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Abstract

Multi-objective decision-making is often deemed overly complex in bandit settings,
leading to algorithms that are both complicated and frequently impractical. In this
paper, we challenge that notion by showing that, under a novel goodness of arms
condition, multiple objectives can facilitate learning, enabling simple near-greedy
methods to achieve sub-linear Pareto regret. To our knowledge, this is the first
work to demonstrate the effectiveness of near-greedy algorithms for multi-objective
bandits and also the first to study the regret of such algorithms for parametric
bandits in the absence of context distributional assumptions.

1 Introduction

Multi-objective(MO) bandit problems have become increasingly prevalent in today’s complex, real-
world applications, which generalize the single-objective bandit framework by incorporating several
objectives [}, 2} 13,14} 15, 16, 7, 8]. Although this extension may seem conceptually straightforward,
balancing exploration and exploitation across multiple objectives significantly increases the com-
plexity of the problem [} 2} 3} 15,16, [7]. While MO problems are generally more complex than their
single-objective counterparts, it is natural to ask whether multiple objectives could, in some cases,
facilitate learning rather than hinder it. Formally, we pose the following research question:

Can the presence of multiple objectives actually facilitate learning rather than hinder it?

A priori, the answer is not always yes. Nonetheless, there may be scenarios in which multiple
objectives can be leveraged to achieve simpler, more efficient solutions, and to our knowledge, this
perspective has been largely overlooked.

In this work, we show that the existence of good arms for multiple objectives can enable simpler near-
greedy algorithms to achieve strong performance. Such “goodness” means that, for each objective,
there is at least one arm that performs sufficiently well (and these arms may differ across objectives),
a scenario commonly observed in practice. We show that this condition leads to what we call free
exploration—the ability to collect informative feedback without incurring extra exploration cost.
Concretely, we propose a novel near-greedy algorithm, MOG (Algorithm|[T), and its variants(MOG-R,
and MOG-WR), and prove that, under the suitable goodness assumption, they attain a regret bound of

O(VT). To our knowledge, these are the first explosion-free algorithms for MO bandits.

Recent research on single-objective linear contextual bandits with stochastic contexts has shown that
when context diversity is sufficiently high, greedy algorithms can achieve near-optimal regret bounds
in terms of 71" [9, [10, |11, [12]. However, the extension of these results to MO bandits has been limited
by a diversity assumption on the context distribution, leaving a gap in understanding how exploration
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can occur without the this assumption. Our work addresses this gap by focusing on free exploration
driven by good arms for different objectives, even in the absence of context stochasticity.

Our main contributions are as follows:

» We present and rigorously analyze a novel, sufficient condition on the goodness of arms (def-
inition [5) under which near-greedy algorithms achieve statistical efficiency in MO bandit
problems without relying on the commonly assumed context distributional assumptions in
the greedy bandit literature [[10} (11} |9} [12].

* We propose and analyze three practical algorithms, MOG, MOG-R, and MOG-WR, showing that

under the goodness assumption, each algorithm attains (’)(\/T) Pareto regret, where 7' is
the total number of rounds. Furthermore, through extensive numerical experiments, we
demonstrate that MOG, MOG-R and MOG-WR consistently outperform existing MO methods
across a wide range of scenarios, significantly reducing computational overhead.

* We introduce the notion of objective fairness (definitions ] and[6)) as a criterion, and prove
that our algorithm satisfies objective fairness.

2 Problem settings

2.1 MO linear bandits

In each round ¢ € [T, each feature vector z; € R? for i € [K] is associated with stochastic reward
Yyi.m(t) for objective m € [M] with mean = 0, where 0%, € R? is a fixed, unknown parameter.
While we present our problem setting in the fixed feature setup for a clear exposition of our main idea,
we also present our results under a varying context setting in Appendix[H| After the agent pulls an arm
a(t) € [K], the agent receives a stochastic reward vector y,y)(t) :%Ja(t)}l(t), S Yay,m (1)) €

RM as a bandit feedback, where y,4) () = xaT(t)H,ﬁl + Na(t),m(t) and 7,(1),m (t) € R is zero-
mean noise for objective m & [M]. To simplify notation, we denote by x(t) := 4(+) and y(t) :=
Ya(t)(t), the selected arm vector in round ¢ and its rewards, respectively, with slight notational
overloading. We assume that for all m € [M], n,1),m(t) is conditionally o-sub-Gaussian for
some o > 0, i.e, for all A € R, E[eMa0.m()|F,_1] < exp (A202/2) where H, is the history
({x(s)}sep) {a(s) Yser, {y(s)}sepy) and Fy is the o-algebra generated by H; and z(f + 1).

2.1.1 Pareto regret metric

In this work, we use the notion of Pareto regret [[1, (13} 2} 3] 14} 5. (6, [7] as the performance metric.

Definition 1 (Pareto order). For u = (uy,...,un), v = (vi,...,va) € RM, the vector u
dominates v, denoted by v < u, if and only if v, < uy, for all m € [M], and there exists m' € [M]

such that vy, < Uy,. We use the notation v £ u when v is not dominated by w.

Definition 2 (Pareto front). Arm i € [K| is Pareto optimal if and only if the expected reward of arm i
is not dominated by that of other arms in [K|. The Pareto front is the set of all Pareto optimal arms.

Definition 3 (Pareto regret). We denote Pareto suboptimality gap A; for arm i € [K] as the infimum
of the scalar ¢ > 0 such that p; becomes Pareto optimal arm after adding € to all entries of its
expected reward. Formally,

A; = inf{e | (,U/z +6) 74 Mi/,Vil € [K]}

Then, the cumulative Pareto regret is defined as PR(T) := Zthl E[A )], where E[A, )] repre-
sents the expected Pareto suboptimality gap of the arm pulled at round t.

The goal of the agent is to minimize the cumulative Pareto regret while ensuring fairness across
objectives, which is described in the next section.

2.1.2 Objective fairness

Focusing solely on Pareto regret minimization itself allows algorithms to optimize for a single specific
objective, potentially neglecting others. We propose a new notion of fairness in MO bandit problems.



Definition 4 (Objective fairness). Let 1; , be the expected reward of arm i for objective m, a},, be
the arm that has the highest expected reward for objective m, and iy, := pax m- For all € > 0, we
define the objective fairness index OFI. 1 of an algorithm as

T
> {5, — Bawym < 6}]> :
t=1

Then, we say that an algorithm satisfies objective fairness if for a given €, there exists a positive
lower bound L. such that limp_, ., OFl, 7 > L..

1
OFl. 7 := mi =E
T mnel%]I\lf] (T

Intuitively, our perspective of objective fairness makes sure that the algorithms consistently consider
all optimal arms for each objective, ensuring that no objective is neglected over time(Appendix [C).

3 Algorithms and Main Results

3.1 MO Greedy (MOG) algorithm

We propose a new algorithm named the MOG algorithm, that greedily selects arms based on a target
objective in each round. The default setting for determining the target objective is a round-robin
approach(Line 3), however, various selection strategies can also be employed(Appendix [Fland [G).

Algorithm 1 MO Greedy algorithm (MOG)

Require: Total rounds 7', Eigenvalue threshold B
1: Initialize Vy < 0 x Iy, and 31, ..., By € R?
2: fort=1to T do
3:  Select the target objective m <— t mod M {If m = 0, then m + M}
if Amin (Vi—1) < B then
Select action a(t) € arg max;c(x] 2] Bm
else ) )
Update the OLS estimators 61 (t), ..., 0pr(t)
Select action a(t) € arg max;c (k] 2] 0, (1)
9: endif
10:  Observe () = (Ya()1 (), - - Ya(r),m (1))
11:  Update V; <V, +z(t)z(t) T
12: end for

e A A

3.2 Analysis
Assumption 1 (Boundedness). Foralli € [K]andm € [M], ||z;||2 < 1 and ||6,]l2 = 1.

We start with a boundedness assumption similar to prior linear bandit works [14} 15,16} |17, 18], and
relex this assumption to arbitrary bounds in Appendix [I}

Assumption 2. We assume 07, ..., 03, span R4,

We work under a simple condition that there are enough objectives to span the feature space without

loss of generality, however, we can actually relax Assumption so that 07, ..., 0%, span the space of
feature vectors, span({z1, ..., zx})(Appendix . We define \ := /\min(ﬁ ZM 0x,(0:)7) > 0.

m=1"m

Next, we introduce the y-goodness condition that describes the goodness of arms in MO linear
bandits. In brief, this condition ensures the presence of good arms for every objective.

Definition 5 (Goodness of arms). For fixed v € (0, 1), we say that the feature vectors of the arms
{z1,...,xK} satisfy y-goodness condition if there exists o« > 0 such that

forall B € Bo(07)U...UBL(0},), there exists k € [K] such that 2]} /|| B|l2 > 7,

and denote such xy, as the v-good arm for direction .

Assumption 3 (y-goodness). We assume the feature vectors {x1, ...,z } satisfy y-goodness for
somey > 1— \2/18.



We define « as the value that satisfies the goodness condition defined in Definition [5] together with ~
as specified in Assumption If « is greater than (A, ) 1= %2 — % v — (1 — i‘—;) V1—72,
then we replace the value of a with (A, 7).

The ~y-goodness condition often arises in real-world applications where each objective has at least
one arm (or item) that performs reasonably well. We compare the notion of «-goodness with other
assumptions which are used in the existing greedy bandit literature [10} [11}19}[9}20] in Appendix
The following theorem establishes the Pareto regret of MOG.

Theorem 1 (Pareto regret bound of MOG). Suppose that Assumptions [I| [2] and [B|hold. If we run
Algorithmwith B = min {%\/2dT log(dT?), %L: (41og (14 2F) +1og (T)) ¢, then the Pareto
regret of Algorithm/[l|is upper-bounded by

24
PR(T) < TU\/QdT log(dT) + 4Ty + 10M.
The proof of the theorem is provided in Appendix [E:2]

Discussion of Theorem[I} The theorem shows that the cumulative Pareto regret bound of MOG is

o (vdT) in terms of d and T', which matches the established lower bound (Appendix [K)) under our
problem setting. To the best of our knowledge, our study is the first to prove the frequentest regret
bound of a greedy algorithm in the linear reward setting without relying on context stochasticity.

Corollary 1 (Number of initial rounds). Suppose that Assumptions and [3| hold. If the
feature set S selected during the initial rounds in Algorithmspans R?, then Ty can be bounded by

To < | B/ Amin (37 Z,es 7il@i) ") | + M = O(B),
The proof of the corollary is given in Appendix [E-4]

We have confirmed that the MOG algorithm satisfies objective fairness.

Theorem 2 (Objective fairness of MOG). Suppose that Assumptions [1| 2} and B hold. If we run
Algorithm[Ilusing B as given in Theorem[I] the objective fairness index of Algorithm[lis bounded

below by
T-T.— M 3M
S (LT te P _ 2
o = (L) (13
where T, = max(L%] +To+ M, 2T, +2M).

The proof of the theorem is provided in Appendix [E.3] The theorem shows that Algorithm [I]satisfies
objective fairness.

4 Experiment
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Figure 1: Evaluation of MO bandit algorithms where d = 5, K = 50, M = 5.
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We evaluate our proposed algorithms —MOG, MOG-R, and MOG-WR~- in both fixed and stochastic context
settings, comparing them with ParetoUCB [1]], MOGLM-UCB [3]], and PFIwR [5] in the fixed feature
setup. The result clearly demonstrates that our proposed algorithms outperform the others empirically
from the perspective of cumulative Pareto regret, Pareto front estimation, and objective fairness
despite their simpler structure. The details and additional results are presented in Appendix [[}
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NeurlIPS Paper Checklist

1. Claims

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

Answer: [Yes]

Justification: This work investigates a new form of free exploration that emerges in MO
linear bandit settings, a central theme that is clearly articulated in both the abstract and the
introduction.

Guidelines:

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

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

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

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

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: We discuss the limitations of our proposed algorithm in the Appendix
Guidelines:

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

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

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

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

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

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

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

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

3. Theory assumptions and proofs

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



Answer: [Yes]

Justification: Theorems are presented with assumptions detailed in Section [3.2] In the
appendix, where we extend the main results, any modifications to the assumptions are
clearly stated before the analysis, and all theoretical proofs are included therein.

Guidelines:

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

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

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

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

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

* Theorems and Lemmas that the proof relies upon should be properly referenced.

. Experimental result reproducibility

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

Answer: [Yes]

Justification: We provide all code related to our algorithm and experiments in a ZIP file.
Details regarding the experimental settings are described in the Experiment section of the
Appendix.

Guidelines:

* The answer NA means that the paper does not include experiments.
* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

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

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

nature of the contribution. For example

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

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

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

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



5. Open access to data and code

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

Answer: [Yes]

Justification: We provide all code related to our algorithm and experiments in a ZIP file.
Details regarding the experimental settings are described in the Experiment section of the
Appendix.

Guidelines:

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

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

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

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

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

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

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental setting/details
Question: Does the paper specify all the training and test details (e.g., data splits, hyper-

parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: We provide all details regarding the experimental settings in AppendixL.1}
Guidelines:

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

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

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

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

Answer: [Yes]
Justification: In the performance graphs, standard deviations are indicated using shaded

regions or error bars. All critical aspects of the experiments are reported in a clear and
appropriate manner, without embellishment (Section 4] and AppendixL]).

Guidelines:

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

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.
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8.

10.

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

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

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

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

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

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

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

Experiments compute resources

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

Answer: [Yes]

Justification: While the experiments in our study are not significantly influenced by compu-
tational limitations, we include information about the computing environment used to run
them in Appendix

Guidelines:

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

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

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

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

. Code of ethics

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

Answer: [Yes]

Justification: The research presented in this paper fully conforms to the NeurIPS Code of
Ethics. In particular, the real-world dataset used in our study is an open dataset provided by
the UCI Machine Learning Repository, which contains no personally identifiable or sensitive
information (Appendix [L.4).
Guidelines:

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

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

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

Broader impacts

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

Answer: [NA] .

Justification: There is no societal impact of the work performed.
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Guidelines:

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

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

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

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

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

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

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: This work poses no such risks.
Guidelines:

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

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

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

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

Licenses for existing assets

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

Answer: [Yes]

Justification: We have clearly indicated the sources of the baseline algorithms when compar-
ing our proposed methods with existing approaches (Appendix L.

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

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

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.
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* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

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

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

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

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

Answer: [Yes]

Justification: The paper includes thorough descriptions of the proposed algorithms as well
as the fairness concepts on which they are based (Section[3|and [2.1.2)

Guidelines:

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

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

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

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

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

Answer: [NA]
Justification: This work does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

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

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

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

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

Answer: [NA]

Justification: This work does not involve human subjects or any study requiring IRB
approval.

Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.
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* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

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

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

16. Declaration of LLLM usage
Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used

only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]

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

Guidelines:

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

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

Tables|l|and [2| compare our work with key works in the MO bandit and greedy bandit literature,
respectively.

Table 1: Comparison with studies on MO bandits. K is the total number of arms, d is the dimension of
feature vectors, 7' is the time horizon, and A denotes the minimum Pareto regret over suboptimal arms.
In this work, A denotes the regularity condition constant of objective parameters (see Section[3.2). The
third column indicates whether the algorithm requires per-round empirical Pareto front estimation.

