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Abstract

Foundation models often struggle with uncertainty when faced with new situations
in online decision-making, necessitating scalable and efficient exploration to re-
solve this uncertainty. We introduce GPT-HyperAgent, an augmentation of GPT
with HyperAgent for uncertainty-aware, scalable exploration in contextual bandits,
a fundamental online decision problem involving natural language input. We prove
that HyperAgent achieves fast incremental uncertainty estimation with O(log T')
per-step computational complexity over T’ periods under the linear realizable as-
sumption. Our analysis demonstrates that HyperAgent’s regret order matches that
of exact Thompson sampling in linear contextual bandits, closing a significant
theoretical gap in scalable exploration. Empirical results in real-world contextual
bandit tasks, such as automated content moderation with human feedback, validate
the practical effectiveness of GPT-HyperAgent for safety-critical decisions. Our
code is open-sourced at https://github.com/szrlee/GPT-HyperAgent/.

1 Introduction

Real-world decision-making often faces uncertainty due to a lack of comprehensive information about
the environment. Intelligent agents must not only understand this uncertainty but also actively gather
information to resolve it. This task is particularly challenging for real-time online decisions involving
foundation models—Ilarge-scale Al models pretrained on vast datasets that process unstructured
inputs like text and images.

Content moderation on digital platforms, a real-world safety-critical task, exemplifies these chal-
lenges [Gorwa et al., 2020]. Traditionally, human reviewers detected violations of human value and
community standards [Roberts, 2019], but the high volume of posts on platforms like Facebook [Meta,
2024], Twitter [Corp., 2024], and Reddit [Reddit, 2024] required automating content moderation.
Al systems using foundation models [Weng et al., 2023] provide real-time capabilities and reduce
human workload. However, pretrained on historical data, these models may struggle with uncertainty
in online production traffic where new and rare situations exhibit, leading to errors [Markov et al.,
2023]. Reliable content moderation requires real-time human feedback to correct Al errors, reduce
uncertainty, and refine detection policies. This human-AlI collaboration pipeline aims to minimize
human intervention (by exploiting the current Al capability) while ensuring long-term reliability (by
exploring uncertain content for human review to improve future ability), as illustrated in Fig. 1. To
achieve these goals, Al systems using foundation models need to quickly adjust uncertainty esti-
mates and refine policies as new data continually arrives, necessitating fast incremental uncertainty
estimation and scalable solutions to balance exploration and exploitation.

These challenges can be framed within the contextual bandit problem [Wang et al., 2005, Langford
and Zhang, 2007]—a fundamental online decision-making problem involving contextual information,
including unstructured language and vision input, that affects decisions.
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Figure 1: The Human-AI agile collaboration pipeline for risk oversight in an online production
environment: at time £ € N, Al moderation system receives post context(t) and decides whether it is
auto-removed or published for human review. If reviewed, Al moderation system quickly integrates
human feedback via label(?) to overturn Al decision and continually improve Al capability. This
pipeline aims to save human workload while ensuring long-term reliability and safety.

1.1 Key Contributions

We introduce GPT-HyperAgent, leveraging pretrained GPT for expressive feature embeddings and
integrating HyperAgent [Li et al., 2024b] for scalable uncertainty-guided exploration in contextual
bandits with unstructured language input. Vanilla HyperAgent [Li et al., 2024b] was designed based
on hypermodel framework [Dwaracherla et al., 2020, Li et al., 2022] and achieves state-of-the-art
computational and data efficiency for large-scale deep reinforcement learning benchmarks. Yet,
the compatibility of vanilla HyperAgent with foundation models for contextual bandits has never
been examined. More importantly, existing literature lack rigorous understanding on HyperAgent or
hypermodel-type algorithm under function approximation, and thus cannot provide much guidance
on the algorithmic configurations.

In this work, we provide an in-depth theoretical understanding that leads to practical advancement,
and close a fundamental gap in the theory for scalable randomized exploration algorithms.

Theoretical Understanding

* Efficient and Scalable Uncertainty Estimation: We theoretically prove that HyperAgent achieves fast
and scalable incremental uncertainty estimation with O(log T") per-step computational complexity
over T’ periods under the linear realizable assumption. This enables real-time adaptation and
efficient handling of increasing data volumes. The underlying mechanism is incrementally updating
an approximate factor of the covariance matrix via the outer product of the feature vector and a
random vector draw from perturbation distribution at each time period.

* Distribution-Dependent Regret: We develop a general regret analysis framework that leads to
a regret bound dependent on the reference distribution. Certain continuous-support reference
distributions (e.g., Gaussian) outperform ensemble sampling, which is a special case of HyperAgent
with the reference distribution being a uniform distribution over coordinates. This distinction is
due to the probability of optimism, proved via new anti-concentration bounds we developed.
To highlight, with various continuous-support reference distributions, HyperAgent can match
the frequentist regret of exact Thompson sampling (TS) in linear contextual bandits, closing a
fundamental gap in the theory for scalable randomized exploration methods.

Practical Guidance and Performance

» Separated Distributions & Empirical Validation: We demonstrate that update and perturbation
distributions in HyperAgent can be chosen separately, unconventional to existing literature. This
allows dual benefits by using discrete-support update distributions for lower computation cost
while maintaining the advantages of continuous-support reference distributions. This algorithmic
insight is theoretically justified under linear realizable assumption and empirically validated in
neural contextual bandit setups.

* Foundation Model Online Decisions: By addressing the challenges of uncertainty estimation
and scalable exploration, GPT-HyperAgent advances the state-of-the-art in online decisions with
foundation models. This is crucial for applications like content moderation with human feedback,
where the balance between reducing human workload and ensuring long-term safety is paramount.
Fig. 2 demonstrates the practical effectiveness of GPT-HyperAgent.
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Figure 2: (a) The network structure of HyperAgent using GPT pretrained feature embedding. (b)
We simulate the human-AlI pipeline for content moderation, focusing on hate speech detection,
using multiple random seeds. The solid line indicates average performance, while the shaded area
shows variation across simulations. The "HyperAgent’ uncertainty-aware moderation policy reduces
labeling effort by tenfold and achieves higher detection accuracy than the uncertainty-agnostic
"Greedy’ policy, which exhibits significant variance across simulations. Additionally, using pretrained
GPT embeddings significantly enhances initial performance compared to random initialization.

2 Problem formulation and HyperAgent algorithm
2.1 Sequential decision-making under uncertainty

We consider a environment involving a set of actions A and a ground-truth real-valued functions
f*: A~ R. We will define random variables with respect to a probability space (2, F,P). The
agent is uncertain about the function f* in the beginning. At each time ¢, the agent is presented with
a possibly random subset .A; C A and selects an action A; € Ay, after which she observes a reward
Y;. We denote by H; the o-algebra generated from history (Aq, A1,Y1,..., A1, A1, Vi1, As)
of observations available to the agent when choosing an action A;. The agent employs a policy
m = {m | t € N}, which is a deterministic sequence of functions, each mapping the history #; to
a probability distribution over actions A. For each realization of H; € H;, 7 (H;) is a distribution
over A with support A, though with some abuse of notation, we will often write this distribution
as 7. The action A; is selected by sampling from the distribution 7, so that P (A4; € - | ) =
P(A; € - | Hy) = me(-). We assume that E[Y; | Hy, A;] = f* (A;). In other words, the realized
reward is the mean reward value corrupted by zero mean noise. We will also assume that for each
t € N, argmax,ec., f*(a) is nonempty with probability one, though algorithms and results can be
generalized to handle cases where this assumption does not hold. The T'-period regret of a policy m is

the random variable defined by R(T") = Zthl maxgea, f*(a) — f* (Ar).

Example 1 (Contextual Bandit Models). The contextual bandit model [Langford and Zhang, 2007,
Wang et al., 2005] is a special case of the formulation presented above. In such a model, an exogenous
Markov process X, taking values in a set 2" influences rewards. In particular, the expected reward
at time t is given by f*(a, X:). However, this is mathematically equivalent to a problem with
stochastic time-variant decision sets A;. In particular, one can define the set of actions to be the
set of state-action pairs A = {(z,a) : © € Z',a € A(x)}, and the set of available actions to be
At = {(Xt,a) a e A(Xt)}

Within the online automated content moderation task as in Fig. 1, the context X; consists of text,
image or video content that the user submits to the platform while the moderator needs to choose an
action a € {publish, remove}.

Example 2 (Linear Realizable Rewards). We say the reward function f* is linear realizable w.r.t a
known feature map ¢ : A — B if there exists a vector 0* € BY, such that f*(a) = (¢(a), 0*).

These examples are widely studied in the literature of linear contextual bandits [Rusmevichientong
and Tsitsiklis, 2010, Abbasi-Yadkori et al., 2011a, Dani et al., 2008].



Algorithm 1 Generic HyperAgent for bandits (time step t)

Require: Reference distribution P, Update distribution P, Perturbation distribution P,; Index dim.
M, Perturbation level o, Regularization A, Update ratio B, Initialization 6, Data buffer D

1: Index Sampling: sample index (; bt P and play A; = argmax fp, ,(a, ().
aEA,

2: Receive noisy feedback Y;, sample perturbations z; i P, and add {(A;, Y:, z¢)} to buffer D.
3: Incremental update: take B-step gradient descent w.r.t. L(; Z, D) from 6;_1 to 6;
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2.2 HyperAgent, hypermodel and index sampling

Vanilla HyperAgent [Li et al., 2024b] was shown state-of-the-arts performance in large-scale deep
RL benchmarks. Its success can be attributed to several key mechanisms: hypermodel [Dwaracherla
et al., 2020, Li et al., 2022], incremental updates, and index-based approximate Thompson sampling,
known as index sampling.

