the data is skewed, we convert this into a binary
classification problem by combining classes. In particular, we combine the five smallest classes, namely, 2, 3, 5,6, 7 and
combine them to form a single class and drop class 4 resulting in a binary classification problem, with points labelled as 1
forming the first class and ones with labels in {2, 3,5, 6, 7} forming the second. Once again, we select a subset of 2000
points by randomly choosing 1000 points from each class to use for the experiments. Lastly, we normalize the features of
this dataset.

The classification problem is then converted into a contextual bandit problem using techniques outlined in (Li et al., 2010),
which is also adopted in Zhou et al. (2020) and (Gu et al., 2021). Specifically, each datapoint in the dataset (x,y) € R? x R
is transformed into K vectors of the form x(!) = (x,0,...,0)...,x%) = (0,...,0,x) € R¥? corresponding to the K
actions associated with context x. Here K denotes the number of classes in the original classification problem. The reward
function is set to h(x(k)) = 1{y = k}, that is, the agent receives a reward of 1 if they classify the context correctly and 0
otherwise. As mentioned above, we have d = 21 for Mushroom dataset and d = 7 for the Shuttle dataset and K = 2 for
both of them.

E.2. Experimental Setting

For all the experiments, the rewards are generated by adding zero mean Gaussian noise with a standard deviation of 0.1 to
the reward function. All the experiments are run for a time horizon of 7" = 2000. We report the regret averaged over 10
Monte Carlo runs with different random seeds along with an error bar of one standard deviation on either side. For all the
datasets, we generate new rewards for each Monte Carlo run by changing the noise. Furthermore, for the real datasets, we
also shuffle the context vectors for each Monte Carlo run.

Setting the hyperparameters: For all the algorithms, the parameter v, the standard deviation proxy for the sub-Gaussian
noise, to 0.1, the standard deviation of the Gaussian noise added. Also, the RKHS norm of the reward, .S to 4 for synthetic
functions, and 1 for real datasets in all the algorithms. For all the experiments, we perform a grid search for A and n over
{0.05,0.1,0.5} and {0.001,0.01, 0.1}, respectively, for each algorithm and choose the best ones for the corresponding
algorithm and reward function. The exploration parameter [3; is set to the value prescribed by each algorithm. For
NeuralUCB and NeuralTS, the prescribed value for the exploration parameter in the original work was given as:

Bt = fo (y\/log (m) + Com~1/6/log mLAt5/3X=1/6 + 21log(1/d) + S)

+ (A + CstL) [(1 — A2 4+ m YO log mLT/25/3 0 75/3(1 + t/A)} ,
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where By = +/1+ Cim~=1/6\/logmL*7/6A=7/6.  We ignore the smaller order terms and set 3, = 2S5 +
V\/log (?;i&‘;g) + 21log(1/6) as (A 4+ C3tL)(1 — nmA)’/2,/t/\ < S for given choice of parameters as shown in Zhou

et al. (2020). For NeuralGCB and SupNNUCB, we apply the same process of ignoring the smaller order terms and bounding
the additional constant term by S to obtain 3; = 25 + v/ % log(1/4), which is used in the algorithms. Also for NeuralGCB,

70 was set to 0.2 and «g to 201log T, as suggested in Sec. D, for all experiments. The number of epochs is set to 200 for
synthetic datasets and Mushroom, and to 400 for Statlog.

Neural Net architecture: We consider a 2 layered neural net as described in Equation (2) for all the experiments. We
perform two different sets of experiments with two different activation functions, namely o; (or equivalently, ReLU) and o5.
For the experiments with ¢ as the activation, we set the number of hidden neurons to m = 20 and m = 50 for synthetic
and real datasets respectively. For those with o5, m is set to 30 and 80 for synthetic and real datasets, respectively.

Training Schedule: For the experiments with sequential algorithms, we retrain the neural nets at every step, including
Neural GCB. For the batched algorithms, we consider a variety of training schedules. Particularly, for each setting (i.e.,
dataset and activation function) we consider two fixed and two adaptive batch size training schedules, which are denoted
by F'1, F'2 and A1, A2 respectively. We specify the training schedules below for different dataset and activation functions
beginning with those for o7 (ReLU). These were chosen to ensure that both algorithms have roughly the same running time
to allow for a fair comparison.

1. For Batched NeuralUCB run on a synthetic function:

e F'1: 200 batches, or equivalently retrain after every 10 steps.

e F'2: 300 batches, or equivalently retrain after every 6 — 7 steps.
e Al: g=2

e A2:q=3

2. For Batched NeuralUCB run on Mushroom:

* F'1: 100 batches, or equivalently retrain after every 20 steps.
* F'2: 200 batches, or equivalently retrain after every 10 steps.
e Al: ¢ =500
e A2: ¢ =700

. For Batched NeuralUCB run on Shuttle:

W

e F'1: 100 batches, or equivalently retrain after every 20 steps.
e F2: 200 batches, or equivalently retrain after every 10 steps.
e Al: g=5

e A2: ¢q=10

4. For Neural GCB run on a synthetic function:

e Fl: q1 =4,q = 20, q, = 40 for r > 3 (i.e., retrain after g, steps)
e F2: ¢4 = 2,92 = 10,q, = 20 for r > 3.

e Al: q1 =1.2,q0 =1.8,q, = 2.7forr > 3.

e A2: g1 = 1.5,q2 = 2.25,q, = 3.375 forr > 3.