Free Per-round
Paper Features exploration PF estimation Pareto regret bound
P-UCB (O) x
Drugan and Nowe [[1]] X X S-UCB (x) O( logT)
Lu et al. [3] o X o O(dVT)
Kim et al. [3] o X o O(d®log dT + < log 4T)
Cheng et al. [6] o x o O((dT)/?)
This work o o X o (L)

Table 2: Comparison with studies on free exploration. T is the time horizon. The fourth column
indicates whether a diversity assumption on the context distribution is required.

Paper Features MO Context diversity Regret Bound
Kannan et al. [10] o X o (5(\/T)

Bayati et al. [20] X X X O(T3/*)1
Bastani et al. [9]] O X o O(poly logT)
Kim and Oh [12]] o X o O(polylogT)
This work @ @ X O(VT)

 Bayesian regret, which is a weaker notion of regret compared to frequentest (worst-case) regret.

The MO bandit problem has been explored from various perspectives. Drugan and Nowe [1]]
were the first to study MO bandits and introduced two fundamental UCB-based algorithms:
ParetoUCB (P-UCB) and ScalarizedUCB (S-UCB). Later, Yahyaa and Manderick [21]] investi-
gated Thompson Sampling algorithms for MO bandits, proposing PTS and LSF-TS. However, their
work focused solely on empirical performance and did not provide regret analysis. In the contex-
tual setting, Tekin and Turgay [13]] addressed MO bandits with dominance relationships, but their
approach was limited to problems with only two objectives. Turgay et al. [2] applied Contextual
Zooming to learn Pareto (near-)optimal arms (PCZ), though their algorithm is complex and lacks
sufficient implementation details. Lu et al. [3]] introduced MOGLM-UCB, a UCB-type algorithm for
generalized linear MO bandits, achieving a near-optimal Pareto regret bound. However, their method
requires empirical Pareto front estimation and a parameter optimization step in every round, leading
to potential computational overhead in practical applications. More recently, Kim et al. [S]] studied
Pareto front identification in linear MO bandits, proposing PFIwR, which exhibits weaker empiri-
cal performance in terms of regret compared to other algorithms. Cheng et al. [6] examined MO
bandits with hierarchical objectives, introducing two algorithms: MOSLB-PC and MOSLB-PL. Zhang
[8l] applied hypervolume scalarization to linear MO bandits and analyzed a UCB-type algorithm
(ExploreUCB) in terms of hypervolume regret.

Table E] summarizes MO bandit studies relevant to our problem, however, direct regret bound
comparisons are not feasible, as each study considers a different problem setting. Notably, none
of these works have explored the conditions under which free exploration naturally arises or the
potential benefits of having multiple objectives. Furthermore, while most studies on MO bandits
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have proposed algorithms that compute the empirical Pareto front in each round, relatively few have
focused on improving practicality by reducing the algorithm’s computational complexity over time.

On the other hand, in the 2020s, several studies in single-objective bandits have focused on free
exploration. The idea was first introduced by Kannan et al. [[10], who showed that when perturbations
exist in the context, the greedy algorithm can achieve a sub-linear regret bound. Raghavan et al. [[11]]
proved an improved regret bound, in terms of Bayesian regret, for the Gaussian perturbation. Building
on the previous works, Bastani et al. [9] demonstrated that in a stochastic context setup, if the context
distribution satisfies a diversity assumption, the greedy algorithm can achieve an O(poly log T') regret
bound, given an appropriate margin condition. More recently, Kim and Oh [12]] proposed a condition
on the context distribution, known as the LAC condition, under which free exploration can occur.
They proved that under this condition, the regret bound remains O(poly log T'). To the best of our
knowledge, the only study on free exploration without assuming a context distributional condition is
that of Bayati et al. [20], which identified free exploration in scenarios where the number of arms
is sufficiently large. However, whether their findings can be generalized to the contextual setting
remains an open question.

Again, the studies listed in Table 2| were conducted under different problem settings, making direct
comparison of regret bounds meaningless. Notably, studies that achieved an O(poly log T") bound
either explicitly assumed a margin condition or derived it through other conditions (e.g. LAC
condition). As seen in Table 2] while free exploration has been actively studied in single-objective
settings, additional free exploration mechanisms that may arise in MO settings remain unexplored.
Furthermore, our study offers a new perspective not only in the MO bandit literature but also in the
free exploration literature, as it represents the first investigation of free exploration in a contextual
setting that does not rely on context distributional assumptions.

B Notations

We denote by [n] the set {1,...,n} for a positive integer n. We use ||z||2 to denote the Io norm
of a vector + € R? and ||z||4 = V2T Az to denote the weighted norm of z induced by a positive
definite matrix A € RY*?. We define the d-dimensional ball B}, = {z € R? | |[z]» < R}
and the (d — 1)-dimensional sphere S% ' = {z € R? | ||z = R}. When d is clear in the
context, we just use Br := ]B%‘]i;z and Sp = S‘Ii{l, and R can be omitted for simplicity if R = 1,
ie. B := B¢, and S := Sf‘l. We define AM as the M-dimensional simplex, given by
{(wy,...,wy) € RY ZmG[M} w; = 1, wy,...wp > 0}. We also denote the positive orthant of

R4 by Ri. For matrices A and B, we write A = B to indicate that A — B is positive definite. The

i-th unit vector in R? is denoted by egd), and when the dimension d is clear from the context, we

simply write e;. We define the spanning space of feature vectors z1, ..., xx as S, and its orthogonal
complement as S;-. The projection map onto S, is denoted by s, : R? — S, and when the space
Sy is clear from the context, we simply write 5. Finally, 1{condition} means the indicator function
that takes the value 1 if the condition is true and 0 otherwise.

C Fairness Criterion

C.1 Objective Fairness

Additional considerations beyond Pareto regret. Pareto regret minimization is often a central goal
in multi-objective bandit algorithms, but it does not fully capture the essence of the multi-objective
problem. Paradoxically, focusing solely on Pareto regret minimization itself allows algorithms to
optimize for a single specific objective, potentially neglecting others. Specifically, an algorithm
that behaves with respect to a single-objective bandit problem may perform just as well in the
Pareto optimal sense [4]], hence the defeats the purpose of the multi-objective problem. Therefore,
meaningful multi-objective bandit algorithms should aim to balance multiple objectives, typically
incorporating additional considerations such as fairness, alongside Pareto regret minimization.

Existing fairness criterion [1]. In multi-objective bandits, how fairly an algorithm handles multiple
objectives is considered an important factor. Fairness in multi-objective bandits was first introduced
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by Drugan and Nowe [1]], who defined it as how evenly the Pareto front is sampled (Definition [7).
However, this definition requires tracking the selection frequency of each true Pareto optimal arm,
making it unsuitable for theoretical analysis. Many previous studies have mentioned fairness in the
selection process, but, to the best of our knowledge, none has provided a theoretical analysis of
fairness [21} 2, 3]].

Furthermore, in practice, the fairness principle requires multi-objective algorithms to compute the
empirical Pareto front at each arm selection, resulting in significant computational overhead [1, 21}
2}, 3]. Specifically, algorithms that construct the empirical Pareto front in each round incur a time
complexity of O(K?) per round. This indicates that such algorithms may encounter scalability
challenges in real-world applications involving a significantly large arm set.

Objective fairness. To address these limitations, we propose a new notion of fairness in multi-
objective bandit problems. The fairness we introduce provides theoretical guarantees without impos-
ing additional computational overhead on the algorithms. We present a new notion of fairness based
on the near-optimality in each objective in definition 4]

The objective fairness index measures the proportion of rounds in which the e-optimal arms are
selected for the least selected objective. Therefore, objective fairness is an asymptotic concept
that ensures the consistent selection of near-optimal arms for each objective as time progresses.
Conversely, if OFI. 7 — 0 as T — oo, this implies that the algorithm ultimately does not consider
optimal arms for at least one objective.

Additionally, we extend Definition ] to consider not only the directions of objective parameters but
also the weighted sum of their directions, introducing the notion of generalized objective fairness
(definition[6). This extended definition ensures that optimal arms on the positive side of the Pareto
front (Figure [2)) are selected in proportion to the total rounds 7'.

Pareto front approximation. We argue that algorithms pursuing objective fairness or generalized
objective fairness can address many challenges in real-world problems more efficiently than traditional
approaches. A major advantage of these algorithms is that they eliminate the need to construct the
empirical Pareto front at each iteration, which is typically required by traditional methods to ensure
fairness. Although algorithms that pursue objective fairness do not approximate the Pareto front in
every round, they enable on-demand approximation by estimating the parameters of each objective.
Lemma 1 (Connection from objective parameter estimation to Pareto front approximation). Suppose
|zl < 1 holds for all arms i € [K]. Let 0,,(t) be an estimator for 0, for m = 1,..., M,
and we define the empirical Pareto front (5(15) with respect to the estimated expected reward
(:cjgl(t), e ,:z:iTgM(t)) for each arm i € [K] in round t. If ||6,,(t) — 07,2 < € holds for all
m € [M], then, for all arms i € O(t), the suboptimality gap satisfies A; < 2e.

C.2 Generalized objective fairness

In Section[2.1.2] we defined the objective fairness of a MO algorithm. Objective fairness guarantees
that the near-optimal arms in each objective direction are consistently selected without neglecting
any objective. Building on this principle, we propose a generalized objective fairness criterion that
ensures a MO algorithm continues to select the near-optimal arms across all weight-sum directions of
the objectives.

Definition 6 (Generalized objective fairness). Given a weight vector w € AM, let p;,, =
Zme[ M) wmz, 0%, be the expect weighted reward of arm i, a¥, be the arm that has the largest
expected weighted reward with respect to the weight vector w, and piy, ‘= figx m. For all € > 0,
define the generalized objective fairness index GOFl. 1 of an algorithm as

T
> 1, = pa@yw < @]) :
t=1

Then, we say that the algorithm satisfies the generalized objective fairness if for given ¢, there exists
a positive lower bound L. that satisfies limr_, o GOFI. r > Le.

weAM

1
GOFI, 7 := inf <T]E

Intuitively, generalized objective fairness considers intermediate arms on the Pareto front, which
are not optimal for individual objectives. It ensures the consistent selection of the optimal arms
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corresponding to some weight-sum reward functions. The next lemma explains that the generalized
objective fairness criterion guarantees that the algorithm consistently selects Pareto near-optimal
arms that lie within the positive side (Figure [2)) of the Pareto front.

Lemma 2 (Boyd and Vandenberghe [22]). Consider a multi-criterion problem, minimizing F(x) =
(f1(x), ..., fm(z)) with respect to R'". In scalarization, we choose a positive vector w, and minimize
the scalar function w ' F(z). Then, any minimizer for scalarization is guaranteed to be Pareto optimal,
and conversely, every Pareto optimal of a convex multi-criterion problem minimizes the function
w ' F(x) for some nonnegative weight vector .

Corollary 2. In a MO bandit problem, the optimal arms corresponding to weight-sum scalarized
reward functions are contained in Pareto Front. Conversely, every Pareto optimal arms that lie within
the positive side of the Pareto front are optimal for some weight-sum scalarized reward function.

Figure 2: The two axes in the graph represent the expected rewards for each objective in a two-
objective MO problem. The six points, A, B, C, D, E, and F, in the figure represent the Pareto
front, while the dashed polygon outlines the convex hull of the Pareto front. Within the Pareto front,
the positive side of the Pareto front refers to the points located on the positive side of the convex hull,
highlighted in red, corresponding to points A, C, F, and F.

Remark 1. In a MO bandit problem, if the true Pareto front is convex, the generalized objective
fairness ensures consistent selection of the entire Pareto front.

In some cases, it may be important to determine whether an algorithm fully explores the entire Pareto
front. If we aim to evaluate whether an algorithm consistently selects the entire Pareto front, we can
further extend the concept of GOF. In such cases, fairness can be redefined by employing alternative
scalarization methods that enable full exploration of the Pareto front [23} 24} [8]], rather than relying
on the weighted sum.

C.3 Generalized objective fairness vs fairness suggested by Drugan and Nowe [1]

In this section, we explain how our fairness criterion differs from and improves upon the one proposed
by Drugan and Nowe [[1]. The fairness criterion defined by Drugan and Nowe [1] is as follows, and
we refer to it as Pareto front fairness.

Definition 7 (Pareto front fairness [1l]). Let T;*(n) be the number of rounds an optimal arm i is
pulled, and B[T™* (n)] be the expected number of times optimal arms are selected. The unfairness of a
MO bandit algorithm is defined as the variance of the arms in Pareto front A*,

N (17 (n) — E[T" ().

1€A™

1
vy
For a perfectly fair usage of optimal arms, we have that ¢ — 0.

Now, we compare our generalized objective fairness (GOF) with Pareto front fairness (PFF). The key
differences and improvements are summarized as follows:

* GOF guarantees consistent selection of Pareto-optimal arms lies within the positive side of
the Pareto front, while PFF considers the entire Pareto front (see Corollary [2).
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* Statistical analysis is feasible with GOF but not with PFF, as PFF requires the number of
times each true optimal arm is pulled, which can only be computed in simulated studies. In
contrast, the definition of GOF incorporates an € argument, enabling theoretical analysis.
Detailed theoretical analysis of fairness is provided in Appendices[E.3] [F.3] and [G.4]

* GOF accommodates differences in the importance of objectives, whereas PFF assumes
equal importance across objectives. These differences are reflected in the indices of the two
fairness criteria. GOF uses the lower bound of the selection ratio for each optimal arm as its
index, whereas PFF employs the variance in the frequency of selecting each optimal arm.

* Algorithms based on the GOF perspective do not require computing the empirical Pareto
front, whereas PFF-based algorithms incur additional computational costs for empirical
Pareto front estimation.

D ~-goodness

In this section, we introduce the concept of y-goodness, compare it with the alternative regularity
condition employed in another greedy bandit study Bayati et al. [20], and clarify the distinction
between ~y-goodness and context diversity (Assumption 3 in Bastani et al.|9) assumption, which is
commonly used in the existing greedy bandit literature.

We first extend the definition of a y-good arm in Definition [3]to an arbitrary vector.
Definition 8 (y-good vectors). For fixed v € (0, 1], we say that the vector x € R? is y-good for the
direction of € R% if x'T H99H >~ holds.

. =

The following naturally arises from the definition; however, it plays a pivotal role in applying the
goodness assumption to the analysis.

Proposition 1. If there exists a y-good arm for 0, then the optimal arm for 6 is also y-good.

Proposition 2. Suppose x is a random variable that can only take values corresponding to y-good
arms for 0. Then, E[z] is also y-good for 6.

The above proposition holds because the region {z € B | 2T o = ~} is convex.

D.1 ~-goodness condition for stochastic contexts setup

Before explaining the meaning of ~-goodness, we first extend the y-goodness condition to be
applicable in a stochastic context setup. In a MO linear contextual bandit framework, the stochastic
context setup assumes that the context set x(t) = {;(t) € R%,i € [K]} in each round ¢ is drawn
from some unknown distribution P, (¢). Detailed explanations regarding this problem can be found
in Section Under the stochastic context setup, we introduce the definition of goodness with
respect to the context distribution and present the «y-goodness assumption as follows.