The hypermodel fy, parameterized by 6, is designed for uncertainty estimation. It takes an input
r € R? and a random index ¢ draw from a fixed reference distribution P, producing an index
sample fyo(x,(), reflecting a predictive sample from a desired distribution. For instance, if we
want to approximate a linear-Gaussian distribution N (x "y, 2 " Xx), one can use linear hypermodel
fo(z,¢) = (z,pu + AC), with § = (A € R™*M |, € RY) and Gaussian reference distribution
Pr = N(0, I). It essentially performs a Box-Muller transformation: when AAT = X, the index
sample fp(x,¢) ~ N(z"p, 2" Xz). Another example is (symmetric) ensemble sampling, where
the reference distribution Pr = U(=*ey,...,%ens) is uniform over coordinates and § = (A :=

[01,...,00] € RM ;¢ RY) contains M ensemble models such that each 6,,, ~ N (0, X). In

this case, the variance of index sample Var¢p, (f(z,()) = & Zﬁl[(ﬁi)Tx]z — " Xras M
increases. In both cases, index samples can capture the variance of target distribution by varying
the indices {(}. HyperAgent incrementally adjust hypermodel’s parameters 6 over time, aiming to
incrementally refine its uncertainty estimation as data accumulated. Specifically, [Li et al., 2024b]
proves that HyperAgent indeed achieves incremental posterior update without the need for conjugacy
in tabular reinforcement learning setups.

We present the general HyperAgent framework for bandit environments, as shown in Algorithm 1.
At each time step ¢, HyperAgent takes an index sample fy,_, (a, () and selects the greedy action
accordingly. This procedure is called index sampling (IS). After taking action Ay, it receives
feedback Y; and generates a perturbation vector z; drawn from P,. The parameters are then updated
incrementally via off-the-shelf stochastic gradient methods. The objective function L(6; 2, D) is a
sample-average approximation of the true objective:
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where the indices £ € = are drawn i.i.d. from the update distribution P: and D is a sampled mini-batch
from D. Existing literature for Ensemble+ [Osband et al., 2019], Hypermodel [Dwaracherla et al.,
2020, Li et al., 2022], Epistemic Neural Networks (ENN) [Osband et al., 2023] and vanilla HyperA-
gent [Li et al., 2024b] when specified in bandit environments can be regarded as special cases of the
HyperAgent framework in Algorithm 1, as they all use identical reference and update distributions, i.e.
P = P¢. Specifically, Ensemble+ [Osband et al., 2019] coincides with a special case of Algorithm 1,
with P and P, both being uniform distributions over coordinate vectors [Dwaracherla et al., 2020,
Li et al., 2024b], a discrete-support distribution. Despite repeated empirical claims [Dwaracherla
et al., 2020, Li et al., 2022, Osband et al., 2023, Li et al., 2024b] suggesting that hypermodel with
continuous-support reference distribution P (e.g. Gaussian) exhibits advantages over ensemble-
based methods with discrete-support P, the reasons are not well explained. Additionally, as shown
in Eq. (1), sample-based approximation on continuous-support distribution P requires a large size of

|§|, incurring high computational costs [Li et al., 2024b]. Existing works also provide no practical



guidance on the configuration of several key distributions P, P and P, due to limited theoretical
understanding. Additionally, there is no rigorous justification for HyperAgent regarding uncertainty
representation and regret-computation trade-offs, even with linear function approximation. In this
work, we build a theoretical framework to address these questions and provide practical guidance,
which is essential for integrate HyperAgent with foundation models that is computation expensive.

Integration with foundation models. As shown in Fig. 2, following the last-layer linear hypermodel
construction [Li et al., 2024b], we use the pretrained backbone of GPT-2 as the feature extractor
¢w(+), resulting in the context-aware GPT-HyperAgent: it takes the context x and a random index ¢
as input and outputs a value for each action a € A

fg(a:,C)[a] = <¢w(x)7AaC + ba> = f9<('r’a)7<)7

where and A and b® are action-specific parameters for each action a in the valid decision set A(z)
associated with the context z. Here we use unified notations in example 1.

3 Theoretical analysis

We start by providing a general analytical framework for agent, potentially randomized, operating
in the generic bandit environments. Let us introduce a few necessary definitions to facilitate the
understanding and analysis. The confidence bound is used for uncertainty estimation over the ture
function f* given the history H;.

Definition 1 (Confidence bounds). Confidence bounds are a sequence of real-valued Hi-measurable
functions L (-) and U,(-) for t € [T such that, w.p. at least 1 — 9, the joint event £ = Ny (& holds,

where & := {f*(a) € [Li(a), U(a)],Va € A;}.

The agent may not perform well unless it is well-behaved, defined by reasonableness and optimism.
Intuitively, an agent that explores too much or too little will incur a high regret. Reasonableness and
optimism are the mechanisms for controlling these potential flaws respectively.

Definition 2 (Reasonableness). Given confidence bounds L(-) and Ut( ) fort € [T, an (randomized)
agent is called reasonable if it produces a sequence of functions ( fe(),t € [T) such that w.p. at
least 1 — 6, the joint event £ = Nee[T] &, holds, where & := {fi(a) € [L(a), Uy(a)],Va € A}

In short, reasonableness ensures that the chosen action according to ft is close to the best action
which ensures agent does not explore actions unnecessarily. The following optimism guarantees the
agent sufficient explores.

Definition 3 (p-optimism). Let p be a sequence of positive real number (ps,t € [T]). We say an
(randomized) agent is p-optimistic when it produces a sequence of. functions (fe(+),t € [T)) such that
forallt € [T), fi(-) is pi-optimistic, i.e., P(maxqe 4, fi(a) > max,ca, f*(a) | Hi) > pi-

The generic agent satisfying the conditions on reasonableness and optimism has desired behavior.

Theorem 1 (General regret bound). Given confidence bound in Definition 1 and assume the agent is
reasonable and optimistic (with parameter p = (py,y € [T]), then we have

T
) < Zpl [Ue(Ar) = Li(A) | He] + 3 Ui(Ar) — Li(Ay) )

t=1

A close inspection on Eq. (3) informs that the regret is sublinear as long as the confidence bounds
are converging to the true function f* as more information gathering in. The proof of Theorem 1 is
in Appendix B. In the following section, we illustrate these insights with linear setups and provide
rigorous justifications for HyperAgent.

3.1 Insight from Linear HyperAgent

Consider the functional form for HyperAgent in a linear setup at time ¢:

fila) := fo, 1 (a, ) = (p(a), BiAy—1C + pe—1), Va € A, 4



where 3, is an inflation coefficient defined later, ¢(-) is a feature map introduced in Example 2, and
0; = (A4, pt) are parameters representing uncertainty.

In the context of GPT-HyperAgent, if the underlying reward function f* can be linearly approximated
using GPT-2’s pretrained feature embeddings, then we can freeze the GPT-2 torso during training
Hyperagent, as shown in Figure 2. This approach, referred to as the frozen-GPT-torso method, is
essentially an instance of linear HyperAgent and will be evaluated in Section 4. The assumption of
linear realizability will be discussed formally in Assumption 1.

With the form of linear HyperAgent, we theoretically identify the general conditions for the update
and perturbation distribution (P, P,) that permit scalable uncertainty estimation via incremental
posterior approximation. Then, we investigate the reasonableness and optimism condition through
several reference distributions Pe.

Definition 4 (Isotropic). A distribution P over RM is called isotropic if Ex..p[X;X;] = §;
Ex~p[XXT]| = I. Equivalently, P is isotropic if Ex.p[(X, )% = ||z||%, forall x € RM
Proposition 1. If the update distribution Py is zero-mean and isotropic, linear HyperAgent (Eq. (4))
with objective in Eq. (2) and full data buffer D = H permits closed-form incremental update, i.e.,

A =3(Z A+ 0(A)z) ), = (T 1 + (A)Y) Q)

.
where ;7' = 371 + ¢(A)$(A)T and Xy = Xy_y — ﬁ:ﬁf;%ﬁfjf Syt The initialization

is o = 0 and Ay = X Zo where 20_1 =XandZo = (201, .-,%04) witheachzg; ~ P,.

’LJJ

The proof can be found in Appendix E. We discuss the 5 isotropic distributions in R™ including
continuous-support (1) Gaussian N (0, I), (2) (Spherical) Uniform over sphere VMU (SM _1); and
discrete support (1) (Cube) Uniform over cube ({1, —1}™), (2) (Coord) Uniform over coordinates
U({=*ei}ierar) and (3) Sparse distribution in Appendix F. Next, we state the key lemma showing
when perturbation distribution P, allows fast incremental uncertainty estimation.

Lemma 1 (Incremental Uncertainty Estimation). For t € [T, let X} and A, be defined as in
Proposition 1 and let the good event be

G i={(1/2)2" Zx <xTAA]x < (3/2)a Zyx, Vo € RY}.

Let s2, = inf,cqa1a 20 aand s%,,, = SUp,cgd—1 aTZ()_la. When

M > 320 (d log ((1 + (48/smin)\/m) /6) +log(1 + T/sﬁm)> ~dlogT, (6)

and P, is +/ ﬁ—sub—Gaussian and unit-norm, the event G = Nyc(71Gs happens w.p. at least 1 — 6.

Remark 1. Briefly speaking, the technical difficulty comes from the sequential dependence between
a series of the perturbation random vectors and a serious high-dimensional random variables
arise in the sequential decision processes. Our innovation is that we derive (1) a variance-aware
discretization argument and (2) a reduction to sequential random projection [Li, 2024a]. Classical
standard discretization arrives at a exponentially larger M = O(dT? log T'), which is unacceptable
for proving scalability. Our techniques effectively address the challenge arises in the high-dimensional
sequential dependency structure. For the discussion on specific instances of perturbation distributions,
see Remark 5. The proof of Lemma I can be found in Appendix C, where we clearly articulate the
technical difficulties around Fig. 4 in Appendix C.2.

Next, we are going to discuss the synergy effect of these distributions on the regret of HyperAgent.
We first state the environment assumption under which we provide specific regret analysis.
Assumption 1. The reward function f* is linear realizable w.r.t. the feature mapping ¢(-) and the
noisy feedback Y, satisfies B [exp {s(Y; — f*(A:))} | He, Ar] < exp {s?/2},Vs € R.
Adapting the results from [Abbasi-Yadkori et al., 2011b, Abeille and Lazaric, 2017], we define
B =V+ \/2 log(1/68) + log det(X; %, /A?). Under assumption 1, for the purpose of analysis, we
define a slightly inflated confidence bounds as

Li(+s Pe) = (-1, 8()) = Bep(P)l|o( ) 2. -,) V (=1),

Ui(s Pe) = (-1, 6()) + Bep(P) [ 6() | 2.,) A 1.
p(P¢) will be defined via p; = O(y/M log(M/9)), p» = O(VM), and p3 = O(+/log(|A]/9)).




