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Abstract

In the incentivized exploration model, a principal aims to explore and learn over
time by interacting with a sequence of self-interested agents. It has been recently un-
derstood that the main challenge in designing incentive-compatible algorithms for this
problem is to gather a moderate amount of initial data, after which one can obtain
near-optimal regret via posterior sampling. With high-dimensional contexts, however,
this initial exploration phase requires exponential sample complexity in some cases,
which prevents efficient learning unless initial data can be acquired exogenously. We
show that these barriers to exploration disappear under mild geometric conditions on
the set of available actions, in which case incentive-compatibility does not preclude
regret-optimality. Namely, we consider the linear bandit model with actions in the Eu-
clidean unit ball, and give an incentive-compatible exploration algorithm with sample
complexity that scales polynomially with the dimension and other parameters.
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1 Introduction

The exploration/exploitation trade-off is fundamental to online decision making. This trade-
off is classically exemplified by the multi-armed bandit problem, where a single agent chooses
actions sequentially and learns to improve over time. In this setting, the agent has clear
justification for early exploration because they can reap future rewards by exploiting the
knowledge gained by exploration. But what if agents are unable to reap these future re-
wards, and so each decision must be justifiable on its own terms without taking into account
future rewards? This may occur when actions are recommendations made to different agents
by a central platform based on user feedback, as in e-commerce, traffic routing, movies,
restaurants, etc. In these settings, the agents may have a prior for the rewards of the actions
in addition to the recommendation made by the platform. Therefore, while the platform
makes recommendations with the goal of learning over time, individual myopic agents will
decline to follow any recommendations which seem suboptimal based on their individual
priors.

The incentivized exploration problem was introduced in [KMP14, CH18] to understand this
fundamental tension, and extends the well-studied problem of Bayesian Persuasion in in-
formation design [BM19, Kam19]. The model adopted in these early works consists of a
finite set of actions, each with a (publicly shared) Bayesian prior distribution for rewards.
A sequence of agents arrives one by one, and each agent is recommended an action by a
central planner. The central planner’s recommendations are made using a (publicly known)
randomized algorithm, and the agents are assumed to be selfish and rational, aiming only
to maximize their own expected reward. Given the planner’s recommendation, each agent
computes and chooses the posterior-optimal action (using Bayes’ rule). As observed in the
original works, thanks to the revelation principle of [Mye86], the latter step is equivalent to
assuming that the planner’s recommendations are Bayesian incentive-compatible (BIC) so
that rational agents will always follow the recommendations (at least under the assumption
of agent homogeneity).

Initially, most work on incentivized exploration dealt with small finite sets of actions [MSS520,
MSSW22], exploring economic aspects of the problem such as exogenous payments for ex-
ploration [FKKKI14, KKM™17, WH18, AT20, WXL"23|, partial data disclosure [IMSW20],
and agent heterogeneity [IMSW19]. See also the surveys [S1i19, Chapter 11] and [IEV23,
Chapter 31]. More recently, extensions to combinatorial action sets, multi-stage reinforce-
ment learning, and linear contexts were also considered in [HNSW22, 5524, Sel23]. In these
more complex machine learning settings, a fundamental question is how the regret scales
with problem parameters such as the size of the action space.

This quantitative dependence was studied in [SS23|, which provided a new two-stage algo-
rithm. The algorithm first obtains a constant number of samples from each arm, and then
switches permanently to Thompson sampling. The initial stage enjoys sample-efficiency
thanks to a carefully tuned “exponential exploration” strategy, and Thompson sampling is
BIC after this constant amount of initial exploration (see [GKS24] for a more general per-
spective on the latter property). This yielded polynomial regret dependence on the number
of actions and other natural parameters, and ensured the “price of incentivization” in the re-



gret is only additive relative to Thompson sampling, which is known to exhibit near-optimal
performance [KKM12, BL13, AG17, RV14, RV16, Z1.19, BS22|. Importantly, however, all of
these results require that the rewards for the actions are independent under the prior.