Definition 9 (Goodness of arms — stochastic context version). For fixed v < 1, we say that the
distribution P, (t) of feature vector set x(t) satisfies y-goodness condition if there exists a positive
number q., that satisfies

forall € S, P, [3i € [K], xi(t)TB > 7] > gy
Assumption 4 (y-goodness — stochastic context version). We assume P, (t) satisfies y-goodness
condition for all t € [T, withy > 1 — %.

Different from fixed version, the goodness condition requires only the positive probability g, of the
presence of y-good arms not the existence of them (i.e. ¢, = 1). Instead, the condition requires
~-good arms for not only the neighborhood of objective parameters but also all directions. In other
words, y-goodness signifies that for any direction 3 € S, there exists at least one y-good arm
with a probability of at least ¢,. Intuitively, if the union of the supports of each arm z;(¢) for ¢ € [K]
covers all of S¥~1, y-goodness will be guaranteed for all ¥ < 1. The following lemma formalizes
this concept.

Lemma 3. Suppose 1(t), ...,z (t) are continuous variables with density function f1, ..., fx. If
f=fi+...+ fx is a bounded function and positive near S%=1 (i.e., there exist v € (0, 1) satisfies
[ is always positive at {x € R? | r < ||x||2 < 1}), then P, (t) satisfies y-goodness for all v € (0,1).
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Proof. Fix v € (0,1). From the definition of f, f/K is the probability density function of X =
Uniform(z1(t), ..., zk(t)). Define pg = Py ) [X T3 > ~] for unit vector 3 € S¥~1. Then,

pﬂsz(t)[XTﬁZ’y]:/ @d.rZ/ MCll‘>07
{eeBR | 2T g3y} K {e€BR | o7 p>max(v,r)} K

for all 5 € S¢1.

Consider the function F': (8 EN ps. From the boundedness of f, we can easily check F' is continuous.
By the fact that the compactness is preserved by continuous functions, {ps | 8 € S?~1} is compact.
Define ¢, := min{ps|8 € S¢~1}, then we have g, > 0 since pg > 0 for all 3 € S¥~1 . Then, for all
B c Sdfl
PylFi € [K], 2i(t) T B>~ > Pyy[X B> =ps > q,
O

Remark 2. The above lemma states that if the set of arm x(t) includes just a single continuous
variable that can cover S%=1, then y-goodness will hold for all v < 1 regardless of the distributions
of the remaining arms.

D.2 ~-goodness vs S-regularity

In Bayati et al. [20], they assume the prior distribution I' of the expected reward p of each arm
satisfies P, [ > 1 — €] = ©(¢?) for all € > 0 in non-contextual MAB setting. Let’s compare this
with v-goodness when m = d = 1. We claim that y-goodness can be considered weaker than
[B-regularity from three perspectives.

The most significant difference is that in §-regularity, the probability that the expected reward
1; exceeds 1 — e is required for all arm ¢ € [K], along with the assumption that y;’s are drawn
independently from prior I'. In contrast, in y-goodness, it is sufficient to ensure that the probability that
one of the K arms satisfies x; (t)T B > ~, without the need for the independence assumption between
arm vectors. Secondly, unlike 3-regularity, v-goodness does not require a specific relationship like
©(1—7) between the probability of the existence of near-optimal arms P, (;)[3i € [K], ;(t)" 8 > ]
and the threshold + ; instead, it focuses on the existence of a positive lower bound ¢,. Lastly, the
[-regularity assumes the probability of ;4 > 1 — ¢ for all € > 0, while this work does not mandate
~-goodness for 7y very close to 1; it is sufficient to hold y-goodness only for some v > 1 — (%8)2.

D.3 ~v-goodness vs context diversity

In recent years, there has been significant interest in the optimality of the Greedy algorithm in
single-objective bandit problems [9} |10, [11} [19]. A common theme among these studies is the
assumption that feature vectors follow a distribution satisfying specific diversity conditions. For
example, Bastani et al. [9] assume the existence of a positive constant A such that for each vector
u € R? and context vector @;(t), Amin (Elz;(£)zi(t) "1{z;(t)"u > 0}) > A. The y-goodness
condition fundamentally differs from traditional context diversity assumptions. Below, we provide
examples where the y-goodness condition holds, while traditional diversity conditions do not.

Example 1 (Containing fixed arms) Imagine a situation where one feature vector is a continuous
variable while the other arms are fixed. For example, let 1 (¢) be uniformly distributed over B¢
while x5(t) = @2, ..., 7K (t) =z are fixed at some points in S9~!. By Lemma 3| P, (t) satisfies
~v-goodness for all v € (0,1). However, it is easy to see that diversity is not satisfied because
Amin (E[z2()@2(£) "1{z2(t) "u > 0}) = Amin(z22 1{zg u > 0}) < Anin(z275 ) = 0.

Example 2 (Low-randomness distribution) Consider a scenario where the feature vectors are drawn
from a finite set of discrete points. Despite the lack of diversity, if these points are strategically chosen
to cover S~ ! adequately, the goodness condition can still be satisfied. For example, suppose there is a
set of points P = {ay, as, . .., ay} that contains /1 — ~2-net of S~ 1. Assume that 1 (t) be chosen
uniformly from the d — 1 points and other arms x5 (%), . . ., x x (t) be chosen from the remaining points.
Obviously, Py (t) satisfies y-goodness with g, > +. In contrast, Apin (E[z1 (¢)z1(£) T1{z1 () Tu >
0}) = 0 since there are only d — 1 candidates that can be x1(¢). Therefore, context diversity does not
hold in this scenario.

19



Figure 3: The larger circle represents the unit sphere in R? while the interior of smaller circle
indicates the region where 6,,(s) may exist. Then, the blue line illustrates the case when z that
T «?m(s) >

10m () —

satisfies «y is farthest from the 67,.

Although ~-goodness encompasses cases where the traditional context diversity assumption is not
covered, there is no inclusion relationship between the two conditions. Here is an example where
~v-goodness does not hold, but context diversity does.

Example 3 (Proper support) Consider a case where 1 is given as the upper bound of the l; norm of
feature vectors, but the actual support of feature vectors is smaller. For instance, if x;(¢) follows a
uniform distribution over B¢ /o foralli € [K]and ¢ € [T, then context diversity still holds (Bastani

et al. [9])), but y-goodness does not hold for v > 1/2.

E Analysis of MOG with fixed features

E.1 Linear growth of minimum eigenvalue of the Gram matrix
We establish the lower bound of the minimum eigenvalue on the Gram matrix that grows linearly
with respect to ¢. Let T denote the number of initial rounds required until Ayin (Vz—1) > B holds.

Lemma 4 (Increment of the minimum eigenvalue of the Gram matrix). Suppose that Assumptions
E] and hold. If the OLS estimator satisfies ||0,,(s) — 07, || < «, for all m € [M] and for all

s > Ty + 1, then the selected arms for a single cycle s = tg, to+1, ... , to+ M —1(tg >Tp+1)
by Algorithm|[I]satisfy
to+M—1 \
Amin 2(s)z(s)" | > ZM.
( pOIFERE ) > 2

The proof of Lemma [ is presented in Section [E.1.2] and its supporting lemmas are presented in

Section[E.T.11

E.1.1 Technical lemmas for Lemma 4]

The following lemma states that, after sufficient exploration rounds, the distance between the y-good
arms for the OLS estimator of the objective parameters and the respective true objective parameters
can be bounded.

Lemma 5. Given Assumptions || assume the OLS estimator satisfies ||0,,(s) — 0%|| < a, for
m € [M] and s > Ty + 1. If v € B is y-good for 0,,,(s), then the distance between x and 0, is

bounded by m
107, — alls < /2 + 207/T— 72 — 29v/T a2,
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Proof. Consider the case when z is the farthest from 6. As we easily can see from Figure 3]

165, — 2|3 < (@ + /1 =722+ (V1—a2—7)? =2+ 2ay/1 - 72— 27\/1 - a2

O

Now, we will demonstrate that the y-good arms for multiple objectives spans R? by deriving a lower
bound on the minimum eigenvalue of the Gram matrix constructed from ~y-good arms.

Lemma 6. Given Assumptions and assume the OLS estimator satisfies ||t‘jm(s) 05 <«

forallm € [M]and s > To + 1. If 2p(1), - - s Tr(ar) € B are y-good for 01(s1), ..., 00 (sar) for
some s1,...,Spy > To + 1, respectively, then the following holds

T A
)\min E xT‘(HL) (xr(m)) > gM
me[M]

Proof. Forallm € [M], we can get ||z, (,,) — 0y, || < \/2 +2a4/1 — 72 — 293/1 — aZ by Lemma

Then, for any unit vector u € B9,

T 2
w1 @ (@) Ju= Y (w@ipm))

me[M] me[M]
= Z <’LL7 9:1 + (.Z‘T(m) — 6‘7*71)>2
me[M]
= Z {<’LL, 0:1>2 + <ua :L'r(m) - Q:n>2 +2 <u7 G:n> <Ua 1'7"(m) - o;kn>}
me[M]

>l | Y en(6s)" u+0—2\/2+2a\/1—72—27\/1—a2M
me[M]

2)\M—2\/2+2a\/1—72—2'y\/1—a2M.

. . . L A2 a4
We define « in Section as having a value less than or equal to (A, y) = /% — 557 7 —
(1 - %) \/1 — 2. This leads the inequality A — 2\/2 +20/1 =42 = 29V/1 — a2 > 3. There-

fore, we have

Amin Z Ty (m) (mr(m))T > ()\ — 2\/2 +2ay/1 =72 — 2W\/1 — a2> M >

me[M]

M.

wl >

E.1.2 Proof of Lemmaldl

The previous lemma shows that the minimum eigenvalue of the Gram matrix increases at a rate of
O(A). Tt is well known that if the minimum eigenvalue of the Gram matrix increases linear with ¢, a

regret bound of 6(ﬁ) can be derived.

Proof. For s = tg,....to + M — 1 (tg > Ty + 1), |0 (s) — 0,]| < o for all m € [M]. Then, by
Assumption [3|and Proposition|[1} the selected arm x(s) are y-good arms for the corresponding target
objectives inround s = t, . .., tg+M —1. Since the target objectives in round s = tg, ..., to+M—1
are all different M objectives, we have

to+M—1 . A\
/\min< Z x(s)x(s) ) > §M,

s=to

by Lemma [6] O
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E.2 Proof of the regret bound

Theoremis proven by deriving an /5 bound on ém(t) — 07,. This is enabled by Lemma@ which
shows that the minimum eigenvalue of the Gram matrix grows linearly with ¢ with high probability,
thereby allowing us to obtain the desired bound. The proof of Theorem|[I]is presented in Section[E.2.2]
and its supporting lemmas are presented in Section [E.2.T]

E.2.1 Technical lemmas for Theorem[I]

To apply Lemmaf] a sufficient number of initial exploration is required to ensure its preconditions
are satisfied. We discuss this requirement in the next section (Section [E.4)). In the current section, we
assume this condition is met via Lemma9} and proceed to prove Theorem|[I}

Lemma 7 (Minimum eigenvalue growth). Suppose Assumptions[I] [2} and [5|hold, and fix § > 0.
If we run Algorithm|l|with B = min | Z 2dT10g(%), 402 (g log (1 + %) + log (é))} then

Q2

with probability 1 — 2M 6, the following holds for the minimum eigenvalue of the Gram matrix

Amin (2_: x(s)x(s)T> > B+ %(t —To— M),

s=1

forTo+ M <t <T.

Proof. 1f we choose B as stated in the lemma, the OLS estimator satisfies ||0,, (s) — 67, || < a for all
s > Ty + 1 and m € [M] with probability 1 — 24, by Lemmal9] Thus, by applying Lemmal]to
every single round after exploration, we have, for t > Ty + M,

t—1 To t—1
Amin <Z x(s)x(s)T> > Amin (Z x(s)z(s)T> + Amin ( Z z(s)a:(s)T)

s=1 s=1 s=Tp+1

t—1-—"1T A
SHETS

A
M| 3t

A
2 B+ 3(t—To—M).

With Lemma (7| we are ready to derive the Iy bound of 6,,,(t) — 6%, for m € [M].

Lemma 8. Fix § > 0. Under the same conditions as those in Lemma [2} with probability at least
1 —3M§, for all m € [M] and t > 2Ty + 2M, the OLS estimator 0.,,(t) of 0%, satisfies

< 60 | dlog(dt/s)
27 A\ t-Ty—M’

Proof. From the closed form of the OLS estimators, for all m € [M],

m

Hém(t) _g

t—1 L1
ém(t) - e;kn 9 = <Z Z‘(S)x(s)T> Z Jj(S)?’]a(S)’m(s)
s=1 s=1 9
1 t—1
< I(S) a(s ,m(S)
>\min (Zi;ll JT(S)JJ(S)T) ; 7 () 9

For the denominator, we have Apin (Vi—1) > B+ %(t —To — M) for t > Ty + M, with probability

at least 1 — 2M 4, by Lemma To bound the I3 norm of S;_1 4, 1= Zi;ll z(8)7q(s),m (), we can
use Lemma the martingale inequality of Kannan et al. [10]. The lemma states that for fixed
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m € [M], ||Si—1.mll2 < o+/2dtlog(dt/d) holds with probability at least 1 — §. Therefore, with
probability at least 1 — 309, for all m € [M] and ¢ > 2T, + 2M,

o+/2dtlog(dt/d) < 60 | dlog(dt/s)

TB+ANt—-To-M)/3~ XN\ t-To—M

)é() o

m

The last inequality holds when ¢ > 2Ty + 2M. O

E.2.2 Proof of Theorem[I|

Proof. Let E be the event that Hém(t) — 05| < 82/ % holds for all m € [M] and
t > 2Ty + 2M. Then, P(E) < 22 by Lemma 8| with § = 7..

Let m(t) be the target objective for round ¢ and a, be the optimal arm with respect to objective m.
Then, the suboptimality gap on round ¢ is bounded by

T px N *
Dairy(8) < (waz, ) Oy = () T Oey < 2010me) () = Oy l12-

Let A ax be the maximum suboptimality gap. For t > 2T, + 2M,

E[Asw) (D)) < E[Aq) () | E] + P(E)Amax

A . 3M
< 2B ey () — Ol | B)+ o A

dl
A t—Tp— M T

Then, the Pareto regret is bounded by

T
PR(T) = Z [ a(t)( )] + 2T‘O + 21\4)Amax
t=2Ty+2M+1
a dlog(dtT) 3M
<
< Vo —ar T 2T+ 2M A
t=2Tp+2M +1

IN

12 1
—U\/leog(dT) / —=dt + {2Tp + 5M } A pmax
Vit
24
U\/2dT log(dT) + 2{2Tp + 5M}.

The last inequality holds because we have A, < 2 under Assumption m O

\ /\

E.3 Proof of Theorem 2
Proof. Define the event ., ¢ for all m € [M] as
Qi := {w € Q| Objective m is a target objective for round ¢}.

Then, P(Q,, ;) = 1{t =m mod M} from the Round-Robin process.