Proposition 2. Under linear setups in Eq. (4) and Proposition 1, if Eq. (6) is satisfied, HyperAgent is
reasonable, i.e., ¥t € [T], fe(-) = fo, . (-, ) € [Le(+5 Pe), Ue(+; Pe)) wp. 1 — 6.

Proposition 3. Under linear setups in Eq. (4) and Proposition 1, if Eq. (6) is satisfied, HyperAgent
using reference distribution Py is p(P¢)-optimistic.

P Gaussian N (0,Ip7)  Spherical VMU(SM~1)  Cube U({1,—1}) Coord U({=e;};c(nr) Sparse

p(F) p1 A p3 p2 A\ p3 p2 A p3 p2 P2
el/12
p(PC) 4\/15 % - NoT 7/32 ﬁ N/A

Table 1: The coefficient p(F;) and p(P;) related to the reasonableness and optimism condition.

The specific value of p(P;) and p(F;) is shown in Table 1, where the proof of Propositions 2 and 3
can be found in Appendix D. To highlight, the proof of optimism involves newly developed anti-
concentration bounds in Appendix F. The reasonableness and optimism, together with the general
regret bound in Theorem 1, have a direct consequence of the following specific regret bound.

Theorem 2 (Distribution-dependent regret bound). Let 3 = max;¢[7) 5. Consider assumption 1
and the linear setups in Eq. (4). If the update distribution P is zero-mean and isotropic, and Eq. (6)
is satisfied, then HyperAgent(P;) has T-period regret

p(F) 1 T T . ..
< —=Z — _ _9.
R(T) < p(Pg)ﬁ dT'log [ 1+ ¥ + 3 log 5| with probability 1 — 6

Remark 2. Theorem 2 provides a distribution-dependent bound characterized by the ratio
p(Pc)/p(P;). This ratio implies that as long as the distribution P, allows sufficient exploration
(larger p(P¢)) but not too much (smaller p(P;)), the regret is smaller. This explains why ensemble
sampling (ES) methods perform relatively worse [Dwaracherla et al., 2020, Osband et al., 2023, Li
et al., 2022, 2024b]. Specifically, ES (HyperAgent with Coord P;) has a ratio of O(M?®/?), while

other reference distributions have a ratio of O(v/M A \/log | A|). For M = O(dlog T'), Theorem 2
suggests the regret of ES is O((dlog T)°/?\/T'), matching concurrent analysis [Janz et al., 2023].

When using continuous-support reference distribution P, including Gaussian, Spherical, and Cube,
our HyperAgent achieves a tighter bound, as shown in Table 2. Notably, our bound suggests that
when M exceeds a threshold in the order of O(dlogT), the regret bound of HyperAgent with
continuous-support P has no dependence on M in the setting of finite decision sets where the ratio

would be O(log |A|). This theoretical finding matches the empirical observation in Appendix H.1,
demonstrating the predictive power and practical guidance of distribution-dependent analysis.

Remark 3. Theorem 2 allows a fine-grained analysis for both finite and compact, and both time-
variant and time-invariant decision sets due to the action-dependent nature of the general regret bound
in Theorem 1. Existing Frequentist regret bounds for TS [Abeille and Lazaric, 2017] and approximate
TS methods, including LMC [Xu et al., 2022] and ES [Janz et al., 2023 ], are specialized to compact
decision sets. The Bayesian analysis of ES [Qin et al., 2022] applies only to time-invariant finite
decision sets. We summarize the regret bound and corresponding per-step computation complexity in
Table 2. Note that, except for ES [Qin et al., 2022], other upper bounds are all Frequentist regret.

Remark 4. As shown in Table 2, we provide the first result on approximate TS that achieves both
provable scalability — O(d> log T) per-step computation — and near-optimal regret matching exact
TS [Agrawal and Goyal, 2013, Abeille and Lazaric, 2017] across all decision set setups. Notably, we
achieve an exponential improvement in the T-factor of per-step computation complexity compared
to [Qin et al., 2022, Xu et al., 2022], and an O(d(log T')?) multiplicative factor improvement in the
regret bound compared to concurrent work on ES [Janz et al., 2023]. This closes the theoretical gap
in scalable randomized exploration in terms of both computation and regret.

The proof of Theorem 2 is detailed in Appendix D. We conduct extensive synthetic experiments in
Appendix G on both linear and nonlinear contextual bandits to validate our theoretical insights, thus
providing practical guidance for scenarios where foundation models are used for online decisions.



Decision Sets  Invariant & Compact  Variant & Compact Invariant & Finite Variant & Finite

Lower Bound QdVT) Q(dv/TlogT) Q(+y/dT log|A|) Q(y/dT log | A|logT)
TS O(d3v/TlogT) O(d3v/T1logT) O(d+/Tlog | AllogT) O(d+/Tlog |A]log T)
ES[Qin] N/A N/A O(+/dT log | Al log (| AT /d)) N/A
LMC[Xu] O((dlogT)3vT)  O((dlogT)3VT) N/A N/A
ES[Janz] O((dlogT)3v/T)  O((dlogT)3/T) N/A N/A
(Ours) 0(d2VT(logT)?) O(d2VT(logT)?) O(d+/Tlog [Allog T) O(d+/Tog | A]logT)

Table 2: Regret lower and upper bounds under various decision set setups. The per-step computa-
tion complexity is O(d? + d|A|T) for ES [Qin et al., 2022], O(d*T) for LMC [Xu et al., 2022],
O(d®log T) for ES [Janz et al., 2023], and O(d?log T') for our HyperAgent. The lower bounds for
the setups of (1) invariant and compact, (2) variant and compact, (3) invariant and finite, and (4)
variant and finite decision sets are from the following sources, respectively: [Rusmevichientong and
Tsitsiklis, 2010, Li et al., 2024a, Zhou, 2019, Li et al., 2024a].

4 Automated Content Moderation with Human Feedback

In this experiment, we integrate HyperAgent with existing foundation models to enhance their
decision-making capabilities. We utilize LLMs as the backbone to address language tasks that require
exploration for efficient human-AlI collaborations. Given the high computational cost associated with
hyperparameter tuning in LLMs, we adopt the effective settings from the previous study on synthetic
tasks. Specifically, we employ the Coord distribution for updates and use the Sphere distribution as
both the reference and perturbation distribution.

Settings: We reinterpret the challenge of content moderation as a contextual bandit task, making
use of the language dataset?. In this task, the agent must decide to either publish or block a content.
The agent gains a reward of 0.5 by blocking any content. However, publishing a "free" content earns
the agent a reward of 1 and publishing a "hate" content causes a penalty of -0.5.
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Figure 3: Experimental results on content moderation. (a) Comparison results with other decision

head with frozen LLM. (b) and (c) Empirical study on the fine-tune to LLM backbone.
Results Analysis: We use two LLMs - Pythial4m and GPT-2 as the feature extractor ¢,, () in this

experiemt. We firstly compare HyperAgent with Ensemble+ [Osband et al., 2018] and Greedy, a
special case with fixed A* = 0 for all actions. As highlighted in Fig. 3(a), when freezing the feature
extractor ¢, (x), HyperAgent surpasses other methods indicating its exploration efficiency. We also
could observe larger model (GPT-2) with more prior knowledge could lead to better performance. To
fully unleash the potential of LLMs, we conduct another experiment where the ¢,, (z) are fine-tuned
during the training process. As depicted in Fig. 3(b) and (c), this modification significantly reduce
cumulative regret when employing HyperAgent.

5 Related works

Foundation Model Decision-making. Recent research applies foundation models, including large
language models and generative models, to real-world decision-making applications [Yang et al.,
2023, Shinn et al., 2024, Wang et al., 2023, Lee et al., 2023]. Although these systems grant agents
decision-making and planning capabilities, they predominantly rely on pre-trained models using
offline datasets and may struggle with actively seeking information and resolving uncertainties in
an online decision environment that continually presents new, uncovered scenarios. Krishnamurthy

https://huggingface.co/datasets/ucberkeley-dlab/measuring-hate-speech
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et al. [2024] demonstrated that even the most advanced large language model, GPT-4 [OpenAl, 2023]
with various advanced prompt design, is ineffective in making online decisions, as seen in a simple
multi-armed bandit (MAB) problem, unless supplemented with an MAB-specific uncertain estimation
method like external history summarization. More sophisticated algorithmic interventions, such as
fine-tuning or dataset curation, might be necessary to enhance LLLM-based decision-making agents
in complex settings [Krishnamurthy et al., 2024]. Our work addresses this gap by integrating our
uncertainty-aware HyperAgent techniques into foundation models, thereby enabling effective online
decision-making in complex and uncertain environments.