A natural setting to consider dependent actions is the linear bandit model, where Thomp-
son sampling remains a gold-standard algorithm [AG13, DVRI18]. For this setting, [Sel23]
showed that Thompson sampling is again BIC after an initial data collection stage under
mild conditions, but that the sample complexity of collecting initial data can scale expo-
nentially with the dimension. In some applications, using exogenous payments for initial
exploration can bypass this exponential barrier, but such workarounds are contingent on
problem-specific regulatory and ethical constraints. In our work, we show that the exponen-
tial barrier disappears when the action set is the d-dimensional unit ball, and we provide an
incentive-compatible initial exploration algorithmic with polynomial sample complexity.

1.1 Our Results

We consider a linear bandit problem where the set A of possible actions is the d-dimensional
unit ball. At each time step t > 1, the algorithm chooses an action A® € A and observes a
noisy reward

r) = (AW 0%

where wy ~ N(0,1) and wy, 1L wy, for all t; # t,. We assume that £° is drawn from a known
prior distribution x on R?. As our model and algorithm will be rotationally invariant,
we assume for convenience (without loss of generality) that E[£*;] = 0 for all « > 1 and
E[€*] > 0. Importantly, unlike in [SS23], we do not require that £*; is independent of £%;

for i # j.

We are interested in exploration via Bayesian Incentive Compatible (BIC) algorithms, defined
formally as follows. As discussed above, an algorithm being BIC implies that agents will
follow the recommendations made by a platform using that algorithm.

Definition 1.1. An action A® at time ¢t > 1 is Bayesian Incentive Compatible (BIC) if for
all A e A:
E[(e*, A) | AD = A] = sup E[(€*, A') | AD = A].
AcA
Similarly, a bandit algorithm is BIC if for all ¢t € [1,T] the algorithm recommends a BIC
action A®.

Our main goal is to develop BIC algorithms that explore the entire action space using poly(d)
samples. Formally, we want our algorithm to choose actions AM | ..., A() such that for some
constant A > 0

Y (A =L (1)

i.e. all eigenvalues of Y7 (A®)®2 are at least A. This was termed A-spectral exploration
in [Sel23], where it was shown to imply Thompson Sampling is BIC after time 7" under mild
conditions.



For some priors, it is impossible to explore the action space with a BIC algorithm (see
e.g. [MSS20, Section 4] or [SS23, Section 8]). Thus we will require mild non-degeneracy
assumptions on the prior. Roughly speaking, £* should not be confined to any half-space
and should have neither minuscule nor enormous fluctuations in any direction.

Assumption 1.2. There exist constants cq, €4, ¢y, K > 0 such that:
1. £ is not confined to any half-space: minjy=1 Pr ((v,£*) > cq) > ;.
2. £° has non-degenerate covariance: minjy|=1 Var((v,£%)) > c,.
3. £ is sub-gaussian: max|y|—, P(|(v,€)| > t) < 2e7/5 for all t > 0. .

The first two conditions above are both necessary in some form; see Appendix B. The third
is a standard condition on the fluctuations of p. Our main result is as follows.

Theorem 1.3. Under Assumption 1.2, there exists a BIC algorithm (Algorithm 1) which
almost surely achieves A-spectral exploration in sample complexity

A(%i%)mnmgu@y @)

Note that (2) depends polynomially on ¢y, ¢, but only logarithmically on €,. This is important
because in typical high-dimensional settings, ¢; will be exponentially small in the dimension
while the other parameters will not. The next two propositions give illustrative but not
exhaustive examples of such high-dimensional distributions. In the first, we take u to be
uniform on a convex body K with B,(0) C K C By(0) for some 0 < r < 1, and say such p
is r-regular. This is the main setting considered in [Sel23], and as explained in Section 4,
combining [Sel23] with our results yields an end-to-end low-regret algorithm which is e-
BIC (i.e. with e subtracted from the right-hand side in Definition 1.1) with initial sample
complexity poly(d,1/r,1/e). (The combination only satisfies e-BIC because [Sel23] only
shows Thompson sampling is e-BIC unless actions are well-separated.)

Proposition 1.4 (Proof in Appendix L). Any r-reqular p satisfies Assumption 1.2 with
ca=1/3 and eg = (r/3)* and ¢, = Q(r?/d?*) and K = 1.25.