Let E be the event that ém( t) =05l < %\/% holds for all m € [M] and t > 2Ty + 2M.
2
Then, IP’(E) < 3M by Lemmalw1th 0= T We know that on €2,,, ; N E, for t > 2T + 2m,

dlog(dtT) < 120 | 2dlog(dT)
)\ t—To—M — X \(t—Ty— M’

Hom = Hatym < 200 () = O3,z <
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LetT, = max(LwJ +To+M, 2Ty+2M). Then, on Q,, ;NE, we have piy, —fiq(t),m < €

A2e2

for all ¢ > T,. Therefore, for all m € [M],

T T
1 1
TE § Ly = Haty,m < €} T E E []l{;“:z — Ha(t)ym < EH

t=1 t=1

T

1 *
27 ;E[]l{/im — Ba(t)m < €} [ Qm¢] P(n¢)

1 T
27 > EM{p), — fa@ym < €} | Qnt] P(Qnt)

t=T.+1

1 T

= > E[1{un, — ta(tym < €} | Qi N E] P(E)

W
Nl
]~
=
5

(-
() (-

E.4 The parameter B and the number of initial rounds

In this section, we discuss the appropriate value of B, the threshold of the minimum eigenvalue of
the Gram matrix. For convenience, denote V; := ' _, (s)z(s) T and S; := >'_, 2(8)Na(s) ()
When the minimum eigenvalue of the empirical covariance matrix V7;, 1 exceeds a certain threshold,
we can guarantee the /5 bound of the OLS estimator é(t) of 6, for t > T}y with high probability. Le.,

Amin(Vry—1) > f(a) = forallt >Tp, [|0(t) —6.][,<a 1)

If we set B = f(a), then with high probability, ||, (t) — 67, || < « after initial rounds.

Kveton et al. [23] suggest f(a) that satisfies Eq. using a bound of ||.S¢||y,_,-:. However, a small
mistake was made in their process: the bound they derived by modifying Theorem 1 of Abbasi-
Yadkori et al. [14] is actually a bound for || ZZ:TOH 2(8)Na(s)(8) "y, _, -1, where 7o = min{t >
1:V; > 0}, not ||S¢|ly,_,-1. To address this problem, the simplest approach would be to use the

bound of ||.S|2 suggested by Kannan et al. [10]. Alternatively, we can use the bound of ||.S; ||y, _, -1
proposed by Li et al. [18]. The following lemma explains how the theoretical value of the initial

parameter B, given by O(min(v/dT',dlogT)), can be derived through these two approaches.
Lemma 9. Given Assumption 1, for any a > 0 and § > 0, if we run Algorithm[2|with

Lo dT. 402 [/d 2T 1

then with probability at least 1 — 2M§, the OLS estimator satisfies |0y, (t) — 0%,||2 < « for all
m € [M]andt > Ty + 1.

Proof. First we will bound B using the fact

O (t) — 0

m

_ 1
e R R

where Sy, 1= Zizl x(s)na(s)m(s)T.
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Since for fixed m € [M], ||Si—1,mll2 < o+/2dt1n(td/d) holds for all ¢ < T with probability at
least 1 — § by Lemma and it is obvious that Amin (Vi—1) > Amin(Vr,—1) for t > Tj, we have

Hém(t) - Hj‘nH < aforallm € [M]andt > Ty + 1 with probability at least 1 — M ¢ when the
2

value of B setto Z/2dT log(dT/d).

Alternatively, we can use the fact

By Lemma for fixed m € [M],
t < T with probability at least 1 — §, and hence, we have Hém(t) - 0r,

o 2 B B 1
om(t) - a;kn 9 = (St—l,m)—rv;f—l 1‘/;5—1 1St—1,m S must—l,m”%/t_lfl-

min

StflamH%/t,l—l < 40%(21og(1 + Z) + log(%)) holds for all

< a forall m € [M] and
2

t > Ty + 1 with probability at least 1 — M § by setting B to ‘%2(% log(1+ 2L) + log(%)).
Therefore, if we set B = min [g 2dT log(4F), 40%2 (41og (14 27) +log ((15))}, we have

ém (t) - 9:1

,<a for all m € [M] and ¢t > Ty + 1 with probability at least 1 — 2M/4. O

E.4.1 Proof of Corollary/[l]

Proof. Let S be the feature set selected during initial rounds and As := Amin (37 2. c 5 Zi(2i) ")
Then, for any T} > L%J + M, if we keep playing with feature vectors in S in a Round-Robin
manner for 7T rounds,

T —1
Amin (Z x(s)x(s)T> > {le\; 1} x AsM > \g(Ty — M) > B.

s=1

Hence, we have T < L%j + M. O

F Randomized version of MOG algorithm

F.1 MO Greedy algorithm — Randomized version

We propose a randomized version of MOG algorithm named the MOG-R algorithm, which selects target
objective randomly for each round (Line 3). The algorithm takes as input the probability mass
function (p1, ..., pas) of selecting each objective, which can be uniformly set to ﬁ in the absence of
specific information. The other aspects remain identical to the original MOG algorithm.

Algorithm 2 MO Greedy algorithm — Randomized version (MOG-R)

Require: Total rounds 7', Eigenvalue threshold B, Objective distribution (p1, ..., par)
1: Initialize Vy < 0 x Iz, and B1,...,Bm € R¢
2: fort =1to T do
3:  Randomly select the target objective m € [M] from the distribution (p1, ..., par)-

4: if Amin(%—l) < B then

5: Select action a(t) € arg max;c(x) z Bm

6: else A .

7: Update the OLS estimators 601 (t), . .., 0 (%)
8: Select action a(t) € arg max;c(x] 2] 0, (1)
9: endif

10:  Observe y(t) = (Ya(t),1(t):- - Ya(e),m ()
11:  Update V; < Vi1 + z(t)z(t) "
12: end for

The MOG-R algorithm can be interpreted as a greedy algorithm operating in a MO setting, where
the prioritized objective changes in each round. The statistical guarantees of the MOG-R algorithm
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demonstrate that applying a greedy algorithm to the prioritized objective can be an efficient strategy
when there exist good arms for multiple objectives. This suggests that in real-world scenarios where
the dominant objective changes across rounds, an algorithm can still achieve strong performance in
terms of regret, even when solely exploiting the dominant objective in each round.

F.2 Pareto regret bound of MOG-R

The following theorem demonstrates that the MOG-R algorithm possesses near optimal regret with
respect to 7.

Theorem 3 (Pareto regret bound of MOG-R). Suppose Assumptions and [3| hold. If we run
Algorithm I with B = min {%N/QdT log(dT?), 40%2 (% log (1 + %) + log (T))} then the Pareto
regret of Algorithm[2]is bounded by

60d

480
Ty < =22 /2dT log(dT) + 4Ty + 6M + ——.
PR(T) < VG og(dT) + 4Ty + 6M + v

where p* = min,, ¢ (Pm) M.

Discussion of Theorem |3} The theorem establishes that MOG-R has (9(@) Pareto regret bound,
which matches the bound for the original deterministic version of MOG. In other words, this implies
that even when the target objective in MOG is determined stochastically, a similar level of statistical
guarantee can be maintained.

Remark 3. The value of p* becomes smaller as the probability differences among the objectives
selected by the algorithm increase. Conversely, if a uniform distribution is used for selecting the
target objective, p* takes a value of 1.

Corollary 3 (Number of initial rounds). Suppose Assumptions and [3| hold. If the feature
set S selected during the initial rounds in Algorithm 2| spans R?, then T, can be bounded by

To < [2B/p"Mnin (37 Lsses @il2:) ) |

The proof of Theorem [3]is presented in Section [F.2.2] and its supporting lemmas are presented in
Section[F.2.1] and the proof of corollary [3]is presented in Section[F.2.3]

F.2.1 Technical lemmas for Theorem 3

To prove Theorem [3| we first establish the lower bound of the minimum eigenvalue of Gram matrix
that increases linearly with respect to ¢, in a slightly different way from the case of MOG. In the previous
analysis for MOG, we construct a constant lower bound for the increment of minimum eigenvalue
during one round robin cycle. For the randomized version, we make a constant lower bound for
Amin (E[z(t)z(t) T |H—1]) in each round, like existing greedy bandit approaches. However, it is
important to note that the expectation of the lemma below arises not from the randomness of the
contexts, but rather from the randomness associated with the selection of the target objective in each
round.

Lemma 10 (Increment of the minimum eigenvalue of the Gram matrix). Suppose Assumptions

and hold. If the OLS estimator satisfies ||0,,(s) — 0%,|| < o, for allm € [M] and s > Ty + 1,
then the arm selected by Algorithm[2]satisfies

*
m

Ap*

)\min(]E[x(S)x(S)T|HS*1]) > 3 )

where p* = min,, ¢ (Pm) M.
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Proof. For all s > Ty + 1 and m € [M], let E,,(s) be the event that the objective m is a target
objective in round s. Then,

M
= min (pm) S E[e(s)| B (s), Ho1JE[(5)| B (), Ho1] -

me[M]

, The final line is validated by Lemma [27}

By Assumptlonl 3} there always exists y-good arm for 0, (s) for all m € [M]. Hence, on the event
B, (s), the selected arm z:(s) is y-good for 6,,, (s) by Pr0p0s1t10nl 1} Therefore, E[z(s)| B (s), Hs—1]

is also y-good for O, (s) by Proposition I and so we can apply Lemma|6|to derive the minimum
eigen value of above matrix by

)\min(E[JJ(S) ( )T|Hs 1]) > rgbr\l/[] pm Amin (Z E Hs—l]]E[x(sﬂEm(s)yHS—I}T>

o Wilmea] (Pm)AM
> 3 .

O

The following lemma shows that the minimum eigenvalue of the Gram matrix increases at a rate
O(N).

Lemma 11 (Minimum eigenvalue growth of Gram matrix). Suppose Assumptions [I| 2] and [3hold.
Assume the OLS estimator satisfies ||0,(s) — 0%,|| < « for all m € [M] and s > Ty + 1. Then for

t > Ty, the following holds for the minimum eigenvalue of the Gram matrix of arms selected by
Algorithm 1

—Ag* (t=Tp)
< de 30

P [)\min (Z LU(S).T(S)T> <B+ %(t —1To)

s=1

where C' = \ — 2\/2 +2ay/1 — 42 = 29/1 — a2 and p* = min,, ear (Pm) M.

Proof. By the subadditivity of minimum eigenvalue and Lemma[T0} for ¢t > Tp + 1,

A( > E[x<s>x<s>T|Hs_1]> > 0 AuinlBlals)e(9) Hoa]) > 226 - )
s=Tp+1 s=To+1
In other words, P[Apin (Y _ _1y41 Blz(s)z(s) T [He1]) > (t —Tp)] = 1 holds for t > Ty + 1.

By applying Lemma23|to compute the lower bound of the mlmmum eigenvalue of the Gram matrix
after exploration, we have

P [)\min ( Z x(s)x(s) > )\g (t—To)

s=To+1

—Ap* (t=Tp)

)—%(t—To) < de 30

R

Therefore, by subadditivity of minimum eigenvalue, for ¢ > Tj

P [Amm <Zm(s)x(s)T> <B+ Ag* (t —Tp)

—Ap* (t—Tp)

< de 30
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The following lemma establishes the lo-bound for the estimated objective parameters, a critical
requirement for solving greedy bandit problems.

Lemma 12. Suppose Assumptions EI and hold. Assume the OLS estimator satisfies |0, (s) —
0l < aforallm € [M] and s > Ty + 1 for some o > 0. Then for any § > 0, m € [M] and

—Ap* (t—Tp)

t > Ty, with probability at least 1 — M§ — de™ 30 2 the OLS estimator O, (t) of 0%, satisfies

dlog(dt/d)
2 /\p* t— TO

Hém(t+ 1) - 05,

where p* = min,,¢(as) (pm) M.

Proof. From the closed form of the OLS estimators, for all m € [M],

Hém(Hl)—a;‘n

2: (Z:ll"(s)ff(s)T) Z:l$ 77a( ),m

t

Z ) a(s).m

2
1

Amin (Zizl z(s)x(s) )

IA

2

For the denominator, we have Ay (V) > B + %(t — Tp) for t > Ty, with probability at least
—Ap*(t—Tp)

1—de— 30 ,by Lemma To bound the I3 norm of S, :== S1_, 2(8)7q(s),m(8), we can use
Lemma the martingale inequality of Kannan et al. [10]. The lemma states for fixed m € [M],
[1St.mll2 < o+/2dtlog(dt/d) holds with probability at least 1 — d. Therefore, with probability at

—Ap* (¢

least 1 — M§ — de 52 forall m € [M] and t > 2T,

o+/2dtlog(dt/d) <120 dlog(dt/9)

2_B+)\p*(t—T0)/6_ Ap* t—"Ty

Hém(t+ 1) - 65,

The last inequality holds when ¢ > 27Tj. O

F.2.2 Proof of Theorem

Proof. By Lemma@ifBis setby B = min [g 2dT log(dT?), 42 (41og (1 + 2L) + log (T))},

oz
we have ||0,, (t) — 07, || < a forall m € [M] and t > Tj, + 1 with probability at least 1 — M LetE
be the event that ||, (t + 1) — 0%, < }\i"\/%ﬁ)ﬂ holds for all ¢t > 2T, and m € [M]. Then,
PE) < 2M 4+ M 4 de =T by Lemma
Let Amax be the maximum suboptimality gap and m(t) be the target objective in round ¢. For
t> 2Ty,

E[Aq41)(t +1)] S E[Aguqn)(t+1) | E] + P(E)Anax

« . 3M —p* (t—Tp)
< 2B [+ 1) = Oyl | B+ (50 4 ™) A

< 240 |dlog(dtT) n 3m de_kp (t=Tp) A
)\p* t— TO T
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Then, the Pareto regret is bounded by

T-1
PR(T) = Y E[Auqrn)(t + 1] + 2T0Amax
t=2Ty
" 240 [dlog(dtT)  3M d Ap® (t=Ty)
AP (t—Ty
~ Z ﬁ + {(T)T+ Z de 30 +2T0}Amax
t= 2TO t=2T,
T Ap™ (t—T0)
Cap*(t—
g \/2dlo (dT) / —dt—i— <2TO+3M+ 3 e >Amax
t=2Ty
480 30d
< 2dT log(dT Amax
Y o&(dT) + < Ap* )
480 30d
< —/2dT log(dT) + 2 .
—Ap* og(dT) + < Ap*)
The last inequality holds because we have A, < 2 under Assumption E} O

F.2.3 Proof of Corollary[3

Proof. Let S be the feature set selected during initial rounds and A := Amin (57 >ou,cs Zi(2:) ).
Then, Amin ( S z(s)z(s) ") > p*Ast/2 with probability at least 1 — de~*s7"/10 by Lemma

Then, for any Ty > | 28

|, if we keep playing with the initial values for T rounds,

To *
Amin (Zx(s)x(s)T> > p;SL 2B 5 p.

s=1 p )\S

p*As

Hence, we have T;) < L 2B J with probability at least 1 — de=>P"/30, O

F.3 Objective fairness of MOG-R

We confirmed that the MOG-R algorithm satisfies the objective fairness. The following theorem shows
the lower bound on the objective fairness index.