Scalable Uncertainty Estimation & Exploration. Thompson Sampling (TS) is a favored explo-
ration strategy in online sequential decision-making, balancing exploration and exploitation by
sampling from the model’s posterior distribution, a Bayesian uncertainty estimation principle. How-
ever, TS is computationally feasible primarily in straightforward scenarios where conjugacy permits
efficient posterior updates as new data accumulates [Thompson, 1933, Russo et al., 2018]. In many
practical applications, such as those involving unstructured inputs from language and vision, more
complex models are necessary. For these models, exact Bayesian inference becomes computationally
infeasible, and no conjugacy is available for Bayesian posterior updates. Various approaches, in-
cluding Ensemble sampling (Ensemble+) and Langevin Monte-Carlo (LMC-TS), attempt to perform
approximate posterior sampling without requiring conjugacy [Osband et al., 2018, 2019, Russo et al.,
2018, Xu et al., 2022]. However, managing an ensemble of complex models can significantly increase
computational demands, especially as the ensemble size needs to grow to accurately approximate
complex posterior distributions [Dwaracherla et al., 2020, Osband et al., 2023, Li et al., 2022, Qin
et al., 2022]. Likewise, the computational costs of LMC-based inference are prohibitive in large-scale
deep learning systems [Osband et al., 2023]. Hypermodels, ENNs, and HyperAgent aim to efficiently
estimate the uncertainty by tracking the approximate posterior distribution with bounded per-step
computation, showcasing empirical computational and statistical benefits [Dwaracherla et al., 2020,
Li et al., 2022, Osband et al., 2023, Li et al., 2024b]. Ensuring bounded per-step computational
complexity is vital for scalability, as computational requirements that scale polynomially with the
state-action space and interaction data can become unsustainable [Li et al., 2024b, Lu et al., 2023].
HyperAgent, in particular, exhibits state-of-the-art computational and data efficiency in deep RL
benchmarks [Li et al., 2024b]. Nonetheless, the compatibility of HyperAgent with foundation models
remains unexamined. Moreover, the existing literature lacks a rigorous understanding of HyperAgent
under function approximation, providing limited guidance on algorithmic configurations necessary
for scaling up exploration and online decisions with large foundation models that process various
modalities, including language.

6 Conclusion and future directions

In this work, we introduced GPT-HyperAgent, a novel integration of foundation models with Hy-
perAgent for online decision-making tasks, focusing on contextual bandits with natural language
input. Our contributions include both theoretical insights and practical advancements. Specifically,
we proved a regret bound for HyperAgent under linear setups, closing a gap in the theory for scalable
exploration algorithms. We showed that perturbation and update distributions in HyperAgent can
be chosen separately for computational benefits, providing practical guidance. Empirical results in
an online content moderation task validated GPT-HyperAgent’s superior online decision capability,
demonstrating scalable and efficient performance in real-world safty-critical applications. Promising
future directions include (1) Black-Box & Multi-Modal Foundation Models: Extend GPT-HyperAgent
to work with black-box foundation models accessed via APIs. This would allow leveraging powerful
pretrained models without requiring access to their internal architectures, making the approach
applicable to a wider range of commercial Al services. Specifically, current LLM/VLM APIs provide
top-k token logits, text embedding or fine-tuning services by uploading private dataset. Additionally,
integrate multi-modal inputs (e.g., combining vision, language, and audio) to tackle more diverse
real-world scenarios and improve generalization capabilities. (2) Efficient Human-Al interplay & Al
safety: The Al moderation system, a safety-critical scenario, inevitably relies on human-AlI collab-
oration pipeline. It needs further in-depth studies. Other important applications require human-Al
interplay include reward modeling from human feedback by actively query informative data for
human review. This is critical for reinforcement learning from human feedback (RLHF) and the
efficiency in data-centric Al. (3) Theory beyond linear: Theoretically understanding on the scalable
uncertainty estimation and exploration capabilities of HyperAgent with neural network or general
noninear function approximation would further bride the gap between theory and practice, beneficial
for design practical solutions for real-world application.
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A Additional related works

Broad Capabilities and Diverse Applications of Foundation Models. Foundation models, pre-
trained on diverse datasets encompassing audio, vision, language, and other modalities, have demon-
strated exceptional capabilities across a wide range of downstream tasks [Bommasani et al., 2021, Reid
et al., 2024, OpenAl, 2023, Collaboration et al., 2024]. Their applications extend to real-world scenar-
ios such as dialogue systems, autonomous driving, healthcare, robotics, and bio-engineering [OpenAl,
2023, Yan et al., 2024, Chen et al., 2023b, Zhang et al., 2023, Saab et al., 2024, Collaboration et al.,
2024, Huang et al., 2024]. In these settings, foundation models encounter unique challenges like
interacting with external environments, adapting to varied task modalities, and performing long-term
reasoning and planning [Nakano et al., 2021, Yao et al., 2022].

Foundation Models in Sequential Decision-Making. Sequential decision-making, which includes
domains such as reinforcement learning (RL) and bandit problems, has traditionally focused on
task-specific settings with limited prior knowledge, achieving notable success in tasks such as board
games, video games, and robotics manipulation [Sutton and Barto, 2018, Lattimore and Szepesvari,
2020, Schrittwieser et al., 2020, Li et al., 2024b, Kalashnikov et al., 2018]. However, these traditional
methods, learning from scratch, often face issues with generalization and data efficiency.

The integration of foundation models into this field represents a paradigm shift, giving rise to “founda-
tion agents” that utilize extensive pretraining to solve a broader range of tasks more efficiently [Yang
et al., 2023]. However, current foundation agents that use off-the-shelf models such as large lan-
guage models (LLMs) and vision language models (VLMs) face significant challenges related to
controllability, reproducibility, and efficiency [Chen et al., 2023a]. These models, not originally
designed for decision-making tasks like action generation or self-evaluation, demonstrate limited
capabilities in few-shot prompting and in-context learning, which do not effectively address the needs
for exploration and exploitation in sequential decision-making [Brown et al., 2020, Krishnamurthy
et al., 2024]. To address these shortcomings, (1) more robust algorithmic interventions such as
fine-tuning or (2) bottom-up re-design of the foundation models for sequential decision-making may
be necessary.

Bridging Theory and Practice. The transition from theoretical models to practical applications
requires a deep understanding of both the capabilities and limitations of these advanced models.
This understanding is essential for designing systems that are not only efficient but also scalable and
adaptable to real-world complexities [Li et al., 2024b, Li, 2024a,b].

B Proof of Theorem 1

Proof. Let A, = maxae.4, fi(a) and A¥ = max,ec4, f*(a). Let By = maxac .4, L¢(a), which is
‘H:-measurable. Conditioned on the event £ N &, both f*(AF) > By and f;(A;) > B; hold. By
p-optimism and the fact (f*(A}) — B;) is H;-measurable and positive,

()
pe S P(fi(Ar) — By > f*(A7) — Be | He) < E[fe(Ar) — By | Hel/(f7 (A7) — By),
where () is due to Markov inequality. Rearranging and using the additional fact B; > L;(A;) yield
~ 1 1
T (AY) = fi(Ar) < f7(Af) = By < ;]E[ft(At> — By | Hi < ;E[Ut(At) — Li(A¢) | He]. (D
¢ t
By the reasonableness, ft(At) < Ui(Ay). Then, from the definition of confidence bounds

Fe(Ay) = 5 (Ay) S Uh(Ar) — Li(Ay) (3)
Putting Egs. (7) and (8) together and then summing over the time index ¢ give the final results. [

C Incremental uncertainty estimation in Lemma 1

Before proving Lemma 1, we state the preliminary tools of sequential random projection for com-
pleteness, which is adapted form [Li, 2024a]. This tool was used to prove incremental posterior
approximation argument of HyperAgent in tabular RL setup [Li et al., 2024b]. As the tool in [Li,
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2024a] works only for the scalar process, we need additional technical innovations to deal with
high-dimensional vector process. We make a novel utilization of this tool in the linear function
approximation setting for the first time, by a non-trivial discretization argument in Appendix C.2 and
a reduction to the tool of sequential random projection in Appendix C.2.

C.1 Probability tools for sequential random projection

We define some important concept that would be useful in the analysis. Let (2, F,F = (F;)¢en, P)
be a complete filtered probability space. We first consider the measurable properties within the
filtered probability space.

Definition 5 (Adapted process). For an index set I of the form {t € N : t > ty} for some ty € N, we
say a stochastic process (X )ier is adapted to the filtration (Fy)ic if each X, is Fi-measurable.

Definition 6 ((Conditionally) o-sub-Gaussian). A random variable X € R is o-sub-Gaussian if

20.2

E[exp(AX)] < exp ( ) ., VYAER.

Let (X;)i>1 C R be a stochastic process adapted to filtration (F;)i>1. Let 0 = (0¢)i>0 be a
stochastic process adapted to filtration (F;);>0. We say the process is (Xy)i>1 is conditionally
o-sub-Gaussian if

Nap_y
Elexp(AXy) | Fi—1] < exp 5 , a.s. YAeR

Specifically for the index t + 1, we can say X1 is (Fi-conditionally) o,-sub-Gaussian. If oy is a
constant o for all t > 0, then we just say (conditionally) o-sub-Gaussian.

For a random vector X € RM or vector process (Xi)i>1 C RM in high-dimension, we say it is
o-sub-Gaussian is for every fixed v € SM~1 if the random variable (v, X) , or the scalarized process
((v, Xy))>1 is o-sub-Gaussian.

Definition 7 (Almost sure unit-norm). We say a random variable X is almost sure unit-norm if
X ||z = 1 almost surely.

Remark 5. When talking about the perturbation distribution P,, we scale all specific distribution
discussed in Appendix F by ./ ﬁ Then the spherical distribution U(S™ 1) and uniform over scaled
cube U (ﬁ{l, —1}M) satisfy the sub-Gaussian condition in Definition 6 with parameter o = ﬁ
and also satisfy the unit-norm condition in Definition 7 according to the discussion in Appendix F.
Additionally, we characterize the boundedness on the stochastic processes.

Definition 8 (Square-bounded process). For an index set I of the form {t € N : t > ty} for some
to € N, the stochastic process (Xi)ie is c-square-bounded if X? < c almost surely for all t € I.
Now, we are ready to state the important tool that is fundamental to our analysis.

Theorem 3 (Sequential random projection in adaptive process [Li, 2024a]). Let e € (0, 1) be fixed
and (F;)i>o be a filtration. Let zg € RM be an Fo-measurable random vector satisfies E[||zo||?] = 1
and |||zo||*> — 1| < (/2). Let (z¢)t>1 C RM be a stochastic process adapted to filtration (F;)i>1

such that it is /co/M-sub-Gaussian and each z, is unit-norm. Let (x,);>1 C R be a stochastic
process adapted to filtration (]:t—l)t21 such that it is c;-square-bounded. Here, cy and c, are
absolute constants. For any fixed xy € R, if the following condition is satisfied

16¢(1 1 T
MZM log [ = ) + log 1+CI2 : 9)
€2 d z3

we have, with probability at least 1 — ¢

t t t
Ve T, (1—¢) (Z ﬁ) <D S miml? < (1+¢) (Zﬁ) : (10)
=0 =0 =0

12



C.2 Reduce Lemma 1 to sequential random projection

Without loss of generality, let us consider the set S*~!. First, we define a fine-grained good event
for desired approximation error ¢ € [0, 1]: the approximate posterior variance is -close to the true
posterior variance for action a at time t € 7 := {0,1,...,T}.