The second example consists of log-concave distributions (e.g. Gaussians). We say a density
dp(z) oc e7V@)dz is a-log-concave and 3-log-smooth for 0 < o < 3 if

—BI; 2 V*V(x) % —al;, VxcR%

Proposition 1.5 (Proof in Appendix M). Let pu be ad-log-concave and Bd log-smooth with

mode x* satisfying ||x*|| < . Then Assumption 1.2 holds with €5 > % for J =

v+ \/% + ¢cq and any cq > 0. Further, we may take c, = % and K = 2(y + Vad +

(ad) ™). Conversely, there evists such p with |x*|| = 0 and (. 8) = (1,2) in which
minjy—1 Pr ((v,£€7) > 0) < e %@,



We note that if ¢ has mean 0, then ||x*|| < a~1/2 so the above results apply (see Fact M.1
in the Appendix). In fact when p has mean 0, one will always have ¢; > Q(1) for ¢4 = 1
(as noted within the proof of Proposition 1.5). Proposition 1.5 represents the typical case in
that p can be “mildly off-centered”, for example by centering around a point x drawn from
w itself (see again Fact M.1).

On the Smoothness of the Action Space in Online Optimization and Learning
Our positive results are in contrast with [Sel23, Proposition 3.9], which shows that e*(@ time
can be necessary for BIC exploration for r-regular p. We believe that our results are not
specific to the unit ball, but that the fundamental distinction between these two examples is
the smoothness of the action set. In [Sel23, Proposition 3.9], the action set is a non-smooth
polytope with corners, and the optimal action under the prior distribution is one of the
corners. This means that given a small amount of new information, the posterior-optimal
action will not change at all. By contrast our main algorithm crucially relies on expansiveness
of the function
£ — arg max (€, x).
xeA

In our setting A is the unit ball and so this function is simply £*/||£€||. However we expect
our methods to generalize to other smooth bodies, and plan to pursue this in future work.

It is worth mentioning that the geometry of the action set has long been understood to play
an important role in high-dimensional learning and optimization. This was exemplified by
the interplay between self-concordant barrier functions [NN94] and linear bandits via online
stochastic mirror descent [AHR08, BCBK12, BCB*12, BCL18, BE19, KRAP21]. Geometric
properties of the action space are also known to yield acceleration for full-information online
learning and offline optimization [GH15, HLGS17, LK19, KdP21, Mha22, Mol23, TT24].

1.2 Additional Notation

We will use the following notation throughout the paper. Unless otherwise specified, |||
will refer to the 5 norm. We will use e; to refer to the ith vector of the standard basis.
For a random variable X, we say that X is K-sub-gaussian if P(X > t) < 2¢~/E*  We
use the standard f(d) = O(g(d)) to mean that there exists some constant C' > 0 such that
f(d) < C - g(d) for all sufficiently large d. We also use Pg(u) to represent the projection of
the vector u onto the space S.

1.3 Outline

The rest of the paper will be organized as follows. In Section 2, we present sketches of our
main algorithms and discuss the three key technical ideas behind the algorithm and analysis.
In Section 3, we give the detailed main algorithm, present the two key technical propositions,
and formally state our main theorem bounding the sample complexity of the algorithm.



2  Algorithm and Technical Overview

In this section, we present pseudocode for the main algorithm and give informal intuition
for the key technical ideas used to show that this algorithm is BIC and satisfies the sample
complexity bound of Theorem 1.3.

2.1 Algorithm Sketch

Before presenting the algorithm, we first state Lemma 2.1, which is the key observation used
by the algorithm to select BIC actions. Informally, this lemma says that for any ¢ that is
a function of historical actions and rewards and possibly external randomness (but not on
future information), the action A® in the direction of E[£* | ¢] is BIC (or any action is BIC
if E[¢* | ¢] = 0). Thus to prove an action A® is BIC, it suffices to find such a 1 so that
A® is in the direction of E[€* | 1] whenever E[£* | ¢] # O.

Lemma 2.1 (Proof in Appendix D). Suppose that 1 is a function of the history before time t
and potentially some external independent randomness €, i.e. ¥ = (AW pE=D AC=D 01 o)
Let v be any vector in R?. Define

Exploit(t,v) = {% i IEE" | 6]l £ 0

s otherwise.

Then A® = Exploit (v, v) is BIC at time t.