Theorem 4 (Objective fairness of MOG-R). Suppose Assumptions [I| [} and [P hold. Then, the
objective fairness index of Algorithm I satisfies for all m € [M],

T —T. 3M 1 a0s2g
> 1 - _ Ap*e2
OFlr 2 mit (pm) < T ) (1 7 4G > ’

115202d log(dT

where T, = max(| N IeD)

|+ Ty, 2T0) in the same setting as Theorem@

Discussion of Theorem[d} The theorem demonstrates that Algorithm [2]satisfies objective fairness,
since for any given € > 0, lim7_, o OFI. 7 = min,,e[as1(pm). We show that with high probability,
our algorithm selects near-optimal arms for each objective m at a ratio of p,, as time grows, and it
selects only e-optimal arms of an objective after a certain rounds 7.

Proof. Define the event ,,, ; for all m € [M] as
Qi := {w € Q| Objective m is a target objective for round ¢}.
Then, P(Q,,, 1) = py, forallm € [M]and ¢t < T.
Let E be the event that ||6,,, (t + ) — 0| < 1% dlog(dtT) 1] ds for all ¢ > 27T} and m € [M].

mlil = \p* t—To
Then, P(E) < 3M 4 de et

by Lemma@ and Lemma
We know that for ¢ > 2715, on ,,, 141 N E,

. 240 |d log(dtT) 240 |2d log(dT)
= <20 (t+1) = 05,12 < —_— —
b = iy < 20t + 1) =052 < 7 [SPEG) < 2, 2O
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Let T, = max([%J + Ty, 2Tp). Then, on Qy, 141 N E, we have iy, — fla(e41),m < €
forallt > T.,.
Then, for all m € [M],

E[{pz, = ta(ym < €} | Qi) P(Qr.1)

Nl =
Mq

T
—E Z ]I{M:n — Ha(t),m < 6}] 2
t=1

t=1
D T—1
2 Tm []l{ﬂm Ha(t4+1),m < 6} | Qm 41 N E] P(E)
t=T.
P T—1
> .
> 1- P(E)
t=T,
- by (T —Tp)
m —Ap e —
> (1 e P )
t=T.
Pm 3M 1 40024
>—T-T)|1—— —d ¥ | .
=T ) < 7 A

Therefore, the objective fairness index can be bounded by

T-T, 3M 1 40024
> _— — p*e2
OFIL. 1 nfgﬁlf](pm) < T ) (1 7 —dl5)? ) ;

G Linear scalarized version of MOG algorithm

G.1 MO Greedy algorithm — Weighted Randomized version

We propose another MO near-greedy algorithm, named MOG-WR. While both MOG and MOG-R focus
solely on selecting optimal arms in specific objective directions, MOG-WR extends this by also con-
sidering optimal arms in weighted objective directions. The algorithm takes as input a distribution
D from which the weight vectors are sampled. In each round, the algorithm selects the arm that
maximizes the weighted estimated reward based on the weight vector w drawn from D (Line 5, 8).

The rest of the algorithm structure remains identical to the original MOG.

Algorithm 3 MO Greedy algorithm — Weighted Randomized version (MOG-WR)

Require: Total rounds 7', Eigenvalue threshold B, Weight distribution D

1: Initialize Vy < 0 x Iy, and 31, ..., By € R?

2: fort=1to T do

3:  Sample a weight vector w = (w1, . .., wys) from the distribution D.
4 if Amin (Vi—1) < B then

5 Select action a(t) € argmax;e (k] ( Y_,,c(an WmT] Bm)

6: else ) )

7 Update the OLS estimators 61 (t), ..., 0pr(t)

8 Select action a(t) € arg max;c (k] (Zme[M] wmm;ém(t))

9: endif

10:  Observe the reward vector y(t) = (ya(tm(t), .. ,ya(t)7M(t))
11:  Update V; + Vi1 +az(t)z(t) "

12: end for

The MOG-R algorithm can be regarded as a special case of the MOG-WR algorithm, where the distribution

D is set to
(M)

Pm ifw= €m
Py~ =
p(w) { 0 otherwise.
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The MOG-WR algorithm, like previously proposed scalarized MO bandit algorithms, selects the optimal
arms corresponding to the reward functions generated in each round [1, 21} [8]. We confirm that even
with the application of weighted scalarization, the greedy algorithm performs effectively, through
both theoretical and empirical validation, where good arms exist for multiple objectives. Additionally,
we prove that the MOG-WR algorithm satisfies generalized objective fairness.

G.2 Regularity indices

Before we start analysis, we first define two regularity indices of a distribution for weight vectors.

Definition 10 (Regularity indices of a distribution). Let D be a distribution on M -dimensional
simplex, AM = {(wy,...,wy) € RY| Zme[M] w; = 1, wy,...wp > 0}, For given e > 0, We
define the two regularity indices of distribution D, V. p and I p as

Vep := min Pyup Z wm by, — 05| <€
me[M] me[M]

Ie.D = inf PwND E wmé)* E wm
’ DEAM
me[M] me[M]

Intuitively, the regularity indices described above explain how evenly the weight distribution generates
weighted objectives. Specifically, V. p measures whether the weighted objectives are well-sampled
near the parameter space of each objective, while I, p captures how uniformly all possible weighted
objectives are sampled. By definition, it is straightforward to confirm that V. p > I. p always holds.

The following lemma demonstrates that for any continuous distribution D with positive density
function, the regularity indices are always positive.

Lemma 13. If D has a continuous density function f which is positive on AM  then both regularity
indices V. p and I, p are positive.

Proof sketch. Tt is enough to show I. p > 0. Fix ¢ > 0 and define g : AM — R? such that
g(w) :=Pyp (HZmE{M] Wby = X me(an wmej‘nH < e). Then, we can show that g is a positive

continuous function. Since AM is compact, we have inf,,c o g(w) = min,cam g(w) > 0.

G.3 Pareto regret bound of MOG-WR

The following corollary shows that it is possible to achieve a 6(\/?) regret bound Algorithm 3} if
the weight distribution D satisfies V,, /2 p > 0.

Corollary 4 (Pareto regret bound of MOG-WR). Suppose Assumptions [I] and [3| hold. If we
run Algorithm with B = min [ 2dT log(dT?), 1602 (41og (1 + 2L) +log (T))} then the

o2

Pareto regret of Algorithm[3|is bounded by

480 d
PRIT) < Ai /24T Tog(dT) + AT, + 6M + io*,

where v* =V, ;5 pM.

We can establish the regret bound for MOG-WR using the same arguments employed for the regret
bound of MOG-R, with the aid of the following two lemmas. The first lemma pertains to the linear
growth of the minimum eigenvalue of the Gram matrix.

Lemma 14 (Increment of the minimum elgenvalue of the Gram matrix). Suppose Assumptions [I]

I 2| and 3 Ihold If the OLS estimator satisfies ||0,,(s) — 0%,|| < o, for all m € [M] and s > Ty + 1,
then the arm selected by Algorithm[3|satisfies

where v* =V, 5 pM.
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Proof. For s > Ty + 1 and m € [M], let E/,(s) be the event that the weighted objec-
tive >, c(as Wmby, in round s satisfies Hzme[M] Wy, 05, — H%H < «/2. Then, on E/,(s), if
6, (s) — 6%,|| < /2 holds, then the following holds.

S wnbm (@) = 05| < || DD winbn(t) = D w1 Y wab, — 0,
me[M] me[M] me[M] me[M]
<y mee (t) — 0 > waby, — 05,
me[M] me[M]
< % + % =«

Thus, by Assumption [3| there exists y-good arm for the weighted objective Zme[ M Wi Om (t) in
round ¢.

Since the arm selected by Algorithm|§| satisfies

Ela(s)2(s) T [Hao] = ZE (5) T 1B (5), Moot PLEL, () Mo1]

= Vaje,p Z Elz(s)a(s) | By, (s), Hs-1]
m=1
M
= Vajap Y Bla(s)|Ep(s), He [Ew(s)| B, (s), Ho] T,
m=1
»and E[z(s)|E7, (s), Hs—1] is y-good for the weighted objective }_, (5 WO () in round s, we
have

M
Amin (E[z(s)2(s )T|HS 1]) = Va2, Amin (Z Elz(s)|E7,(s), ’HS—l}E[x(S”E;n(S%HS—l]T>
m=1
> Va/g,;;)\M’
by Lemma [f] O

Then, we can drive Iy bound of 6, (t) — 02, with above lemma. The next lemma shows how to bound
the Pareto regret with the bound on ||0,,(t) — 6% || 2.
Lemma 15. Given Assumption[I] for all round t, the Pareto suboptimality gap of Algorithm[3|can

be bounded by Ay (t) < 2 HZmG[M] Wy O () — > mem) Wmbh,

weight vector in round t. Furthermore, if there exists an upper bound U that satisfies |0, (£)—0%, |2 <
U forall m € [M], we have A, (t) < 2U.

, Where w is the generated
2

Proof. Fixround ¢ € [T]. Letw € AM be the generated weight vector in round ¢, and a}, be the true
optimal arm for the weighted objective Zm e[M] w;07,. Then, by Corollary l ay, is in the Pareto
Front, and so we have

Ag)(t) < mmi}\}] (JJILHL - xz(t)ﬂjfn) < > (wmx 0, wm:cj(t)a;‘n)

el me[M]
:x;r* Z w8, —x;r(t) Z w8,

me[M] me[M]

<2 Y wnbn(t) = Y wanb|
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with Assumption|[I}
The latter part of the lemma can be directly derived using the triangle inequality. O
G.4 Objective fairness of MOG-WR

Corollary 5 (Generalized objective fairness of MOG-WR). Suppose Assumptions [1} 2} and [B|hold.
Then, the objective fairness index of Algorithmsatisﬁes SJorallm € [M],

T T, M 1 o2
GOFI, 1 > I /0. ( > (1 M d()i3*5> :

T T

11520%d log(dT)

where T, = max(| NICDER:

| +To, 2Tp) andv* =V, ) pM in the same setting as Theorem
We can prove Corollary [Susing the same approach as in MOG-R, based on Lemma[T4]and the definition
of the index I, p.

H Stochastic contexts setup

We verified that our proposed algorithms are statistically efficient even in stochastic context settings.
In this section, we demonstrate the Pareto regret bound and objective fairness of MOG algorithm in a
stochastic context setting. Notably, MOG-R and MOG-WR can also be analyzed theoretically using the
same approach.

H.1 Problem setting

In MO linear contextual bandit under stochastic contexts setup, the set of feature vectors x(t) =
{z;(t) € RY,i € [K]} is drawn from some unknown distribution P, (¢) in eachround t = 1,...,T.
Each arm’s feature x;(t) € x(¢) for i € [K] need not be independent of each other and can possibly
be correlated. In this case, we denote x,;)(t) as 2(t). Other settings are identical to the fixed arms
case in Section2.11

To analyze MOG under stochastic setup, the following assumption is essential to guarantee that the

feature vectors in round ¢ are not influenced by previous rounds s = 1,...,¢ — 1.
Assumption 5 (Independently distributed contexts). The context sets x(1), ..., x(T), drawn from
unknown distribution P, (1), ..., P, (T) respectively, are independently distributed across time.

All of the greedy linear contextual bandit with stochastic contexts assumes the independence of
context sets. It is important to note that feature vectors within the same round are allowed to be
dependent, even under Assumption E}

H.2 Pareto regret bound of MOG with stochastic contexts

The following theorem demonstrates that the MOG algorithm also possesses a @(\/T)—regret bound in
the case of stochastic contexts.

Corollary 6 (Pareto Regret Bound of MOG with Stochastic Contexts). Suppose As-
sumptions 2l and | hold. If we run Algorithm with B =

min [%y/ZdTlog(dTQ), 40%2 (g log (1 + %) + log (T))} where o = %2 — % —
(1 — %) \/1 — 2, the Pareto regret ofAlgorithmis bounded by

48 30d
PR(T) < —2\/2dT log(dT) + 2 <2T0 +5M + ) ,
Ay Aqy
where q., in Definition[9]

The corollary demonstrates that the cumulative Pareto regret bound of MOG is o (@) Additionally,

in a stochastic setup, Ty can also be bounded at a scale of O(B) with high probability.
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The regret bound can then be derived by combining the arguments from Theorem [I]and Theorem 3}
In this process, the lower bound on the increment of the minimum eigenvalue of the Gram matrix, as
stated in the following lemma, is used.

Lemma 16 (Increment of the minimum eigenvalue of the Gram matrix). Suppose Assumptions [I| [2]
and hold. If the OLS estimator satisfies |0 (s) — 05,1 < «, forallm € [M]and s > To + 1,

then the selected arms for a single cycle s = to, to+ 1, ... , to+ M — 1 (ty > Ty) by Algorithm
satisfies
to+M—1
g, M
Amin Elz(s)z(s) " [Hs_1]) > Z2—.
( 5;0 [z(s)z(s) [Hs-1]) 3

Proof. For s > Ty + 1, let m(s) be the target objective for iteration s and R(s) be the event that
there exist y-good arm for 6,,4)(s). Then,

Efz(s)z(s) " [Hs-1]

= Ela(s)2(s) T |R(s), Hoo] P(R(s)[Hy—1)
= ¢, Ela(s)2(s) T|R(s), Ho1]
= ¢ Ele(s)|R(s), Hoor [E[e(s)| R(s), Hor]T

Thus, we have 3 M 1 Bz (s)2(s) T[Hoo1] = ¢y S0 T Elw(s)|R(s), Hoo1|E[2(s)|R(s), He1] T

s=tg
Since E[z(s)|R(s), Hs—1] is 7y-good for 0,5 (s) by Propositionand so we can apply Lemma@
by
to+M—1 to+M—1
Amin ( Z E[x(s):v(s)—rﬂ-lg,ﬂ) 2 @y Amin( Z Elz(s)|R(s), Hs—1]E[z(s)|R(s), Hsfl]—r)
s=to s=tp
> DA
-3

H.3 Objective fairness of MOG with stochastic contexts

The following corollary implies that Algorithm [T]satisfies objective fairness.

Corollary 7 (Objective Fairness of MOG with Stochastic Contexts). Suppose Assumptions
and E]hold. Then, the objective fairness index of Algorithmsatisﬁes forallm € [M],

T-T,— M 3M 1 a0s%d
FIp > (27 ) (1 — 25— d(—=) e
OE’T—( MT >< T (dT) >

where T, = max( L%J +To + M, 2T, + 2M) in the same setting as TheoremEl
v

The objective fairness index can be bounded by combining the arguments from Theorem |2| and
Theorem 4 with Lemma

I Relaxation of the boundedness assumption

In this section, we explain how to release the boundedness assumption, Assumptionm In conclusion,
we can obtain results of the same scale as Theorems and for any arbitrary bound ||z;||2 < Zmax
and [ < 60, < L for all m € [M]. For clarity, we will separately discuss how to release the lo norm
bounds on the feature vector and the objective parameters in Appendix and respectively.
However, It is important to note that there is no issue in applying the same argument even when the
bound on the feature vectors and the bound on the objective parameters are released simultaneously.
We present how to release the boundedness assumption in fixed features setting, but the same
reasoning can be applied to the case of stochastic contexts.
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Figure 4: The interior of the circle with radius ””TYA represents the region where % may exist in R%,

while that of the smallest circle indicates the region where ém(s) may exist. Then, the blue line
illustrates the case when Z is farthest from the 67,

I.1 Releasing bound on feature vectors

We demonstrate how the minimum eigenvalue of the Gram matrix can increase linearly when
the Iy norm of the feature vectors is bounded by an arbitrary upper bound x,,x. Since the -
goodness assumption is related to the scale of the feature, we modify the y-goodness assumption
correspondingly.