Gi(a,e) = {|aTAtA:a —a' Xl < 5aT2ta} , (11)
and corresponding joint event over the set S%~1,
gt(E) = ﬂaegd—lgt(a,ﬁ). (12)

The good event defined in Lemma 1 is indeed G;(1/2).

A reduction. To fully utilize the probability tool for sequential random projection in Theorem 3,
we make use of the following reduction from vector process to scalar process. For a fixed a € S?~1,
we let s(a) = aTEO_l/QZO7 s(a)? = a' X;'a. Further define short notation zy := s(a)/s(a)
and zg := s(a). and z; = a' ¢(A;) for all t € [T7], then we can relate the incremental update in
Proposition 1

t t
o' Z7TA, = aTZJO_l/QZO +ZaT¢(At) z], o' X 'a= aTZ'ala—i—ZaTqS(At)gb(At)a
—_——— ——— ——— —_——

s(a)=zopzo =1 zi x? =1 x?

to the scalar sequence (z;):>0 and the vector sequence (z):>o that would be applied in Theorem 3.

Recall that H, the o-algebra generated from history (Aq, A1, Y1, ..., Ai—1, Ar—1,Y;—1, A;). Denote
2y = 0(Zp) and Z; = 0(Zo,21,...,2:—1) for t > 2. We observe the following statistical
relationship, which is further demonstrated in Fig. 4

o z; I (Hy, Ay, 24), X4 is dependent on Hy, 24,
* Ay g €0(Hye, 24)s
* pg—1, 21 € Hy.
For all t > N, let us define the sigma-algebra F; = o(H¢s1, Zi41, Arr1). We can verify Fj, C Fy

for all k <. Thus F = (F%)en is a filtration. Now, we could verify (z;);>¢ is adapted to (F):>0
and (x¢)¢>1 is adapted to (F;)>0, satisfying the conditions in Theorem 3.

Timet =1 Time t =2 Time t =3 Time ¢ Timet + 1
Xt+1

X1 X9 X3 cee Xt
Z Z Zo z3 . / Z

Figure 4: Sequential Dependence Structure in Index Sampling.

Prior approximation. First, we state a standard covering argument on sphere.

Lemma 2 (Covering number of a sphere). There exists a set C, C ST~1 with |C,| < (14 2/1)% such
that for all z € S~ there exists ay € C, with ||x — yl|2 < ..

Lemma 3 (Computing spectral norm on a covering set). Let A be a symmetric d x d matrix, and let
C, be the an 1-covering of S*~ for some v € (0, 1). Then,

|A|| = sup |27 Az| < (1—2¢)7 sup |2 Azl.
reSd—1 z€eC,
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For compact set S*~! = {x € R? : ||z|| = 1}, by standard covering argument in Lemma 3 and the
distributional Johnson-Lindenstrauss lemma [Li, 2024b], when M > 2562 (dlog 9 + log(2/6)),
the initial good event for prior approximation Go(e/2) holds with probability 1 — 4.

Next, we are going to show that, under the event G (¢/2), the initial condition on |||zo||> — 1| < (£/2)
in Theorem 3 is satisfied. That is, under the event Go(c/2)

(1+2/2)a” Zoa < |7 25/ *Zo|? < (1 +2/2)a” Toa, Va e
& |ZoZg —I|| <e/2
& (1+¢/2)a" 25 a < la" 252 Z0|> < 1 +¢/2)a’ Xy'a, VaeSt
Recall the short notation s(a) = aTEO_UQZO and s(a)? = a" X, 'a, we have zy = s(a)/s(a)
satisfying |[|zo||% — 1] < (¢/2).

Posterior approximation. Notice that 27 = a' Xpa > inf,cqa1a’ Xy 'a = s2,,. As by the

definition of the feature map ¢(-) in example 2, we can examine that 2? = (a” ¢(4;))? < 1, that is,
the sequence (a' ¢(A;))¢>1 is 1-square-bounded for any a € S¢~1.

We could also check that (z;);>1 is 1/v/M-sub-Gaussian and with unit-norm when the perturbation
distribution P, is Cube U ({1, —1}™) or Sphere U/(S™~1).

Under the prior approximation event Go(g/2), we apply Theorem 3 to show that for any fixed
a eS¢,

Vt € T,E(a,e) = {la" 7 "AA X7 a—a" X a| <ea” X7 ta} (13)

holds with probability at least 1 — § when

M > &:—E) (log (1> + log (1 + 2T>> . (14)
€ 4 Stin

We need discretization (covering) argument to relate the result in Eq. (13) to the desired good event
defined in Eq. (12)

Gi(e) = {I1Z P AAl B2 - 1) < 2.

Standard discretization produces unacceptable results. Utilizing standard discretization for
computing spectral norm in Lemma 3, let ¢ = 1/4, we can show that

r\laEC1/4Et(a‘7 E/QT) g gt(g)'

This is due to,

_ _ T TAAT Y - 3t
HZt 1/2AtA;rEt 1/2 _ IH — Sup |.’,U ( t t43¢ _{/ t )(L’|
reSd—1 ITEt T

T/y—1 T y—1 -1
———— sup |la (X TAA Y -3 )
< Amin(2;1) aeclp/4| (X t8y 2oy :)al

T y—1
,SUDgec, ,, @ Y. a

<2 <2 k(XY < 2T
Then by union bound over C; /4, plugging in /27 to Eq. (14), we require M > O(dT?1ogT) to
let Naec,, .Ei(a,e/2T) hold with probability 1 — §. This result is not acceptable as the per-step

computation complexity is growing unbounded polynimally with the interaction steps 7". In the next
section, we provide a non-trivial discretization to resolve this analytical problem.

Variance-aware discretization. The key contribution here is that we choose a variance weighted
norm to measure discretization error. This variance-awareness, together with specific choice on a

O(1/+/T)-discretization error and a constant approximation error &, eventually arrives at O(d log T)
log covering number and M = O(dlogT) in Lemma 1.
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LetS; = E;lAt = XtTZt and I'; = Ei/QSt = E;l/QAt. Notice that, from Eq. (13), the event
holds with probability at least 1 — ¢’

TG,8Tq— a7 51
VtET,Et(a,a’):{a S:S/a—a'X; alggz}

a’ X ta

2 o (2) )

Let C, C S~ be the t-covering set in Lemma 2 and the event N,ec, E¢(a, &) holds. Let z € S?—!

when

and y € C, such that ||z — y|| < .. Define short notation u = 3, 1/23; v = Et_l/Qy.
|278Sfe—a" X 2| |y'SiS[y—y" Xyl
T X yT Xy
_ T u—uTul  [v'T I‘TU —v'v| _ ITeul® = [lul®] _ [ITew]? — vl
u'u [[ul? ]2
[Teul® ‘llI‘tull2 a| 1 1
+ [Tl - :
[ ||U||2 H ||2 Jul vl
(an

We bound (I) and (I7) separately. W.L. O G, assume ||uH > Hv|| Recall s2, > a' Xy 'a > 82,
for alla € S%1. Since ||ul| = 27 X e = 27 (25! 4+ 'L, xox] )z, we have 52, < [Ju|| <
+ t. For (I), we have

U] = [T DUT ] + [Tev]) o [Te(u = v)] (”FtU” ||I‘tv||>

[[ul? T Smin [l o]

max

(1) <

Ti|[lu—v

min min Smin

—1/2
2T 2= e _ 2T P/ F

For (II), we have

ool lull® = lol® _ o e 1l = Jlolf? 2 (lull = [l (lull + [lv]])
(I1) < < [T < [T
[0 [l [l [[ul?
—1/2
ATl =l 2P IS 2T e+
- Smin o Smin Smin

Then, putting (I) and (II) together, by the variance-aware discretization argument, we have the
spectral norm

_ _ ETTAA S -3
”21‘ 1/2AtAtTEf 1/2_I||: Sup |:17 ( t t _i‘, t )I|
’ ’ zeSd—1 xTZt
AT/ S+t (S AA S - By
B Smin yeC, yTZt_ly
4|72 t
< || t” max + _|_€/. (15)

Smm

Let
asmm

4V max+T

where o to be determined. Equivalent formulation of the norm is || T'¢||? = Amax (T I’/ ) and
12 P AA] B~ T = max{Amax (DT ) = 1,1 = Apin(T:T))}.
Thus, we derive from Eq. (15),

1+¢€ a(l+¢)
T Amin(T: L)) > 1 — &' — adpan (D0 ) > 1 — &' — < a

L=

)\max (Ft P:) S

15



Claim 1. If 1= = 1 4 cand e’ + 204D — ¢ then

11—« l—o

1—e < Apin(Tel]) < Apax(TeL ) < 1+ e

Let ¢ = 1/2, then (¢/,a) = (1/4,1/6) suffices for the Claim 1. That is to say the following
configuration for discretization error ¢ suffices,

Smin
2Uy/s2  +T
The covering number is |C,| < (14 2/1)% < (1 + (48/5min) /520 + 1)%.
Then, let &' = /(1 + (48/8min)/52,ax + T)% and by union bound, when

16(5/4) 1+ (48/$min) /52 + T T
M > /22 (dlog( 5 >+log(1+82>>7

L=

we have with probability 1 — 4, the event N;e7G;(1/2) holds.
D Regret analysis

To make the proof easy to access, we restate the core results and a few notations that is needed for the
proof of the propositions.

P Gaussian N (0, In;)  Sphere vMU(SM~1)  Cube U ({1,—1}M)  CoordU({£e;}ic(ar)) Sparse

p(F) p1 A p3 p2 A\ p3 p2 A\ p3 P2 P2
el/12
p(P) —Nla i- T 7/32 ATt N/A

Table 3: (Restate of Table Table 1) The coefficient p(F;) and p(P;) related to reasonableness and
optimism condition.