Algorithm 1, together with Algorithms 2-3, presents a high-level sketch of the procedure
used to prove Theorem 1.3. The algorithm first uses the prior-based BIC action (e;) for
poly(d) steps. In order to explore the rest of the action space, Algorithm 1 runs a single
loop that repeatedly checks if A-spectral exploration has been achieved. If A-spectral explo-
ration has not yet been achieved, then Algorithm 1 uses the subroutine InitialExploration
to find a BIC action a that has magnitude at least 2(e;) when projected onto the space of
not-yet-sufficiently explored actions. Algorithm 1 then gives a as input to the subroutine
Exponential Growth. Exponential Growth returns another BIC action that has at least twice
as large of a magnitude when projected onto the not-yet-sufficiently explored space of ac-
tions. Algorithm 1 repeatedly passes the action a through ExponentialGrowth until the BIC
action a has magnitude of at least v/ A when projected onto the space of not-yet-sufficiently
explored actions. Algorithm 1 then uses this action for poly(d) steps. If A-spectral explo-
ration has still not been achieved, then Algorithm 1 explores a new direction by repeating
the process of calling InitialExploration followed by repeated calls to ExponentialGrowth.
In Sections 2.2 and 2.3, we discuss the main intuition of the subroutines InitialExploration
and ExponentialGrowth respectively.

2.2 Initial Exploration

The goal of the InitialExploration routine (Algorithm 2) is to find a BIC action that has
sufficient magnitude when projected onto the not-yet-sufficiently explored space of actions
S+. To do this, we first design an event E based on the historical actions and rewards H,
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Algorithm 1 BIC Exploration Pseudocode

. Set A® = e, for poly(d) steps
while \-spectral exploration has not yet been achieved do

S < space of actions that have already been sufficiently explored

a < InitialExploration(-) > BIC-vector with Q(e;)-magnitude when projected onto
SJ_

while magnitude of a when projected onto S+ is less than v\ do

a < ExponentialGrowth(a) > new BIC-vector with double the magnitude when

projected onto S+

end while

Set A® = a for poly(d) steps
end while

Algorithm 2 InitialExploration Pseudocode

1M+ Y] (A("))®2

2: Wp, ..., Wy

10:

. < orthonormal eigenvectors of M with corresponding eigenvalues greater

than A

S < Span(wy, ..., Wy, ) > Space of already-sufficiently explored actions
J; < empirical estimate of (£ w;) for i </,

2 E[e |3

f < function of z such that E[zf(z)] = 0 and f(z) € [Q(eq), 1].

E <+ {Bernoulli(f(z)) = 1}

Set A®) = Exploit(1g,v) for v.e St > A® explores a new direction with probability
f(2)

r < r® if we explored and otherwise r < N(0, 1)

return Exploit(sign(r), v) > where v is in S+

Algorithm 3 ExponentialGrowth Pseudocode

1: S < space of actions that have already been sufficiently explored

Set A® = a for poly(d) steps to observe a set of rewards {r®}.

: R < average of rewards from the component of a projected onto the space of not-yet-
sufficiently explored actions (S*)

return Exploit(sign(R), v) > where v is in S+




and external randomness such that P(E | H;) > Q(e;) for all histories H; and such that
conditional on E, £° has 0 expectation when projected onto any direction in S. We then
choose the BIC action A® in Line 8 so that A® explores S* whenever event E holds. More
concretely, the second condition on E implies that the action A®) = Exploit(1z,v) for any
v € St will satisfy A® € S+ whenever event F holds, and A® is BIC by Lemma 2.1. Using
this BIC action on Line 8 therefore explores S+ whenever event £ holds. We define the
signal r as the reward at time ¢ if event £ holds and otherwise as independent N (0, 1) noise.
We next show that, conditional on the sign of r, the expectation of £° always has sufficient
magnitude when projected onto S* (see Lemma A.1). This implies that for any v € S+, the
action Exploit(sign(r), v) will have sufficient magnitude when projected onto S* as desired.
Therefore, we can return the action Exploit(, v), which is BIC by Lemma 2.1.