Assumption 6 (Boundedness). Foralli € [K]andm € [M], |z;|l2 < Tmax and ||0%,]|2 = 1.

Assumption 7 (vy-Goodness). We assume {x1,...,xx} satisfies vy-goodness with v >

Imax \/2/T+ A2 — 2.

The following lemma is the key to the release process.

Lemma 17. Given Assumptions @ assume the OLS estimator satisfies |0 (s) — 0%, || < a, for
mée [M]lands>Ty+ 1. Ifx € ]Bgmax satisfies 7 |\ZME3|\ > v, then the distance between % and
07, is bounded by

05, ——

‘m i g\/1+(“m)2+2a,/(5”“‘€”‘)2_1_2\/1_a2.
Y2 Y 0

Proof. Consider the case when £ is the farthest from ;. As we easily can see from Figure EI,
Y

‘ g(a+ (“@”‘)2—1>2+(1—M)2

xmax

x
=14 ()2 420, /()2 -1 - 2¢/1 — 2.
(=22) .

.IQ
A

O

Corollary 8. Suppose Assumptions 6l and [7] hold. Assume the OLS estimator satisfies
[0m(s) — 65,1l < o forallm € [M]and s > Ty + 1. If (1, - - -, Tp(ary € BE are y-good for

Zmax

0, (s1),.-- 7éM (snr) for some sq,...,syp > To + 1, respectively, then the following holds

Amin |2 @y (@rim) " | = (MZ — 2max \/ V2422 4 20022, — 72 — 292 m) M.

me[M]
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Proof. By Lemma l
for all m € [M]. Then

T
€T X,
>\min Z xr(rn) (Sﬂr(m))—r = ’72)\min Z % <7r(;/n)>

LWHQ < \/1+(wmax) + 20, /()2 — 1 — 2T~ a? holds

me[M] me[M]
'IT' m
> 02 e [ S0 05,0507 | —2m (mma"> o — <>H
o v v
>\ — meax\/fy + 22 + 200/ 22 o — 72 — 292/ 1 — a2,
O

The above corollary means that even when Assumptions [T]and [3]are replaced by Assumptions []
and [/ respectively, we can still obtain a regret bound that differs by at most a constant factor.
Furthermore, using the same argument as before, we can also verify the objective fairness with
replaced assumptions.

1.2 Releasing bound on objective parameters

In this section, we present how to handle objective parameters with varying [ norm sizes. The
~-goodness assumption is related to the scale of the objectives either, the y-goodness assumption is
modified again correspondingly.

Assumption 8 (Boundedness). Foralli € [K]| and m € [M],

Zillo < landl < 0% |2 < L.
Assumption 9 (y-Goodness). We assume {x1,. .., 2k} satisfies yy-goodness with y > 1 — 5 ;4

The following lemma is the key to the release process.

Lemma 18. Given Assumptions E‘S’] assume the OLS estimator satisfies |0 (s) — 0%,|| < a, for
m € [M]and s > Ty + 1. If x € BY is ~-good for 0,,(s), then the distance between x and ”99* s

bounded by
2 2
< \/2+ZO‘\/1— 2—27\/1—%.
2

Proof. Consider the case when z is the farthest from N 0* H . As we easily can see from Flgurel we

— X

H AL

m

can obtain the following result from Lemmalby replacing a by 7
2
(v z—v\/l—m)-
2

Corollary 9. Suppose Assumptions and [9 hold. Assume the OLS estimator satisfies
[0 (s) — 05| < o, forallm € [M]and s > Ty + 1. If z,(1), ..., %) € B? are y-good

H ||0m||2

O

Sor 0, (s1),---,0m(spr) for some s1, ..., sy > Ty + 1, respectively, then the following holds
T A
Amin | Y To(m) (Toem) | = rohe \/2 + 7\/1 — A2 =294 /1 - z M.
me[M]

The corollary can be derived from Lemmaand Amin (ﬁ ZM (L) (Ll) T) > 2

m=1\[|65 2/ \1165, ]2 ==

Therefore, we can still obtain a regret bound that differs by at most a constant factor and the objective
fairness criterion when Assumptions[Ijand [3|are replaced by Assumptions[§and 0] respectively.
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Figure 5: The larger circle represents the unit sphere in R¢ while the interior of the smallest circle
indicates the region where 6,,,(s) may exist. Then, the blue line illustrates the case when x is farthest
from the %

165112

J Relaxation of Assumption

Until now, we have conducted the analysis under the assumption that the feature vectors span R
Although this assumption is not explicitly stated, it is implied by Lemma[f] In this section, we present
a sufficient condition under which our proposed algorithms perform well when the feature vectors do
not span R? and explain how this leads to regret bounds and objective fairness.

Intuition. It is evident that any bandit algorithm cannot obtain information about the true objective
parameters in the direction of S~ while interacting with feature vectors 1, . .. , . In other words,
during the process of estimating the objective parameters, no estimator can converge to the true
parameters in the direction of space S;-. Interestingly, from the perspective of regret and optimality,
this poses no significant issue. This can be expressed mathematically as for any pair of arms i, j € [K]
and m € [M],

@ 0, — ] 05, = ] (ns(0,)) — x (ms(0},))-

The above equation explains why regret and optimality are determined solely by the projection vector
of the objective parameters onto 5.

Algorithm 4 MO Greedy algorithm (MOG)

Require: Total rounds 7', Threshold B
Initialize Vpy <— 0 x Iy, and f31, ..., By € RY
fort =1to T do
Select the target objective m <— ¢t mod M {If m = 0, then m < M}

if ming 51, ges, (Zgjl (3, x(s)>2) < B then

Select action a(t) € arg max;c(x] z] Bm

else .
Update the OLS estimator 6,,(t), arbitrary solution of (Zi;ll z(s)z(s)T) 6 =
22;1 x(s)ya(s),m(s)7 form € [M} R
Select action a(t) € arg max;e(x) @ Om(t)

end if

Observe y(t) = (Ya(1),1 (), -+, Ya(),m(t))

Update V; < V1 + z(t)z(t) "

end for
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Algorithm [ provides a general formulation of the MOG algorithm for use when the feature vectors
do not span R<. In this case, it is impossible to satisty A\pin(V;_1) > B (> 0), which is the
initial exploration criterion stated in Algorithm E} Therefore, the initial exploration criterion should

be modified. Instead of Apmin(V;—1) > B, we can use minjg|—1, ges, (Zi;ll (B, x(s)>2) > B.
Additionally, under this condition, a unique least squares solution no longer exists. Therefore,
for each round ¢, we use an arbitrary solution 6,,(t) of the equation (3'_} z(s)z(s)T) 0 =

Zi;ll 2(5)Ya(s),m(s). Notably, at least one solution exists after initial phase since 2(1),...,z(t —1)
span S,. By extending Algorithm [I]in this way, we can conduct the same analysis as before.

The following are the revised versions of Assumptions [I] [2] and [3|when the feature vectors do not
d
span R“.

Assumption 10 (Boundedness). Foralli € [K] and m € [M], ||z;]|2 < 1 and ||74(0},)]2 = 1.
Once again, the above assumption is intended for a clear analysis. The analyses conducted in this

section can be also extended to arbitrary bounds ||z;[l2 < Zmax and l < 7(6;,) < L for all m € [M]
by the same process in Appendix [Il

Assumption 11. We assume 67, ..., 83, span Sy.

In the following analysis, we define \; := minjg =1, ges, (ﬁzyj\le (8, 0;)2). Then, given
Assumption A1 is always positive and clearly, A\; = min)g|=1, ges, (%Z%ﬂ (B, 775(9:‘,1»2).

Next, we reconsider how to define y-goodness. If the feature vectors do not span R?, it becomes
important to determine whether y-good arms exist near the direction of 7g(6%,) rather than 67, . The
following definition clarifies this concept.

Definition 11 (~-goodness). For fixed v € (0, 1], we say that the set of feature vectors {z1, ...,k }
satisfies y-goodness condition when there exists o > O that satisfies

B
> A, 2
BR=" @

forall B € By (ms(07))U...UBy(7s(0%)), there existsi € [K], x,

2
Assumption 12 (y-goodness). We assume {x1, ...,z } satisfies y-regular with v > 1 — i‘—é.

Once again, in the following analysis, o denote the value that satisfies the goodness condition defined
in Definition [T1] in conjunction with ~y as specified in Assumption[I2] Again, if « is greater than

Y(Ay,7y) = ’\9—% — % v — (1 — i‘%) v/1 — 7?2, then we replace the value of a with ¢(A1, 7).

The only question is how to construct an /2 bound on g (ém(s)) —Tg (9;‘;1) without utilizing the
minimum eigenvalue of the Gram matrix, which is zero when S, C R?. The key idea is that we

can use ming|—1, ges, (22;11 (8, x(s)>2) to fulfill the role previously played by the minimum
eigenvalue. We present 2 Lemmas, Lemma [I9] and Lemma 20} to explain the idea. First, The

following demonstrates the linear growth of min| g1, ges, (Zi;ll (B, x(s)>2>

Lemma 19. Suppose Assumptions and hold. Assume a least square solution ém(s)
satisfies |5 (0 (s)) — 7s(05,) || < o forallm € [M] and s > Ty + 1. If T, 1y, - - -, T () € BY
are y-good for (él(sl)), cey T (éM(sM)),for some S1,...,Snp > 1o + 1, respectively, then

Z <5; xr(m)>2 > %M

min
=1, BES,
18l=1, B meM]

Proof. Since the greedy selection of 6, (s) is equal to that of g (ém(s)) , for the same reason as

Lemma we can get ||z, () — 75 (05,) |2 < \/2 (1 +ay/T—72—/1— a2>.
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Then, for any unit vector 5 € S,

M
BT (Z xr(m)x:—(m)> 6

m=1

i{<ﬂ, ms(0 m(s))>2 + <ﬂ, Tr(m) — TFS(G:L(s))>2 +2 </37 WS(G;L(S))> <5, Tr(m) — WS(G:n(s))>}

m=1

> M), 2\/2 (1+a\/1 —2 1 fOzQ)M.

O

The next lemma shows how to derive Il bound on ws(ém(s)) — mg(6;,) with
: —1 2
min|g|=1, ges, (Zizl (8, =(s)) )

Lemma 20. For all m € [M] and s € [T], any least square solution 0,,(t) of

(i1 w(8)2(s)T) 0 = 5023 () Ya(s) () satisfies

rs(e) - ms(6: IS e aml
L R = FPRewE)

Proof. From the definition of ém(t), we have

t

(D @()2(s) ") Oun(t) = 05) = D 2()a(s)m(5).

S

|
—
-

|
—

Il
—
w
Il
-

Since the row space of ( 32'_} z(s)z(s)T) isin S,

8)1a(s).m | S a(s)a (Ws(ém(s)) — g (am))
pot pot N i
181=1, Bes ( T(S_lx(s)x(s)T)B> [ @nts)) = ms(65.)|
The last inequality holds by Lemma[Z8} -

With above two lemmas, we can obtain the same regret bound and objective fairness as in Theorem [T]
and

It is important to note that the same discussion applies to MOG-R and MOG-WR, indicating that our
proposed near-greedy algorithms can perform well even when the feature vectors do not span R¢,
when there exist good arms for multiple objectives.

K Lower bound

Theorem 5. Suppose Assumptions and hold, and d > 2 and K > d?. For any algorithm
choosing action a(t) at round t, there exists a worst-case problem instance such that the Pareto regret
of the algorithm is lower bounded as

sup  PR(T) = Q(vdT).
(075-6%)
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Discussion of Theorem The above theorem shows that the regret bound for our algorithm in
Theoremﬂ]is optimal in terms of d and T". This bound matches the lower bound of Chu et al. [26]
in the single-objective setting. However, in their work, the d term in the lower bound is obtained
by partitioning the time horizon and carefully designing the features within each partition. As a
result, their analysis requires the condition 7 > d2, and their approach is not applicable in our fixed
feature setting. Instead, we obtain the d term by partitioning the set of K arms, which leads to the
requirement that K > d? in our analysis.

For our convenience, we define the following augmented parameter set, which will be used throughout
the remainder of this section.

Definition 12. The augmented parameter set © is a set of combinations of objective parameters, i.e.,
0 = {(01,05",...,0%)), (017,657, ...,6%)), ..., (617,657, ... .0\, where each 65) ¢
R4 for all j € [d)] and for all m € [M|. The set of the first objective parameters in each of instances
in © is defined as ©1 = {0%1), 052), . ,0§d)}.

Note that O represents d separate MO problem instances, while ©; represents d separate single-
objective (objective 1) problem instances.

Proof sketch. We prove the theorem by constructing the augmented parameter set © and defining the
feature set so that the feature vectors are aligned with the direction of objective parameters and has
maximum length, thereby ensuring that Assumption [3]is satisfied. Then, we bound the Bayes Pareto
regret Eg-  untrorm(e)[PR(T)] for any action sequence a(t),t € [T']. For this, we convert our
problem to single objective problem, and then use Lemma[26 The proof of Theorem [3]is presented
in Section[K.2] and its supporting lemmas are presented in Section [K.1]

K.1 Technical lemmas for Theorem [3]

We first construct the set of problem instances that can be converted to a single objective problem.

Lemma 21. Suppose Assumptions and hold. Foralld > 2 and K > d2, there exist an
augmented parameter set © and a set of feature vectors such that for any action sequence a(t) € [K)|
fort € [T, there exists another action sequence o' (t) € [d] for t € [T that satisfies

T

D Au

t=1

T

> Epr ~UNIFORM(O)) Z(maX%T@T - T/;r/(t)ef) )

Eg+ ~UNIFORM(O) o
1
t=1

Proof. Tt is enough to show when M = d and K = d?, because if M > d (Assumption [2| guarantees
g p g

M > d)or K > d?, we can make the same argument by setting 97(72) = Qc(ij ) for all d <m < M and
jeldorz; =x4ford <i< K. Wefirst divide the cases by when d = 2 and d > 3.

Casel. d=M =2and K =4

Fix 0 < ¢ < 1andlet 0" = (k+ ¢ k), 02 = (k,k+e), 952” = (K + ¢, k), 08 = (K K +¢),
where € < ¢ < 1 and 2k? + 2ke + €2 = 2(k')? + 2(k')e + €2 = 1. Define the feature vectors z1 =
951), To = 9%2)7 23 =0V, and 2, = 9%2). Then all feature vectors and objective parameters have
I norm 1, satisfying Assumption Also, each (9§1), 951)) and (9%2), 952)) satisfies Assumption ,
and since 1, Ts, T3, x4 are y-good arms for 651),9?), 951), 952) for any v < 1, the feature set
satisfies Assumption[3] Now, we show that the good arms for objective 1 (z1 and x2) are always the

better choice than other arms (z3 and x4) in both problem instances from the perspective of Pareto
optimality.