5. For Neural GCB run on Mushroom:

e F1l: g1 = 20,q2 = 40, ¢, = 80 for r > 3 (i.e., retrain after g, steps)
e F2: g1 = 10,92 = 20, g, = 40 for r > 3.

e Al: ¢; = 300, ¢ = 1200, ¢, = 4800 for r > 3.

e A2: ¢; = 500, g2 = 2000, ¢, = 8000 for r > 3.

6. For Neural GCB run on Shuttle:
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e F'1: q1 = 20,92 = 40, ¢, = 80 for r > 3 (i.e., retrain after g, steps)
e F2: ¢; = 10,92 = 20,q, = 40 for r > 3.

e Al: g1 = 5,92 = 12.5,¢q, = 31.25 for r > 3.

e A2: ¢ = 10,99 = 25,¢q, = 62.5 for r > 3.

Similarly, for oo, the training schedules are given as follows:

1. For Batched NeuralUCB run on a synthetic function:

e F'1: 200 batches, or equivalently retrain after every 10 steps.

e F'2: 300 batches, or equivalently retrain after every 6 — 7 steps.
e Al: ¢g=3

e A2: ¢ =4

2. For Batched NeuralUCB run on Mushroom:

e F'1: 100 batches, or equivalently retrain after every 20 steps.
* F'2: 200 batches, or equivalently retrain after every 10 steps.
e Al: ¢ =500
e A2: ¢ =700

3. For Batched NeuralUCB run on Shuttle:

* F'1: 50 batches, or equivalently retrain after every 40 steps.
e F'2: 100 batches, or equivalently retrain after every 20 steps.
e Al: q=5

e A2: ¢ =10

4. For Neural GCB run on a synthetic function:

e Fl: g1 =4,q2 = 20, g, = 40 for r > 3 (i.e., retrain after g, steps)
e ['2: n = 2,92 =10, ¢q,. = 20 forr > 3.

e Al: g1 =12, =1.8,q, = 2.7forr > 3.

e A2: q1 = 1.5,q9 = 2.25,q, = 3.375 for r > 3.

5. For Neural GCB run on Mushroom:

e F1l: g1 = 10,92 = 30, ¢, = 60 for r > 3 (i.e., retrain after g, steps)
e F2: ¢4 = 10,95 = 20, q, = 40 for r > 3.

e Al: q; = 300, g2 = 1200, ¢,- = 4800 for r > 3.

o A2: g1 =500, g2 = 2000, g, = 8000 for r > 3.

6. For Neural GCB run on Shuttle:

e Fl: q1 = 5,92 = 12,q, = 31 for r > 3 (i.e., retrain after g, steps)
e F2: g1 = 5,92 = 10, g, = 20 for r > 3 (i.e., retrain after g, steps)
e Al: g, =3 forallr
e A2: g, =4 forallr

We use this notation of F'1, F'2, A1 and A2 to refer to the training schedules in the plots shown in the next section.
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E.3. Plots

In this section, we plot the performance of Neural GCB against several baselines for different experimental setups and reward

O’Q(x)

Figure 2: Plots with reward function hq ()

functions. For each reward function, we plot the following 6 figures:

* Fig. (a): We plot the cumulative regret against time (number of rounds) for various baselines for the case where the

activation function of the underlying neural net is o1, or equivalently, ReLU.

* Fig (b): We plot the cumulative regret against time (number of rounds) for various baselines for the case where the

activation function of the underlying neural net is os.

* Fig (c)-(f): We compare the regret and running time (in seconds) between the batched and the sequential versions of
NeuralUCB and Neural GCB. We plot the regret incurred against time taken (running time, in seconds) for Batched-
NeuralUCB (BNUCB), (Batched)-NeuralGCB (BNGCB), NeuralUCB (NUCB-seq), (Sequential) Neural GCB (NGCB-
seq) under different training schedules for 10 different runs. In particular, in (c) and (e), we consider fixed batch sizes
with o1 and o5 as activation functions respectively and in (d) and (f) with consider adaptive batch sizes with o; and o9

as activation functions respectively. The batch sizes used in the plots are described in the previous section.

From the figures, it is evident that Neural GCB outperforms all other existing algorithms on variety of datasets, including
both synthetic and real world datasets. Moreover, the conclusion holds equally well for different activation functions,
further bolstering the practical efficiency of the proposed algorithm. Additionally, it can be noted that the regret
incurred by the algorithms in experiments with o9 as the activation is less than that for the experiments with o; as the
activation, thereby demonstrating the effect of smooth kernels on the performance of the algorithms in practice. we
would like to point out that we only focus on algorithms with theoretical guarantees in this study. There are various
approximate TS algorithms that also have good empirical performance (Riquelme et al., 2018) but lack such provable
efficiency, which is central to the motivation of our paper. In addition, the formulation of contextual bandits in Riquelme
et al. (2018) is different from the usual one in the literature (Valko et al., 2013; Zhou et al., 2020; Zhang et al., 2021;
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Figure 5: Plots for the dataset Mushroom
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Figure 6: Plots for the dataset Statlog (Shuttle)
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Guetal., 2021; Kassraie & Krause, 2022), considered in our work, which also makes a direct empirical comparison infeasible.

Lastly, the extensive study with different training schedules shows that batched version performs almost as well as the
fully sequential version in terms of regret on all the datasets while having a considerably smaller running time. It can be
noted from the plots that Neural GCB has a superior performance compared to Batched-NeuralUCB in terms of regret for
comparable running times on different datasets and with different activation functions which further strengthens the case of
Neural GCB as a practically efficient algorithm.

All the experiments were carried out using Python3 on a computer (CPU) with 12 GB RAM and Intel i7 processor (3.4
GHz) with an overall compute time of around 250-300 hours.
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