All that remains is to define the event E from the previous paragraph. Formally, we want
an event F that is a function of the historical actions and rewards and independent random
variable ¢ such that E[(€",w;) | E] = 0 for all ¢ < ¢, and such that P(E | H;) > Q(eq)
for all histories H;. The key to constructing E is Lemma 2.2, which implies that for any
random variable x not confined to any half-spaces, there exists a function f such that x has
expectation equal to 0 conditional on the event {Bernoulli(f(x)) = 1}

Lemma 2.2 (Proof in Appendix G). Let u be a probability distribution on R with finite
first moment and suppose for 0 < € < 1/2 we have that

”Hhin EX™H[(v,x)4] > e
vi=1

Then there exists a Borel measurable function f : RY — m, 1] with E[xf(x)] = 0.

If we knew the exact values of the vector x := ((€*,wy), ..., (€*,wy,)), then we could di-
rectly apply Lemma 2.2 to x and use the resulting function f to define the event £ =
{Bernoulli(f(x)) = 1}. This event E would satisfy the desired property that E[(€", w;) |
E] =0 for i < ¢, and that Pr(E | H;) = Q(eq) for all H;. However, we do not know the
exact values of (£, wy), ..., (€°, wy, ) because we do not know £*, and therefore this event E is
not a function of historical actions and rewards. Instead, we can estimate (£, w;) as §; using
the historical actions and returns. These estimates will be relatively accurate because these
directions are already well-explored. Defining z = E[€* | y], we show that z also satisfies
the assumption of Lemma 2.2 (Lemma A.4). Therefore, applying Lemma 2.2 to z gives a
function f such that f(z) > Q(e4) for all z. z is a function of historical actions and rewards
and external randomness as desired. Defining the event E' = {Bernoulli(f(z)) = 1}, we have
as desired that E[(€",w;) | E] =0 for all i < /¢, and that P(E | H;) = Q(eq) for all H,.

2.3 Exponential Growth

The goal of the ExponentialGrowth routine (Algorithm 3) is to take a BIC action a and
return a new BIC action that has twice as large of a magnitude when projected onto the
not-yet-sufficiently explored space of actions S+. Using Lemma 2.1, we will find a signal R
such that for any v € S+, the action Exploit(R,v) will have twice as large magnitude when
projected onto St as a has.



The key intuition is that because the action space is curved, conditioning on noisy information
about the sign of £° in a specific direction will increase the magnitude of the expectation
of £* projected in that direction. Consider the following simplified example. Suppose that
d = 2. Also suppose we already know £°{, and the goal is to explore £*5. Furthermore,
assume that the initial BIC action is A® shown in the left-most diagram of Figure 1 that
has € as the y-coordinate. Using this action gives a rewards r). Because we know the
value of £*;, we can remove this component of the reward r®, and we are left with a signal
r = el*y + N(0,0%) for some 02 > 0. If we take A®+Y to be the unit vector in the direction
of E[£* | r], then we will have that the new y-coordinate is 2e. By Lemma 2.1, this choice
of A1) is BIC, which is an important consequence of the curved action space. We then
observe rt1)and we can repeat this process again to find a BIC action A(**?) that has
y-coordinate of 4e. Therefore, in this simplified example we are able to exponentially grow
the y-coordinate for BIC actions, which is a consequence of the curvature of the action space.
This process is demonstrated in Figure 1.

R
.
R
.

Figure 1: Diagram illustrating exponentially growing exploration. First, we have a BIC
action A® with y-coordinate e. Using 7®), we design a signal conditional on which the
expectation of £*, doubles. Exploit(-) then gives a BIC action A+ with y-coordinate 2e.
Using 71 we again double the conditional expectation of £*5 and get BIC action A*+2)
with y-coordinate 4e. Increasing the conditional expectation of £%5 gives a BIC action with
a larger y-coordinate, and this action’s feedback gives a stronger signal that more rapidly
increases the conditional expectation of £°5. This allows us to “bootstrap” an exponentially

weak starting signal all the way to constant signal strength without suffering exponential
sample complexity.