* % 1 1
If (67, 05) = (617,657,

E[A] =1— (0", 6(") (=0)

E[As] =1— (0%, 61") (= )

E[As] =0=1— (0", 601"

E[Ad =1— (02,000 > 2 =1 (012 o).
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0 (k + €, k)

05 (K + ¢, )

1

Figure 6: Problem space O construction when d = 2.

)
ElA] =1-(6,607) (= &)
E[Ao] = 1 - (6”,6;) (= 0)
E[As] =1-05".6,") > & =1 (6,6
E[A]=0=1— (62,03
Therefore, if we define a'(t) = {; i Zgg i ; 2; i, the statement of lemma is satisfied.

Case2.d =M > 3and K = d?

Fix 0 < € < 1 and define © and feature vectors x;, i € [d?] as
a1 =0 = (k+ek,... k),
20 =0 = (k,k+ek,... k),

2a =0\ = (k... kk+e),
Td41 = 951) =K + 26,k — e,k ... k),
Tars =05 = (K K + 2,k — ek ..., k),

2og =03 = (K — e, K,... K,k + 2)
woapr = O = (K + 26,k K — e, k... k'),
Toape = 0 = (K K + 2,k K —e... k),

2 =0 = (K, K, ... K — e,k + 2e),
where dk? + 2ke + €2 = d(k')? 4 2(K')e + 5% = 1.

It is obvious that &’ < k and ||z;|| = 1 forall i € ﬁz} Similar to the simple case when d = 2, for

j € [d], each (69 ), o ,Gflj )) satisfies Assumption |2} and the feature set satisfies Assumption

To prove the lemma, similar to the simple d = 2 case, we will show that 9§j ) is always better than
95%) m #£ 1) for all j € [d]. For any feature vector x;, we denote by A(x;) the sub-optimality gap of
J y y P y gap
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Figure 7: Problem space O construction when d = 3. The blue line represents the direction of
(1,1,1), and the sphere has the radius of 1.

the feature vector, i.e. A(x;) := A;. Then, it is enough to show that for any m, j € [d] and 0* € O,
T
Eg- [A(@(n—1ya1)] = Eo-[A05)] > max;repa (677) 07 — (67)) 767 holds.

Let 6* be the objective parameters for (j,)-th instance, i.e. 8* = (95]'*), Géj*), cee Ofij*)) €0o.If
ju = j, then Eg- [A(65)] =0 =1 — (6) "%
Suppose j. # j. For all m’ € [d], since
0,0y = dk? + 2ke = 1 — €,
09,090y < (k + €) (k) + k(K + 2€) + k(K — €) + (d — 3)kk’
= dkk' + ke + K'e

< gkz + g(k/)Q +ke+ ke

(1N, (1w
S\2 2 2 2
=1-3é,
it holds that - [A(61)] = €2 = 1 — (61) "0
For m # 1 and m’ # 1, we have
(05, 677)) < max (67, 6077)) <1 -3¢,
(050,007) < 20K ) (K +20)+ (¥ =€) + (d = 3(K)?
=d(k')? 4+ 2k e+ €2
=1—4é
and hence Eg- [A(2(p—1)d+;)] = IE@*[A(H,(,{))] >3 > e =1-— (Ogj))TGT. Therefore, if we
define a/(t) = a(t) mod m (if a(t)/m € N, then o’ (t) = m), then the lemma holds. O

Lemma 22. Suppose Assumptions and hold. Forall0 <e<1,d>2 K > d? and any
action sequence a(t) for t € [T, there exists a augmented parameter set © and a set of features
satisfying Equation (3), where for all j € [d], the expected reward of arm j for objective 1 is equal to
1 in j-th problem instance and is 1 — €2 in other instances j' € [d] — {j}.
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Proof. The parameter set © and the feature set {x; = 951), Ty = 9%2), e, X2 = Héd)(: Tgzpy =
. = xx)} constructed in the proof of Lemma 2 1|satisfy the properties required in the latter part

of this lemma. For each j € [d], the feature vector of arm j is given by G(j ), so in the j-th instance,
the expected reward for objective 1 is (6’%j ), HEJ )> = 1. For any other instance j' € [d] \ j, we have
09,67y =1 €. O

The above lemma reduces the problem of bounding MO regret to that of deriving a lower bound
for the single-objective case. In particular, for each of d instances, one arm among the d arms has
a single-objective expected reward larger than the others by €2, which makes it possible to apply
Lemma 26

K.2 Proof of Theorem[3]

Proof. By Lemma [22] it is enough to bound the single objective regret
EHINUNIFORM(@”[Zz;l(maxie[d] .TZTHT — l';r,(t)gf)], where for each egj) c @1’ the ex-
pected reward of the arm j is equal to 1, while the other arms j' € [d] — {j} have the expected
reward 1 — ¢2. If wesete = /1 —

, then the expected reward of arm j is for

1
=1 VT
j'(# j)-th instances. Scaling by 2 + 11/4 > %, we have that the expected reward of arm j € [d] is
% =+ %,/ % for j-th instance, while it is % for other instances. Applying Lemma , we have

T
Eg; ~unirorM(e;) Z Erée[xdxx Lo T,(t)ei‘)] = Q(VdT).
t=1

Therefore, by Lemma[22]

ZEt

sup
(07,--,0%,)

T
> Ey- uNIFORM(0) lz Aa(t)]

t=1
T
> Eg: ~untrorm(es) [Z T ;07 /(t)aik)]

= Q(VdT). :

L. Experiment

In this section, we present the experimental settings and results for our proposed algorithm. In sum-
mary, our algorithm achieves excellent empirical performance and exhibits stability across different
parameter settings. Detailed descriptions of the experimental setup can be found in Section[L.1]

We evaluated the performance of each algorithm in both cases of fixed arms and stochastic arms.
When playing with stochastic arms, only contextual algorithms are compared. We evaluate the
empirical performance of MO bandit algorithms from three perspectives: cumulative Pareto regret,
Pareto front approximation, and objective fairness. The results are presented in Section

Additionally, we conducted experiments to examine how the performance of our proposed algorithms
varies with different parameter settings. Specifically, we altered the parameter B and the initial
objective parameters 1, .. ., By of the MOG algorithm and measured the cumulative Pareto regret
and the objective fairness index. The results are presented in Section[L.3]

To indirectly evaluate whether our algorithm performs well in real-world scenarios, we conducted a
bandit experiment based on offline real-world data. A detailed explanation and the corresponding
results are provided in Section|L.4]
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L.1 Settings

We validate the empirical performance of MOG, MOG-R, and MOG-WR in a linear bandit setting, com-
paring them with other MO algorithms. Specifically, we experiment with a linear bandit where
ym(t) = N(2F07,,0.12) for all i € [K] and m € [M]. For each problem instance, M objective
parameters are sampled uniformly at random from the positive part of SY~!. Then, K feature vectors
(K > 2M) are generated by drawing samples from B<. In the fixed arms setting, the first M feature
vectors are sampled from a multivariate normal distribution with the true objective parameter as the
mean and a covariance matrix of 0.1/,4. These vectors are then scaled to ensure their magnitudes lie
within the range (3/4, 1). The remaining K — M feature vectors are sampled uniformly at random
from B¢, with M of these scaled to have magnitudes greater than 3/4 and the rest scaled to have
magnitudes less than 3/4. Limiting the magnitudes of the feature vectors ensures that excessively
large Pareto fronts, which could lead to meaningless results, are avoided. For the varying arms
setting, contexts are drawn uniformly from B, The results are averaged over 10 independent problem
instances for each (d, K, M) combination, with each problem instance being repeated 10 times to
compute the final statistics (repeated 5 times for problem instances with (d, K, M) = (20,400, 20)).

We conduct experiments on our proposed near-greedy algorithms and the three baselines,
ParetoUCB [1I], MOGLM-UCB [3]], and PFIwR [5] with tuned parameters for confidence width (The
algorithms proposed by Cheng et al. [6] are excluded from the experiments as they are specifically
designed for problems with hierarchical objective structures.) The experiments are run on Xeon(R)
Gold 6226R CPU @ 2.90GHz (16 cores). When tuning existing algorithms, we selected the param-
eter settings that yielded the best regret performance within the range specified in their respective

papers. For PFIwR, we set § = 0.1 and € = 0.18. For MOGLM-UCB, the confidence width is defined

as y; = clog gzg;%, where Z; = Iy + 13! @(s)x(s)", with the tuned parameter ¢ = 0.1.

Additionally, we use B = 0.01 for our proposed algorithms, MOG, MOG-R, and MOG-WR. In terms of
random variables in the MOG-R algorithm, we use uniform distribution (ﬁ, cee ﬁ) for choosing
the target objective. For the MOG-WR algorithm, we use Dirichlet(1, ..., 1) for generating the weight
vectors.

L.2 MO bandit algorithm comparison

L.2.1 Cumulative Pareto regret

ParetoUCB —&— MOGLM-UCB —¥— PFIwR —=— MOG (ours) —4— MOG-R (ours) —»— MOG-WR (ours)

d=5, K=50, M=5 d=5, K=100, M=5 d=5, K=50, M=10 d=5, K=100, M=10
8 8 8 8
6 6 6 6
&4 &4 &4 & 4
o o a a
§ § 2 2 52%
|
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
Rounds (t) Rounds (t) Rounds (t) Rounds (t)
d=10, K=100, M=10 d=10, K=200, M=10 d=15, K=300, M=15 d=20, K=400, M=20
20 20 20 20
15 15 15 15
& 10 & 10 & 10 & 10
o o
5 5 5 5
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500

Figure 8: Cumulative Pareto regret of MO bandit algorithms with fixed arms across various (d, K, M)
combinations. The shaded areas represent £ half the standard deviation for each algorithm.
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Figure 9: Cumulative Pareto regret of MO bandit algorithms with stochastic contexts across various
(d, K, M) combinations. The shaded areas represent + half the standard deviation for each algorithm.

The following summarizes the empirical results illustrated in Figure [8|and Figure[9] which plot the
cumulative regret of algorithms for the fixed context case and stochastic context case, respectively. As
observed in these figures, our simple near-greedy algorithms, MOG, MOG-R, and MOG-WR, demonstrate
superior empirical performance compared to existing algorithms. In both fixed and stochastic
experimental setups, our proposed algorithms exhibit almost no regret after the exploration phase,
whereas other algorithms maintain a sublinear regret trend due to additional exploration terms even
after the initial rounds. Specifically, ParetoUCB and PFIwR rely on conservative equations within
the algorithm, resulting in relatively weak empirical performance. MOGLM-UCB, by using a tunable
confidence width, achieved better empirical performance than the previous two algorithms but still
lagged behind our proposed near-greedy algorithms. These results support our claim that in MO
settings, where multiple objectives generate many good arms, a brief exploration during the initial
rounds is sufficient, after which exploitation alone can effectively address the problem.

Among proposed algorithms, in the fixed feature setup, MOG consistently achieved the best perfor-
mance in most combinations of (d, K, M). This is likely due to its deterministic selection of diverse
arms, allowing it to efficiently and reliably complete the initial rounds. Among the randomized
algorithms, MOG-WR was better in experiments with relatively small d, whereas MOG-R outperformed
in larger experimental setups.

In the stochastic context setup, our near-greedy algorithms demonstrated exceptionally strong perfor-
mance. This aligns with findings from single-objective studies, which have shown similar results,
and extends naturally to the MO setting. However, a surprising observation is that MOG-WR performed
remarkably well, achieving near-zero regret in most scenarios. Notably, in the fixed-arm case, arms
were selected to ensure that each objective direction contained some good arms. In contrast, in the
stochastic setup, arms were drawn independently in each round from a unit ball uniform distribution
without such constraints. Under this setup, our experiments revealed that MOG and MOG-R no longer
had a performance advantage over MOG-WR. Additionally, MOG showed very little difference between
its deterministic and randomized versions in stochastic settings.

This remarkable performance of MOG-WR is likely due to its greedy selection of arms in intermediate
directions of the objectives. In MO bandits, let us define the objective region as the region formed by
the weighted sums of all true objective vectors. Under this definition, any optimal arm corresponding
to a direction within the objective region belongs to the Pareto front. If some prior knowledge about
each objective is available, the probability that the intermediate directions of the initial objective
parameters fall within the objective region is higher than that of the initial objective directions
themselves. Specifically, in this experiment, the true objective parameters were all drawn from Ri,
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and we used the standard basis vectors of R? (along with additional vectors if necessary) as the initial
objective parameters. In this case, the probability that intermediate directions between these standard
basis vectors belong to the objective region is trivially higher than that of each e; direction. This
observation provides a key explanation for why MOG-WR experiences almost no regret during the
initial phase. Moreover, in real-world scenarios, prior knowledge about the true objective parameters
is often available, which can further enhance the performance of MOG-WR.

L.2.2 Pareto front approximation

As mentioned earlier, our proposed algorithms do not compute the empirical Pareto front at ev-
ery round but can approximate the Pareto front when necessary. In this section, we empirically
demonstrate how effectively MOG, MOG-R, and MOG-WR can approximate the Pareto front. Since our
algorithms are near-greedy and do not include additional exploration terms after the initial rounds, we
use ém (t) as described in Lemmato estimate the empirical Pareto front. We compare the estimated
empirical Pareto front from our algorithms with those used by existing algorithms to evaluate how
accurately they identify the true Pareto front. As a comparison metric, we use accuracy, defined as
the proportion of arms correctly identified as belonging to the true Pareto front.

Figure [I0] demonstrates that our algorithms effectively identify the Pareto front. Notably, when
d,M < 10, MOG and MOG-R quickly identified the Pareto front, achieving an accuracy exceeding
0.98 within the first 100 rounds on average. The deterministic version MOG achieves the fastest, most
accurate, and most stable Pareto front approximation across all experimental settings. Specifically,
even in experiments with high dimensionality, a large number of arms, and multiple objectives,
MOG estimates the Pareto front with accuracy exceeding 0.95 within the first 100 rounds. Next,
MOG-R performed well in most cases, except for larger parameter experiments where d, M > 15 and
K > 300. Similarly, MOGLM-UCB consistently showed strong performance across all settings.

In contrast, MOG-WR, while outperforming ParetoUCB and PFIwR after 300 rounds, exhibited inferior
Pareto front approximation performance compared to MOG and MOG-R. This is an expected result, as

efficient Pareto front approximation requires 6, (¢) to converge quickly to 87, for each objective m.
Consequently, algorithms like MOG and MOG-R, which select more diverse arms, are better suited for
this task than MOG-WR. Nevertheless, by the end of 500 rounds, MOG-WR also achieved higher Pareto
front approximation accuracy compared to other existing algorithms.

L.2.3 Objective fairness

As shown in Figures[IT]and [I2] we experimentally verified that our proposed algorithms, MOG and
MOG-R, satisfy objective fairness. In the fixed feature setup, the objective fairness index (OFIy o5,7)
of both MOG and MOG-R was observed to converge approximately to 1\% regardless of the number of
arms K, which is consistent with Theorems [2]and ] This indicates that MOG and its randomized
version consistently select the optimal arms for all objectives, ensuring that no objective is ignored.