Adapting the results from [Abbasi-Yadkori et al., 2011b, Abeille and Lazaric, 2017], let 5; =
VA + \/ 21og(1/68) + log det(X; "% /Ad). Under assumption 1, we define the confidence bound as

Li(-) = (=) V ({pr—1, () = Bell ()l 2,21, Us () = 1A ({pe1, ¢()) + Bell¢ ()l 2., )

For the purpose of analysis within various reference distribution, we define a slightly inflated
confidence bounds as

Le(ss Pe) = ((pe—1, ¢()) = Bep(P)NI¢ ()l =,-,) V (1),

U5 Po) = (-1, 0()) + Bep(PONI 6 )l 2, ) A L.
p(P;) is defined via p; = O(\/Mlog(M/6)), p» = O(VM), and p3 = O(+/log(|A|/d)) and
Table 1. An immediate observation is that [L;(-), U(-)] C [L¢(+; Pe), Ue(+; Pe)). Thus, Ly(+; P;) and

Uy (+; P¢)] are also confidence bounds. We consider the the following functional form for HyperAgent
under linear setup: for time ¢,

fe(a) == fo, . (a,C) = (9(a), BeAr—1(G + pu—1), Va €A,
The condition on the propositions and theorem for regret analysis is when Eq. (9) is satisfied, that is
when M = O(dlog T'), the Lemma 1 implies that with high probability, the good events G = N;c7G;
hold jointly, where
LT T T 3 T d
G: = 5.% Yix<uw AtAtxgix Xix, VYreR®S.

In the following section, we discuss the proof conditioned on the joint event G and also the confidence
event that f*(a) € [Li(a),Ut(a)] forall t € [T] and a € A.
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D.1 Proof of Proposition 2

Notice that from Eq. (4), we derive

|fi(a) = (i1, 6(a))] = |(d(a), BeAs_1(1)]
= ﬁt\/Qs(a)TAtflAtTf@(a)

;
<|| A <>‘

(a)
¢la)T Ay
a)’ t—1
< (3/2)Be\/ d(a) T X _16(a) <||¢E;A1||7Ct> ;

where the last inequality is due to the good event G. For compact action set, we use Cauchy—Schwarz

inequality, ) )TA
a i1
‘<||¢(a)TAt_1||<> < 16Gll-

Using the concentration properties of P in Appendix F to upper bound ||; || yields part of the results.
For finite action set A, also taking the advantages of the concentration properties of several reference
distributions P in Appendix F to bound the conditionally probability

d(a)  Avs 2] A|
: <‘<H¢(a)TAt1H’Q>‘ < \log =5 | Htvzt> >1-54,

as & is independent of the history H;, Z;. Finally, the inflated coefficient p(P;) defined in Table 1
suffices to make fi(-) € [L¢(-; P¢), Us(+; Pc)] reasonable.

D.2 Proof of Proposition 3

Let A; = maxqe4, fi(a) and AF = max,e 4, f*(a). Conditioned on G and confidence event,
FolAd) = F1(A7) = Ju(AT) = F7(A7) = Ju(A]) = U™(4))
= (0(A7), 281 A1) — Bell Al =,

= 260 [o41) A AL o) (TSR ) ~ Bl s

> Bllo(AD) ., (<m<> ).

We consider the conditional probability,
) (AT A,
P(fi(Ay) > f7(AY) | He, Z, 2[?’(6 P(A} 21<<*,C He, Z
(fi(Ar) (A7) | Hes Z1) tllo(AD) ] =, oA A ] | My, 2,
- P(<’U, Ct> 2 1)7 (16)
where v is a fixed unit vector in RM . The final probability bound in Eq. (16) for each reference

distribution P is essentially the anti-concentration bounds. Please find the anti-concentration results
for each distribution in Appendix F, resulting in the Table 1.

D.3 Proof of Theorem 2

The Theorem 2 follows directly from Propositions 2 and 3 and Theorem 1. Additionally, it requires
the Azuma’s inequality for the sum of bounded martingale difference

Z E[(Ut(Ar) — Le(Ar)) | Hel — (Ue(Ar) — Le(Ar)) < O(v/Tlog(1/0)), w.p. 190
te[T]

as U(-) — L4(-) < 2. Then, it suffices to bound the summation of width between upper and lower

confidence bounds
D (Ui(Ay) = Li(Ay)).
te[T]

Under linear bandit setups in example 2, we use the elliptical potential lemma (e.g. Lemma 19.4 in
[Lattimore and Szepesvdri, 2020] and [Abbasi-Yadkori et al., 2011a]) to bound this summation.
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E Derivation of the closed-form incremental update

Before proving Proposition 1, we provide useful technical lemmas for isotropic distributions in
Definition 4.

Lemma 4. For any isotropic distribution P over M -dim vector space, we have for any fixed vector
a €RMandx € RY, Expla’ XaX T =Exp[XTazX ] =za'.

Proof. The (i, 7)-th entry of the matrix is

M M
[Ex[XTal‘XTHZ'j = Ex[[XTal'XTL‘j] = ]EX[(Z aka)xin] =x; Z akEx[Xka} = TiGj
k=1 k=1

O

Lemma 5. For any isotropic distribution P over M-dim vector space, we have for any fixed
matrix A € R™M and any fixed vector v € R%, Ex.p[XTAT2X "] = 2T A and symmetrically,
EXNP[XI'TAX] = AT,T.

Proof. Let A = (ay,...,ap) where a; € R4 fori=1,2,..., M.

M
AX = ZXZ'CLZ',
k=1
and
M
(AX)"Tz = ZXiaiT:c.
k=1

Note Ex[X TAT2X "] € RYM_ Then, the j-th entry of the row vector is

M
Ex[X"AT2X"])]; = Ex[X; ZXiaiTm] =ajz=21"q;
k=1

O

Lemma 6. For any isotropic distribution P over M-dim vector space, we have for any fixed matrix
B € RM*M and any fixed vector v € RY, Ex  p[X " BX] = trB.

Proof.
XTAX = Z X;X,Bj;
6\ J

By taking the expectation,
E[XTAX] = Z B;; = trB

O

Remark 6. For any distribution P over M -dim vector space such that Ex . p[X; X j] = 0;5, we have
for any fixed vector A € R*M |

Ex[AXX']=A
Definition 9 (Zero-mean). We say a distribution P over M -dim vector space is a zero-mean distribu-

tion leXNp[X] =0.
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E.1 Proof of Proposition 1

In this section, we will derive the closed-form incremental update if the update distribution P is
zero-mean and isotropic. We use short notation x for the feature ¢(A) of some action A € A.

Let the trainable parameters be § = (A, b) and the linear hypermodel be
fo(w,6) = (AL+ba) + (5" Zo€ + o, )
Learnable 1 (z,£) Fixed prior ¥ (z,£)
= {(b+ o), z) + (A + 5" Zo)¢, ) (17
Let ||0]|* = || A||% + ||b]|3 in Eq. (2) and X = %I.
By writing done the gradient w.r.t. b and taking a look at the stationary point,

_ ¢
OLODU) _ o8[S (A + 53/°2Z0)6 + (-4 po). ) — v — 0 )] + 3

s=1

t
= Z xsx;r(b + po) — xTsys + Z'O_lb (if P¢ is zero-mean.)
s=1

Let b; be the stationary point Definition 9 implies posterior mean matching.

t t
pe = (b + o) = Z:c 2l + T e+ 2y o) = B weye + 2 o) (18)

s=1 s=1
By writing done the gradlent w.r.t. A and taking a look at the stationary point,
dL(6; D : _
OLOD) e [ (A + B3 Zo)e+ (bt o) ) — s — 0a] ] 42557 A

s=1

t
me A+21/ Zo) —oxsz) )+ X, A,

where the last equality holds if P is isotropic and zero-mean and we use Lemmas 4 to 6. Let A, be
the stationary point. We have

t
- 1
A=A+ 272 = %, (20 Y224+ = ij) (19)
o
s=1
From the observation of Egs. (18) and (19), the solution x; and A; can be recursively updated from
wi—1 and A;_; respectively as more data gathering in.

F Isotropy, Concentration and Anti-concentration

Isotropy property is used for update distribution and proving the Proposition 1. The sub-Gaussianness
in concentration property is used for perturbation distributions and proving Lemma 1. The concen-
tration and anti-concentration properties are used for reference distributions and discussion on the
resonableness and optimism condition for HyperAgent. Let us discuss each distribution case by case.

F.1 Sphere P; =U(vVMSM1)

Isotropy. By the rotational invariance of sphere distribution, we know for any fixed orthogonal

matrix @,
(Ca) ~ (Q¢ ) = (¢, Q ), VeeR™
Then, for any fixed =, we select M orthogonal matrix Q1, . . ., Qs to rotate = such that Q; = = ||z||e;
where e; is the i-th coordinate vector. With this construction, for any fixed z,
M
E[(¢,2)2) = E[S (¢, 2:)2) = E[a]? ZC — M|a|?

i=1
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and hence E[{(¢, x)?] = ||=||?, which is the definition of isotropic random vector.
Concentration. By definition, ||¢|| = v/M. For a random variable ¢ ~ ¢(S™~1) and any fixed
v € SM—1 the inner product follows the transformed Beta distribution
M-1 M-1
(¢,v) ~ 2Beta( 7 )—1.

Evidenced by [Skorski, 2023, Li, 2024a], Pr = U (VM sM ’1) is 1-sub-Gaussian. For finite action
set A, using the concentration of Beta random variables with union bound, we have

A
P (\m € A,(¢,6(@) < (@) 1og 2 ') >1-3
Anti-concentration. Let’s start by rewriting the problem in terms of the incomplete Beta function:
Given: Vo1 M
- —1
X ~ Bet
eta ( . )

We want to find:

P((C,v>>1):P<2X—1>\/1M>:P<X>;+2\/1M>.