Equipped with the intuition of the previous paragraph, we now analyze Algorithm 3. Recall
that S is the space of actions that have already been sufficiently explored. Algorithm 3 first
uses the action A®) = a for poly(d) steps. Taking an average of the rewards {r)} from these
actions gives a close estimate of (a, £"). Using the previous observed actions and rewards,
we can remove the component of (a, £*) that comes from a projected onto S. This leaves a
signal R which is the average of rewards from the component of a projected onto just S+.
Using concentration laws for conditional probabilities (Lemmas A.2 and A.3), we formalize
the intuition from the previous paragraph to show that for any v € S+, the projection of
Exploit(R, v) onto S+ will always have magnitude at least 2Pg1 (a). The action Exploit(R, v)
is BIC by Lemma 2.1. Therefore, we have found a new BIC action Exploit(R,v) that has
twice as large magnitude when projected onto S* as a.



2.4 Pushing eigenvalues upwards

An important step of the proof of Algorithm 1 is showing that the while loop will terminate
in polynomial time. To show this, we show that the action a used for poly(d) steps at
the end of each round of the while loop sufficiently increases the eigenvalues of M®) :=
2521 (A("))®2. Note that at each time ¢, the matrix M® increases by a rank-1 update, i.e.

MO = MO 4 (A(”l))@z. In order to show that we will eventually achieve A-spectral
exploration, we must show that the small eigenvalues of M+1) increase relative to the small
eigenvalues of M® after each round of the while loop. Although we do not follow this route,
we mention that [Gol73] provides exact descriptions for the eigenvalues of rank-one updates
as above, giving a rational function w(z) (with coefficients depending on M® and A(+1)
which has roots equal to the eigenvalues of M+1) . However, it is not clear how helpful this
is for the quantitative estimates we require.

At first glance, we might hope that we can sufficiently increase all of the eigenvalues of
M® in just d rounds if in each round we partially explore a new not-yet-explored direction.
However, this unfortunately is not always the case. For example, suppose in the first round
we use BIC action AM = (1,0,0,...,0). Writing ¢ = 1/v/5, we then in the next d — 1
actions use the BIC actions A®) = (2p, —¢,0,0,...,0), A® = (0,2p, —¢,0,0,...,0), and so
on until A = (0,0,...,0,2p, —p). Then each A® has distance ¢ = (1) from the span of
the preceding actions, so we might hope that this already yields Q(1)-spectral exploration.
However, note that the vector x = (1,2,4,...,2% 1) satisfies (x, A®) = 1,.; < 27| x|
for all 1 < i < d. Tt follows that the matrix M@ = Z?Zl (A(i))®2 has smallest eigenvalue
which is exponentially small in d (since (x, M@x)/|x||? is exponentially small).

We show that our algorithm terminates in poly(d) steps using the linear algebraic Lemma
2.3 below, which may be of independent interest. Informally, this lemma says that if u
has non-negligible projection onto the space orthogonal to the large-or-medium eigenvalues
of M, then the rank-1 update of M + u®? increases the total sum of the small-or-medium
eigenvalues non-negligibly.

Lemma 2.3 (Proof in Appendix E). Let vi,vs,...v; € R? such that ||vi|| = 1. Define
M=>"7, v¥2 . Suppose w1, ..., Wy are orthonormal eigenvectors of M with corresponding
eigenvalues Ay > ... > X\g > 0. Define {. as the largest index such that \; > € for some 0 <
€ < 1, and define S = Span(wy, ..., wy, ). Suppose u is a vector such that | Ps. (w)||5 > ¢, and
define M' = M+u®?. Let w/,...w/, be the orthonormal eigenvectors of M’ with corresponding
eigenvalues Ny > ... > N,. Finally, let { be the largest index such that A\, > QOEL;’B. Then

d d
DNz e2+ Y A

i=0+1 i=0+1



3 Main Results

In this section, we will formally state our main algorithms and theorems. For presentation
purposes, for the formal algorithms and theorems we will define

(e /VBT)® ) _

A = min (1, min(éLA.Q, 5[”4.3, 1/CLA.3)2

where 0749 is a constant from Lemma A.2 and dp4.3,cra3 are constants from Lemma A.3.
Note that if we can do A-spectral exploration in 7' rounds with this value of A, then for any
A we can do A-spectral exploration in [3] - T rounds by simply repeating the algorithm [4]
times. Therefore, if we can ensure A-spectral exploration for the A value described above in
poly(d) rounds, then we can also ensure A-spectral exploration in A - poly(d) rounds for any

A> A

3.1 Algorithms

Our main algorithm is presented in Algorithm 4, with subroutines in Algorithms 5 and
6. Note that these three algorithms directly correspond to the pseudocode presented in
Algorithms 1-3.