In contrast, for the MOG-WR algorithm, even considering that it is based on generalized objective
fairness, the OFIy o5 500 decreased significantly as the dimension d increased. This phenomenon
arises because the difficulty of obtaining weighted vectors in directions close to specific objectives
increases with higher dimensions. Specifically, we set D to dirichlet(1, ..., 1), resulting in weight
vectors being sampled uniformly from A™. When the distribution was adjusted to favor sampling
near the vertices of AM (e.g., dirichlet(0.5, . . .,0.5)), the objective fairness index can be improved.

In the contextual setup, the OFI o5 500 values were generally much higher than those observed
in the fixed setup. This can be attributed to the experimental setting, where arms were uniformly
generated in B¢, causing near-optimal arms for each objective to overlap more frequently. In other
words, a single arm often became the near-optimal arm for multiple objectives, resulting in a higher
OFlIy.05,500- Interestingly, contrary to our intuition, MOG-WR exhibited higher OFIy g5 500 values than
MOG and MOG-R in this setup. This phenomenon occurs because selecting optimal arms in weighted
objective directions becomes more advantageous than selecting optimal arms for each individual
objective.
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Figure 10: Pareto front estimation accuracy of MO bandit algorithms across various (d, K, M)
combinations. For each algorithm, the error bars represent + the standard deviation.
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Figure 12: Objective fairness index (¢ = 0.05) of MO bandit algorithms with stochastic contexts
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each algorithm.
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L.3 Effect of parameter settings on algorithm performance

L.3.1 Effectof B

We conduct experiments to demonstrate that our algorithm is not particularly sensitive to the choice
of B, and that free exploration still occurs effectively even when B is set to a relatively small value.
The experimental setup is identical to that of the previous experiments, and the results are averaged
over 10 repetitions for each of 10 independent problem instances per (d, K, M) combination.
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Figure 13: Cumulative Pareto regret of the MOG, MOG-R, and MOG-WR with fixed features across various
B values.
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Figure 14: Objective fairness index of the MOG and MOG-R algorithms with fixed features across
various B values.
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As shown in Figure[T3]and Figure T3] free exploration emerges robustly for even very small values of
B in both fixed feature and stochastic context settings. This is because multiple objectives naturally
induce sufficient diversity among the selected arms, thereby reducing the need for dedicated initial
rounds. Furthermore, objective fairness is consistently satisfied across all cases (Figure[T4] Figure[I6).
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Figure 15: Cumulative Pareto regret of the MOG, MOG-R and MOG-WR algorithms with stochastic
contexts across various B values.
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Figure 16: Objective fairness index of the MOG and MOG-R algorithms with stochastic contexts across

various B values.
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L.3.2 Effect of initial objective parameters

We examined the influence of the parameter B and the configurations of 31, ..., Bs on the perfor-
mance of the MOG algorithm. Specifically, we considered three distinct combinations with varying
degrees of diversity, as summarized in Table[3] For each parameter setting, we assessed the cumulative
Pareto regret of MOG. The experiments were conducted under a stochastic context across various
(d, K, M) combinations. We evaluated the performance of the algorithm under three cases, B = 1,
0.1, and 0.01, and examined how the degree of diversity in the initial objective parameters affects
learning.

Table 3: Combinations of initial objective parameters used in the experiments

M  Diversity Bi,...,0um
high eg5>, A eéS)
5  moderate % e§5> + egs)) , % (eés) + egs)) e % (egf) + e§5))
low % e§5) + 625’ + egs)) , % (6&5) + egs) + ef)) sy % (ef’) + e§5> + 655)>
high ("9 ... eli”
10 moderate % egw) + egw) + egw) ) % (eglg) + egw) + eiw)> ey % (e%o) + egw) + egw)>
1 6 (10) 1 7 (10) 1 (10) 5 (10)
low 75 (Zmoiem ) G (Zngem ) UG (610 +> . _iem ) )
—— [ with high diversity B with moderate diversity B with low diversity
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Figure 17: Cumulative Pareto regret of the MOG algorithm across various parameter combinations

Figure [T7]illustrates the differences in cumulative Pareto regret for each parameter setting when
(d,K,M) = (5,50, 5) and (10, 100, 10). Our MOG algorithm demonstrated stable performance across
all initial objective parameter combinations proposed in the stochastic context setup. Observing
the inflection points in the graphs, we found that using highly diverse initial objective parameter
combinations allowed the algorithm to complete the initial exploration phase the fastest. However,
regret was lower when using less diverse combinations. As explained in Appendix this result
is related to the probability that the initial objective parameters lie within the region formed by
the weighted sum of Pareto optimal arms. In cases where there is some prior knowledge of the
objective parameters, initial objective parameters in intermediate directions are less likely to generate
regret. This outcome is also possible in our experimental setup because the objective parameters
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were sampled from the positive part of B?. Therefore, in the absence of any prior knowledge, lower
diversity in the initial objective parameters may not be advantageous. In such cases, it is recommended
to use diverse (1, . . ., B to facilitate rapid initial exploration.

Consistent with the results in the previous section, the algorithm demonstrates strong regret per-
formance across all values of B (B = 1, 0.1, 0.01), with smaller B values completing the initial
exploration phase more rapidly. The best performance was achieved with B = 0.01, indicating that a
brief initial exploration was sufficient. This finding is consistent not only in the stochastic context
setup but also in the fixed feature setup, as shown in Figure[8]

L.4 Experiment based on real-world Wine data (UCI machine learning repository)
L.4.1 Settings

We conducted experiments using the wine dataset from the UCI Machine Learning Repository to
evaluate the performance of our algorithm in a bandit setting. The dataset contains 13 numerical
attributes for each wine (Table E]); among these, we used alcohol, quality, and red as reward objectives,
while the remaining 10 attributes were used as features. Figure [I8]illustrates how the offline data
was adapted for the bandit experimental setup. For each reward objective, we first performed linear
regression on the normalized features. Then, in each round, rewards were generated by adding noise
to the predicted value based on the regression model. The noise was sampled from N (0, 1) to mimic
the variability observed in the original dataset. Experiments were conducted under two settings,
K =50 and K = 100, with 100 episodes of 500 rounds each being generated for evaluation.

Table 4: 3-objective bandit problem construction using off-line wine dataset.

Features fixed acidity volatile acidity citric acid  residual sugar chlorides
free sulfur dioxide total sulfur dioxide  density pH sulphates
Reward alcohol quality red
Features Reward Features
X RiRyR3 X In each round,
ngard Context Vectors
Linear
Models Randomly select K feature vectors Reward Generation
Ry~ Xp =z f+e
Ry ~ X3, Selectz | o =" By + €
Ris ~ X P : rs=a'fBs+es
. €1,62,€3 ~ N (0,1)
Normalization Linear Regression Bandit Interaction

Figure 18: Description of how to use real-world off-line data for 3-objective bandit experiment.

Table 5: Parameter settings of MOG and its variants.

Algorithm Settings

MOG B=1and0.1

MOG-R (ours) B =1 and Uniform distribution for target objective selection

MOG-WR (ours) B = 1 and Dirichlet(«) distribution for weight vector generation
where o = (1,1,1),(2,1,1),(1,2,1),(1,1,1.5),(1,1,2)

In this real-world-inspired experiment, we measured the cumulative reward to compare the perfor-
mance of our algorithms with that of the existing contextual MO bandit algorithm, MOGLM-UCB.
The parameter for MOGLM-UCB was set to ¢ = 1 or 0.1 as in Lu et al. [3], and the experimental
configuration for MOG is provided in Table[3}
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Table 6: Performance results of each algorithm on three objectives when K = 50. Algorithms marked
with } achieved Pareto optimal reward performance. Boldfaced values indicate the highest reward
achieved for each individual objective. The results are averaged over 100 generated episodes.

Algorithm Alcohol  Quality Red
MOGLM-UCB (¢ = 1) 251.79 93.52 414.66
MOGLM-UCB (¢ = 0.1) 314.24  127.58  359.81
MOG (B =1) 499.25 187.29  249.38
MOG (B =0.1) 505.23 195.46  237.53
MOG-R (B = 1) 49370  188.29  251.33
MOG-WR (B = 1,o0 = (1,1,1))1  558.66  237.63  386.89
MOG-WR (B =1, = (2,1,1))f  709.53 297.25  223.71
MOG-WR (B =1, = (1,2,1))f  624.95 310.85 259.50
MOG-WR (B =1, = (1,1,1.5))  441.11  161.83  566.18
MOG-WR (B =1, = (1,1,2))1  346.12 102.46 675.28
MOGLM-UCB (c=1) —— MOG (B=1) —— RMOG (B=1) MOG-WR (2,1,1) MOG-WR (1,1,1.5)
—— MOGLM-UCB (c=0.1) —— MOG (B=0.1) —— MOG-WR (1,1,1) —— MOG-WR (1,2,1) —— MOG-WR (1,1,2)
Cumulative Reward Cumulative Reward Cumulative Reward
(Alcohol) (Quality) (Red)
800 400 800
600 3004 600 1
400+ 200+ 400 4
200 A 1001 / 200 /
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Rounds(t) Rounds(t) Rounds(t)
Total Alcohol/Quality Total Quality/Red Total Red/Alcohol
3004
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gzoo v L 4004 g 400
100 >
2004 2001
200 400 600 100 200 300 200 400 600
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Figure 19: Cumulative reward for 3-objectives, alcohol, quality, and red, when K = 50.

L.4.2 Results

Table [6]and Table [7]report the average cumulative rewards obtained by each algorithm under the two
settings, K = 50 and K = 100, respectively. The MOG-WR algorithm demonstrates Pareto-optimal
performance with respect to the cumulative rewards over the three objectives. Notably, MOG-WR uses
weights sampled from a Dirichlet distribution, and the choice of its parameters affects which objective
the algorithm tends to prioritize among the three objectives.

Figure [T9]and Figure 20| show plots of cumulative rewards over time for each objective, as well as the
final cumulative rewards for two of the objectives achieved by each algorithm. In particular, when the
Dirichlet distribution was set to Dirichlet(1, 1, 1.5) (olive point), the MOG-WR algorithm was observed
to dominate the MOGLM-UCB algorithm (orange and brown points) across all three objectives.
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Table 7: Performance results of each algorithm on three objectives when K = 100. Algorithms
marked with T achieved Pareto optimal reward performance. Boldfaced values indicate the highest
reward achieved for each individual objective. The results are averaged over 100 generated episodes.

Algorithm Alcohol  Quality Red
MOGLM-UCB (¢ = 1) 290.26 109.80  474.66
MOGLM-UCB (¢ = 0.1) 348.17 142.29  418.70
MOG (B =1) 535.11 203.75 287.56
MOG (B =0.1) 541.99 209.11 277.22
MOG-R (B = 1) 541.72 20349  285.69
MOG-WR (B =1, = (1,1,1))  610.48 25121  433.40
MOG-WR (B = 1,a = (2,1,1))f  765.97 317.67 266.33
MOG-WR (B =1, = (1,2,1))T  663.21 336.77 305.54
MOG-WR (B = 1,a = (1,1,1.5))7  480.48 178.30  612.76
MOG-WR (B =1, = (1,1,2))F  393.74 11288 727.21
MOGLM-UCB (c=1) —— MOG (B=1) —— RMOG (B=1) MOG-WR (2,1,1) MOG-WR (1,1,1.5)
—— MOGLM-UCB (c=0.1) —— MOG (B=0.1) —— MOG-WR (1,1,1) —— MOG-WR (1,2,1) —— MOG-WR (1,1,2)
Cumulative Reward Cumulative Reward Cumulative Reward
(Alcohol) (Quality) (Red)
800 400 800
600 300 600
400 200 4001
200 1004 / 2004 /
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
Rounds(t) Rounds(t) Rounds(t)
Total Alcohol/Quality Total Quality/Red Total Red/Alcohol
400 800 800
3004 600 600
gzoo— “ < 400/ 2 400/
1001 .
200 200
200 400 600 800 100 200 300 400 200 400 600 800
Alcohol Quality Red

Figure 20: Cumulative reward for 3-objectives, alcohol, quality, and red, when K = 100.

M Auxiliary lemmas
Lemma 23 (Lemma A.l. of Kannan et al. [10]). Let n1,...,n; be independent o?-subgaussian

random variables. Let 1, . . ., x; be vectors in R with each x chosen arbitrarily as a function of
(1,m),s -y (Xs—1,Mer—1) subject to ||2s|| < Tmax. Then with probability at least 1 — 6,

Z nsx(s)
s=1

Note that, the above lemma holds even when 7y, . .., 7, be conditionally o2-subgaussian random
variables, because it was driven by using o-2-subgaussian martingale.

< 0/ 2T maxdt log(dt/5).

Lemma 24 (Lemma 8 of Li et al. [18])). Given ||x;|| < 1 forall i € [K], suppose there is an integer
m such that Ayin (Vi) > 1, then for any § > 0, with probability at least 1 — 6, for all t > m + 1,

d 2t (L max)? 1
HSt”%/}fl = 402(510%%(1 + %) + log(g)).
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Lemma 25 (Theorem 3.1 of Tropp [27]). Let H1 C Hs - -- be a filtration and consider a finite
sequence { X} of positive semi-definite matrices with dimension d adapted to this filtration. Suppose
that Amax(X1) < R almost surely. Define the series Y =%, X and W = 3", E[X|Hp—1). Then
SJorall p >0, v € [0,1) we have

e~
Lemma 26 (Theorem 5.1 of Auer et al. [28]]). For any T' > K > 2, consider the multi-armed bandit
problem such that the probability slot machine pays 1 is set to % + i\/g for one uniformly chosen

PAmin(Y) < (1 =7y)p and Apin(W) > p] < d( )M/R‘

arm and % for the rest of K — 1 arms. Then, there exists v such that for any (multi-armed) bandit
algorithm choosing action a; at time t, the expected regret is lower bounded by

T
E (piT — Zrmt> = Q(\/ﬁ)

Lemma 27. For any random variable vector X ~ D, E[XX T] = E[X|E[X]T

Proof of Lemma 27] For any u € S, wTE[XX Ju = E[u' XX u] = E[(u,X)?] >
(E[(u, X)])* = v E[X]E[X] w.
Lemma 28. Let v be a vector in S C R% and A be a d x d matrix. Then ||Av|y >

(mines 6T Au) [[o]2

Proof of Lemma

| 43 H L

lollz 17 (1ol

> min || Aul|s > minu " Au.
2 ues uesS

N Discussions

Our work proposes a simple yet efficient algorithm for MO bandit problems in which sufficiently
good arms exist. While our algorithm is statistically efficient under such conditions, it cannot achieve
sublinear regret in general worst-case scenarios. This is a general limitation of exploration-free
algorithms, which are inherently dependent on problem instances.

Although this can be viewed as a limitation, it also highlights a broader point: relying on complex
algorithms that over-explore in order to cover all possible worst cases is not necessarily the most
desirable approach, particularly in practice. From this perspective, the contribution of our work lies
in showing that, in MO settings with a large number of good arms, a simple near-greedy algorithm
can be both statistically and practically effective. Indeed, as shown in Section[d] and Appendix[[] our
algorithm demonstrates significantly stronger performance than existing MO approaches. This makes
it highly applicable to real-world applications, such as recommender systems, and provides theoretical
justification for the observation that greedy selection may be sufficient in such environments.
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