Theorem 4. For all d > 2, the random variable X ~ Beta (d— d—) has the following anti-

concentration behavior
1 1 1 el/12
(X > — + ) > - — .

2v/d Vor

Remark 7. We did not find any literature that can help derive such anti-concentration results for
Beta distribution.

Proof. Using the incomplete Beta function I, (a, b), this probability can be expressed as:

11 d—1 d—1
P(X>-4——)=1-1,, ,\[—, "—"
(=30 3m) = 1 (55

To compute ( L > (%, dgl ), we will use the following relationship for the regularized incom-

2vd
plete Beta function I,.(a, b):

B(z;a,b)

Lx(a,b) = B(a,b)

where B(x;a,b) is the incomplete Beta function and B(a,b) := B(1;a,b) is the complete Beta
function.

Fora =b= %, the complete Beta function is:

B(d—l d—1):r(—1)r(d;)

2
2 72 I(d-1)

Using the property of the Gamma function:
I'n+1) =

Let’s compute the incomplete Beta function for x = % +

)

anda:b:%:

g

2
1. Calculate the incomplete Beta function B (z; 452, 451):

2
1
1 1 d—1d-1 213
B(=-+ ; , =/ 1— )T dt
(2 2vd 2 2 ) 0 ( )
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d—s

As f(t) =t"2° (1 —t)“=" is symmetric at £ = 1/2 in the interval [0, 1],

1 1
1 1 d-1d-1\ 1 _[(d-1d-1 e _
Bz+—; : Sy s p— +/2 Y1) A
2 odd 2 2 2 2 2 :

2. Calculate the regularized incomplete Beta function I, (a, b):

; (dl d1>_3(5+2b3;d§17d51)
)\ 22 )T T B Y

As the function f(t) = 5" (1- t)% achieves the maximum at ¢ = 1/2, we could upper bound
the incomplete Beta function by

1

[reamas (D)7 ()0 Gh) @

The complete Beta function can be expressed as

p(451451) LTI (5

2 2 rd—1)

9

where T'(+) is the Gamma function. We use the Stirling’s Approximation on Gamma function which
could provide strict lower bound[Nemes, 2015]

I'(z) >V 2rz" TR,
and upper bound [Gronwall, 1918]

1

I'(z) <V 2rz TR T

for all z > 0. Immediately, the lower bound of the complete Beta function is

5 <d— 1 d— 1) S Var((d=1)/2)" e o (1)51‘2 (d = 1)~1/2¢~ o=

2 72 (d — 1)d—3 e~ 1+ ma=n 2

As ¢ TZE-D) > ¢~ 1/12 whenever d > 2, we further lower bound
d—2
d—1 d—-1 1 1
Bl —— ——— Vore /12 —. 21
( 2 2 ) = veme 2)  Va @D
Finally, combining Egs. (20) and (21) yields

i (S5 450) 2
2Vd '/T\/a
1 61/12
S §+ﬁa
and
P(X > ;+2\1/;i)zie\;/2;%0.0668.

F2 Cube P; = U({1,—1}M)

Isotropy. Easy to verify by definition.
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Concentration. By definition, ||£|| = v/ M. Also notice that we could sample the random vector ¢
by sample each entry independently from ¢; ~ U({1,—1}) fori € [M]. Then, for any v € SM~!
by independence,

m

Elexp(Mv, ()] = [ [ Elexp(Aviz:)] < [ [ exp(A*07) = exp(A® Y _v7).
i=1 i=1 i
The inequality is due to MGF of rademacher distribution (e.g. Example 2.3 in [Wainwright, 2019]).

Then we confirm that P; = U({1, —1}*) is 1-sub-Gaussian. For finite action set .4, we have from
sub-Gaussian property

P(VaeA, (¢, 6(a)) < l|6(a)] '““') >1-4.

Anti-concentration. Using the anti-concentration result from [Hollom and Portier, 2023], we have
for any fixed unit vector v in RM

P((¢,v)) > 7/32 ~ 0.21875.

F.3 Gaussian P; = N(0, 1)

Isotropy. Easy to verify by definition.

Concentration. The concentration property comes directly from the Chernoff bound for standard
Gaussian random variable together with union bound argument. For any o > 0, we have

P(||¢]] € aVM) > P(V1 <i < M,|G| < a) >1— MP(|¢] > a).

Standard concentration inequality for Gaussian random variable gives, Vo > 0,

P (|G| > @) < 2e77/2.

Plugging everything together with o = |/2log =5~ 2M gives the desired result, which is
2M
1<l < 4/2M log - WP 1—9.

For the case of finite action set A,

P (\m € A (. 8(a)) < l6(a)] 2'““') >1-4.

Anti-concentration. Here (C,v) ~ N(0, 1) for for any fixed unit vector v in RM

1)
PIN(0,1) > 1) = % erfc <¢1§) > 4;67 ~ 0.0856

F4 Coord PC = U(\/ M{:i:el, .. .7:|:€]\4})

Isotropy. Easy to verify by definition.
Concentration. By definition, ||(|| = vV M.

Anti-concentration.

1 1
> = — = — >
P{¢,v) = Z > _U?Zﬁ) 2M Z (]l\ﬂj\z%) = oM’
]G[M] je[M]
where the last inequality is due to a simple fact that for any fixed v € R with unit norm ||v|| = 1,

. ) . 1
there always exists an entry j € [M] with |v;| > —=.
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F.5 Sparse distribution P,

Definition 10 (s-sparse distribution). The sparse vector is in the form ( = \/%77 ® w where

P, = U({1,-1}M), and n is independently and uniformly sampled from all possible s-hot vectors,
where s-hot vectors is with exactly s non-zero entries with number 1. This construction is introduced
by [Kane and Nelson, 2014].

Isotropy. By definition,

M M
ElGi] = —Enjm]Elwjwr] = —dixEws] = dnr. (22)
Therefore, the sparse distribution in Definition 10 is indeed isotropic distribution.

Concentration. ||| = v M.

Anti-concentration. Not clear.

G Synthetic Experiments

We conduct experiments on synthetic bandit tasks, involving both linear and nonlinear reward
functions, to validate the theoretical insights and provide practical guidance. We firstly demonstrate
the superiority of HyperAgent over Ensemble+ [Osband et al., 2018] in linear contextual bandits
and then we validate the advantage of separating the reference and update distributions in neural
contextual bandits.

G.1 Linear Contextual Bandits

We begin by examining the advantages of HyperAgent in linear bandit, which can be understood as
scenario where the foundation model backbone is fixed. In this experiment, we primarily focus on
studying the impact of perturbations and reference distributions on HyperAgent.

Settings: We study the finite-action linear bandit guided by prior research [Russo and Van Roy,
2018] to evaluate HyperAgent. In this task, we construct the finite action set .4 by uniformly sampling
from the range [—1/+/5,1/+/5]¢ where d is the ambient dimension of the linear reward function
perturbed by an additive Gaussian noise term. To ensure robust results, each experiment is executed a
total of 1000 time steps and repeated 200 times. We provide a detailed implementation of the task in
Appendix H.1.

3500 \ —— Gaussian - Gaussian
Cube: 1600 | Gaussian - Sphere
c 3000 - \ —— Gaussian - Coord
o o Y —— Gaussian - Cube
2 Sparse oo —— Gaussian - Sparse
B 2500 o \ — TS
5 Coord E 1200
+ 2000 r_:\‘:
&) Sphere £ 1000]
E \
. 1500 Y \
Gaussian i 800/ \ d
S s O e ) S
(;@1""@5()‘\2‘ o o o @ % v“é o 9“‘" o 100 600| =
Reference Reference M
Figure 5: Analysis on the combinations of per- Figure 6: Study on regret under various index

turbation and reference distribution. A deeper dimension M. The label A — B indicates that
color signifies lower accumulated regret and HyperAgent uses A as the reference distribu-
hence superior performance. tion and B as the perturbation distribution.

Results Analysis: This experiment involves all 25 combinations of perturbation and reference
distribution as highlighted in Fig. 5, using accumulated regret as evaluative metric. Notably, the Gaus-
sian reference demonstrates enhanced performance across all scenarios, while the Sphere reference
shows better results with a larger index dimension M. However, the Coord reference distribution, as
implemented in Ensemble+, failed to meet satisfactory performance. This underperformance aligns
with the theoretical results presented in Theorem 2.
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Computation Efficiency: We evaluate HyperAgent employing the Gaussian reference distribution
across different index dimensions ), demonstrated in Fig. 6. It is apparent that larger M improves
performance, implying that increasing the index dimension could enhance the approximation of the
posterior covariance in the closed-form solution. Remarkably, HyperAgent shows performance on
par with Thompson sampling with a minimal M = 8§, highlighting its computational efficiency.

We carry out supplementary experiments on two linear bandit tasks with varying action sizes and
dimensions, all of which display similar phenomena that convincingly reinforce most of our theoretical
findings. For further information of experimental results, please refer to Appendix H.1, where we
discuss when Theorem 2 perfect predicts the empirical results and when it does not.

G.2 Neural Contextual Bandits

We then extend HyperAgent to nonlinear tasks, using MLP networks as feature extractors for
convenient analysis. In this experiment, we primarily focus on studying the impact of update
distributions and demonstrating the advantages of HyperAgent compared to other algorithms that
employ approximate posterior sampling.

Settings: We use the neural network to build the ground-truth nonlinear reward function f*, which
includes three fully connected layers, each consisting of 50 units, and connected by ReLLU activation
functions. The action dimension is set at 100, while the size of A designated as 1000.

x10°
1.25 x10% x10*
LMCTS

EpiNet
Ensemble+
HyperAgent

/

12| =16 5] =24 =] =64

Time period x10° Sphere Guassian  Cube  Sparse  Coord

(@ (b) ©
Figure 7: Experimental results on Neural Bandit. (a) Comparison results with baselines. (b) The
impact of various update distribution. (c) The impact of |=| when using Sphere update distribution.