Lemma 3.1 shows that the application of Lemma 2.2 (in the form of Lemma A.4) in Algorithm
5 is valid.

Lemma 3.1 (Proof in App C). Every time Algorithm 5 (Line 2) calls Algorithm j to define

Ge, we have §j < x; + N(0, cLA_4/\%). Thus, z(y) (Line 4) satisfies the assumptions of Lemma
2.2 with € = 2.

3.2 Propositions and Theorem

As discussed in Section 2.2, the main purpose of Algorithm 5 is to find a BIC action a
that has sufficiently high magnitude when projected onto the space of not-yet-sufficiently
explored actions. This is formalized in Proposition 3.2. As discussed in Section 2.3, the
main purpose of Algorithm 6 is to double the magnitude of a when projected onto the space
of not-yet-sufficiently explored actions. This is formalized in Proposition 3.3.

Proposition 3.2 (Proof in Appendix I). The action a returned by Algorithm 5 satisfies

2.5
CLA1 Gy €4Cq 2.5
P > = v .

Proposition 3.3 (Proof in Appendix J). The action returned by Algorithm 6 satisfies
[Pss(b)]| = 2{|Ps(a)]l.
We can now state our main theorem bounding the sample complexity of Algorithm 4.
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Algorithm 4 BIC Exploration

Input: \

1: K < max <
2: Vi <€

3: fort € [0: k) do
4: Set A®) = v,

1 4d(Ey/mH1)(145)
)\CLA./I ? CV2/(87T)

5: ¢t <« r®

6: end for

Tt K

8 j+1

9: while minimum eigenvalue of M = 2521 v is smaller than A do

10: W1, ..., Wq < orthonormal eigenvectors of M with corresponding eigenvalues \; >

"> A

11: Oy max{i: A\ > A}

12: S < Span(wy, ..., Wy, )

13: a, t < InitialExploration({w; },, {\}2,, {vi}_, {{a’ YoV, 1)

14:  while ||Pg.(a)]| < VA do

15: a,t + ExponentialGrowth(a, {w;}2,, {2, {viV_,, {{d” Tt
16: end while

17: Vit < a

18: for t' € [0: k) do

19: Set A+) = a
20: q;l_'_l « p(t+t)
21: end for

22: t+—t+k
23: JJ+1
24: end while

11



Algorithm 5 InitialExploration

IHPUt {WZ i= 1’{>\ }’L 17{V1 i= 17{{q z l’t

1:

2:

Define x* € R as 2} = (£°, wy).

Define y € R as 9, = Acpaq Zt/i§'4 1 £:1 WQZ > g ~ xp + N(0, cLAA%e) by

Lemma A.5 via Lemma 3.1

z2(y) < Ex" [y =]

[+ function from Lemma 2.2 for z(y) with ¢ = “44. > f exists by Lemma A.4 via

Lemma 3.1

U <« Bernoulli (f(z(y)))

Set A® = Exploit(¥, wy, ;1)

R 7(®) w.p. 16(K\feicld) e 1f v=1
N(0,1) otherwise

probabilities by Lemma 2.2 and because max(||E[z(y)]||,1) < [|[E[x*]||+ 1 < K7 +1

a < Exploit(1g=0, Wr,+1)-

return a,t+ 1

> The above equation involves valid

Algorithm 6 ExponentialGrowth

Inp

1:

ut: q, {Wl}z I8 {>‘ }7, 1 {Vl =1 {{q z l’t
S < Span(wy, ..., Wy, )
DX —SL(a)
||7’sL (]| ,
Cp — Z M fOI' k € [1 ]] > Ps(a) = Z?@Zl CLV by Lemma A5
I < 4d(1E[2* J+1)? (1+Z —1c)
Tan ,
For t' € [t,t+ L), set A®) =a
t<—t+ L ‘
R%ZH-L 1( ) _ i 1quk)
b « Exploit(1r=0, We, 1)
return b, ¢

12



Theorem 3.4 (Proof in Appendix K). Algorithm 4 is BIC and has sample complexity

1 d° d*
Ol .
(og (cv edcd) ()\4 ¢, 2 + C?z)‘4))

As discussed above, for any A, we can repeat Algorithm 4 for [5\/ /\-‘ times to get A-spectral
exploration. This is because trace is additive, and therefore if running Algorithm 4 once
gives A-spectral exploration, then running it D\ / )\] times will give A-spectral exploration.
Multiplying the bound from Theorem 3.4 by p\/ ﬂ gives that A-spectral exploration is

Cy +cq

_ o(1)
achievable in A ( g > log(1/€e4) rounds, matching the desired result of Theorem 1.3.