Data Efficiency: We set the update, reference, and perturbation distributions with the same Sphere
distribution for HyperAgent and juxtaposed it against several baselines that utilize approximate
posterior sampling. These baselines include Ensemble+ [Osband et al., 2018], EpiNet [Osband et al.,
2023], and LMCTS [Xu et al., 2022]. To maintain fairness of comparison, all methods employed
the identical feature network ¢, (a), and the update ratio of LMCTS is uniformed with that of
HyperAgent. We assessed the performance by using cumulative regret after completion of the
training. As depicted in Fig. 7(a), HyperAgent remarkably exceeds other baselines, showcasing its
superior data efficiency.

Computation Efficiency: We keep reference and perturbation with the Sphere distribution and
evaluate different update distributions. As displayed in Fig. 7(b), the outcomes revealed that discrete
update distributions consistently outperformed continuous ones. This is principally because we require
a sampling-based approximation for expectation estimation with continuous options, but finite indices
allow us to calculate the expectation precisely with discrete distributions as implied in Proposition 1.
Notably, as depicted in Fig. 7(c), when employing Sphere update distribution, HyperAgent can
further boost performance with larger |é| in Eq. (1). However, larger |§\ significantly increases the
computational costs. As a pragmatic solution, employing Coord for the update distribution strikes a
favourable balance, achieving superior performance with reduced computational expenditure.

We also conduct comparisons involving differing reference and perturbation distributions and other ab-
lation studies. We observe that continuous reference and perturbation distributions offered advantages,
consistent with the findings from linear bandit. Please refer to Appendix H.2 for details.
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H In-depth empirical and ablation studies

In this section, we dive into the intricacies of each evaluation testbed. Through a comprehensive set
of empirical results, we’ll further illuminate the benefits afforded by HyperAgent. All experiments
are conducted on P40 GPUs to maintain processing standardization.

H.1 Linear Bandit Task

We consider the linear bandit tasks to study the impact pf perturbation and reference distribution
indicated by the theoretical analysis.

Task Settings: We use the action feature set X to denote the set of features ¢(a) : a € A induced
by action set A and feature mapping ¢(-). We build two linear bandit tasks with different action
distribution as follow:

* Finite-action Linear Bandit: We construct the finite set X by uniformly sampling a set of
action features from the range [—1/+/5, 1/4/5]? where d is the ambient dimension of the
linear reward function. This task builds upon prior research Russo and Van Roy [2018]. We
vary the action size |X'| over a set of {100, 1000, 10000}, and the ambient dimension across
{10,50}.

+ Compact-action Linear Bandit: Let the action feature set X = S%~! be the unit sphere. In
this task, we vary the ambient dimension d over a set of {10, 50,100}.

In both tasks, the reward of each feature X; € R?is computed as 7, = X, 0+¢, where § ~ N(0, 10I)
is drawn from the multivariate Gaussian prior distribution, and € ~ A/(0, 1) is an independent additive
Gaussian noise term. At every step ¢, only the reward from the chosen feature X, is discernible. To
ensure robust results, each experiment is executed a total of 1000 time steps and repeated 200 times.

Analysis of Results: We investigated all 25 combinations of perturbation and reference distribution
under different scales of the linear bandit tasks and numerous index dimensions denoted as M.
As depicted in Figs. 8 to 10, the outcomes across diverse problem scales corroborate each other.
The use of a Gaussian reference distribution significantly enhances performance when the index
dimension M is relatively small, such as when M is 2 or 4. As the index dimension M grows, all
combinations show an analogous performance under varying problem scales. However, it is worth
noting that for extremely large index dimensions, such as 512 or 1024, combinations involving the
Coord perturbation and Coord reference distribution significantly underperform compared to other
combinations. Given that Coord distributions are used in the ensemble-based methods, the results
prompt a compelling argument. HyperAgent equipped with a continuous reference distribution
presents a superior performance, suggesting its potential for surpassing traditional ensemble-based
methods. These findings strongly support the superior advantage of our index sampling method,
validating our theoretical analysis.

Analysis of Computational Efficiency: We delve deeper into the effects of varying the in-
dex dimension M within the HyperAgent. We assessed its performance across distinctive com-
binations of perturbation and reference distributions over an assortment of index dimensions
M € {4,8,16,32,64,128,256,512,1024}. The outcomes, visualized in Figs. 11 and 12, are con-
gruent with findings illustrated in Figs. 8 to 10. We observed that for large index dimensions M, the
Coord perturbation and Coord reference distributions degrade the performance. This implies that the
index sampling method employed by ensemble-based methods lacks efficiency. When HyperAgent
utilizes Gaussian or Sphere reference distributions, it achieves satisfactory performance, comparable
with Thompson sampling with small M. These results significantly showcase the computational
efficiency of HyperAgent, which attains satisfactory performance with small index dimensions M.

Remark 8 (Limitation of Theorem 2.). Notice that Theorem 2 suggest that when M >
O(dlogT), the regret bound of Ensemble sampling would increase with factor M 3/2 which
contradicts with our empirical evidence in Figs. 8 to 12.
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Remark 9 (Good prediction of Theorem 2.). Our empirical evidence in Figs. 8 to 12 confirms
the Theorem 2 in finite decision set setting for continuous-support reference distributions:
when M is larger then a threshold O(dlogT), the regret has no dependence on M.

Perturbation

M = 1024

Perturbation

@@ d=10 |X|=100

M = 1021

Perturbation

(b) d =10 |X|=1000

M= 16

M = 32

=512 M = 1024

Spase Cilbe Gassian Sphere Coord - Sparse. Cibe
o cference

(©)d=10 |X|= 10000

Figure 8: Results on the combinations of perturbation and reference distribution in Finite-action
Linear Bandit under action dimension d = 10. A deeper color signifies lower accumulated regret and
hence superior performance. Gaussian reference distribution significantly enhances performance.

H.2 Nonlinear Bandit Task

We utilize the nonlinear bandit tasks to further study the impact of update distribution in HyperAgent.
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(@) d=50 |X|=100

(b) d =50 |X|=1000

M =30

M = 1024

(©) d=50 |X|= 10000

Figure 9: Results on the combinations of perturbation and reference distribution in Finite-action
Linear Bandit under action dimension d = 50. A deeper color signifies lower accumulated regret and
hence superior performance. Gaussian reference distribution significantly enhances performance.
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(b) d = 50

M=8 M =16 M =32
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Figure 10: Results on the combinations of perturbation and reference distribution in Compact-action
Linear Bandit. A deeper color signifies lower accumulated regret and hence superior performance.
Gaussian reference distribution significantly enhances performance.
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Figure 11: Results on regret under various index dimension M in Finite-action Linear Bandit. The
label A — B indicates that HyperAgent uses A as the reference distribution and B as the perturbation
distribution. HyperAgent with Gaussian or Sphere reference distribution could achieve comparable
performance with that of Thompson sampling under small M.
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Figure 12: Results on regret under various index dimension M in Compact-action Linear Bandit. The
label A — B indicates that HyperAgent uses A as the reference distribution and B as the perturbation

distribution. HyperAgent with Gaussian or Sphere reference distribution could achieve comparable
performance with that of Thompson sampling under small M.

Task Settings: We We formulated two nonlinear contextual bandit tasks, with rewards generated by
nonlinear functions in each.

* Neural Bandit: It employs a nonlinear neural model denoted as f; (a) in reward generation.
This model features three fully connected layers, each consisting of 50 units, and connected
by ReLU activation functions.

* Quadratic Bandit: Its reward generation mechanism built on a quadratic function, expressed
as fo(a) = 1072(a"©O " a). Here, a € RY stands for the action while © € R¥*? is a
matrix filled with random variables originating from N (0, 1).

In both tasks, the original reward r is disrupted by Gaussian noise ¢ drawn from N(0,0.1). We set
the action dimension d at 100 and the size of action set X to 1000. Each experiment was run over 5
million time steps and repeated with 10 distinct random seeds to secure robust results

Results on Quadratic Bandit: We have conducted a comprehensive analysis of the results from the
Neural Bandit task as depicted in Fig. 7, demonstrating the distinct advantages of HyperAgent. The
outcomes from the Quadratic Bandit task, represented in Fig. 13, resonate with the observations from
the Neural Bandit task. HyperAgent consistently outperforms other baselines and exhibits enhanced
performance when implementing a discrete update distribution (i.e., Sparse, Cube, and Coord).
The quantity of indices |§ , in accordance with Eq. (1), continues to influence the performance
of HyperAgent when the Sphere update distribution is applied. The uniformity of results across
both Neural and Quadratic Bandit tasks highlights the superior generalization and efficient data and
computational capability of HyperAgent in decision-making tasks.

Ablation Study on Neural Bandit: We performed comparisons experiment on different reference
and perturbation distributions on Neural Bandit. Firstly, we assigned the same Sphere to both the
update and reference distributions, aiming to observe the impact of different perturbation distributions.
From Fig. 14(a), it’s evident that various perturbations resulted in near-identical performances. This
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observation aligns with the findings reported in the linear bandit task, suggesting that perturbations
do not significantly influence the performance of the model. We then explored the impact of different
reference distributions by allocating the Coord update distribution and Sphere perturbation distribution
for HyperAgent. The results in Fig. 14(b) reveal a slight divergence from the linear bandit task, with
Gaussian reference distribution showing suboptimal performance in the Neural Bandit. Nevertheless,
the Sphere reference distribution demonstrated consistent efficacy, in line with the theoretical analysis
presented in Theorem 2. While the sub-par results under the Gaussian reference distribution set the
stage for future investigations.
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Figure 14: Ablation studies on the Neural Bandit.

Additional Results: To ensure fair comparison between HyperAgent and LMCTS, we have meticu-
lously adjusted LMCTS’s update ratio to match that of HyperAgent’s in Figs. 7 and 13. To further
investigate the influence of the update ratio, we also evaluated LMCTS under its original settings,
referred to as LMCTS (original). In this setting, the update ratio initially follows a linearly increasing
trend before stabilizing at 100. As demonstrated in Fig. 15, despite the incremental computational
cost, LMCTS (original) falls short in attaining satisfactory performance in comparison to HyperAgent.
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Figure 15: Comparison results between HyperAgent and LMCTS.
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