4 Discussion

We conclude with a more detailed discussion on how our results can be combined with the
results of [Sel23] to achieve end-to-end guarantees for incentivized exploration. Here we focus
on r-regular y as assumed in that work, which is encapsulated by Proposition 1.4. Recall
[Sel23, Theorem 3.5] shows that for € > 0, if an algorithm has already achieved O(d*/r2e?)-
spectral exploration at time ¢, then running Thompson sampling from time ¢ onward will
be e-BIC (where e-BIC relaxes Definition 1.1 by subtracting an € term from the right-hand
side).

Our main result (Theorem 1.3) efficiently achieves the necessary spectral exploration, with
at most poly(d, 1/r,1/€) sample complexity (and thus additional regret). Note that our algo-
rithm actually gives a stronger guarantee than in [Sel23] (BIC rather than e-BIC). If we only
need to guarantee the initial exploration is e-BIC, then we no longer need the InitialExplo-
ration phase of the algorithm, and therefore can drop Assumption 1. Combining our result
with [Sel23] and the analysis of Thompson sampling in [DVR18] or [AG13], we therefore
obtain an end-to-end e-BIC algorithm with respectively Bayesian regret poly(d,1/r,1/€) +
O(dV/T) or frequentist regret poly(d,1/r,1/¢) + O(d**v/T). Namely, one first runs our al-
gorithm for poly(d,1/r,1/¢€) steps to guarantee the required spectral exploration, and then
uses Thompson Sampling for all remaining steps. Since the regret from the initial explo-
ration phase is constant relative to 7' (and polynomial in d), this combined algorithm will
asymptotically obey the state-of-the-art regret bounds for Thompson Sampling.
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A Technical Lemmas

In this appendix, we introduce a series of technical lemmas that form the basis of our results.
Our proofs rely on carefully analyzing how the conditional expectation of £* changes when
conditioning on different signals ). Lemmas A.1-A.4 are the main tools we use to analyze
the behavior of these conditional expectations.

Lemma A.1 says that for random variable X, if we have some signal R that is equal to X
plus noise with some small probability and is just pure noise otherwise, then the conditional
expectation of X given the sign of R has magnitude that is (¢). In the “initial exploration “
phase of our algorithm we explore a new (not previously explored) direction with very small
probability. Lemma A.1 implies that this exploration will lead to the conditional expectation
of £° in the newly-explored direction having magnitude proportional to the probability of
exploration.

Lemma A.1. Suppose X is a real-valued K -sub-gaussian random variable such that E[X]| =
0, E[X?] = 06%. Let R ~ X + N(0,1) with probability € and R ~ N(0,1) with probability
1 — €. Then there exists cp a1 independent of X such that

|E[X | 1R>0]| > CLA,10§<€.

The proof of Lemma A.1 can be found in Appendix H.1.

Lemmas A.2 and A.3 are the main technical tools that allow for us to exponentially grow
the amount of exploration in any new direction. Informally, Lemma A.2 says that even if
X forms only an € fraction of the signal r, conditioning on the sign of r will increase the
conditional expectation of X by a multiplicative factor. This lemma will be applied to the
expectation of £° in the new direction we are trying to explore. Lemma A.3 says that any
random variable conditioned on the sign of  cannot have conditional expectation increase by
more than O(e). This will be applied to the expectation of £* in all of the directions that we
have already explored. These two lemmas combined allow our algorithm to multiplicatively
increase the magnitude of the expectation of £* in an unexplored direction relative to the
already explored directions.

Lemma A.2. Let X be a K-sub-gaussian random variable satisfying E[X] = 0 and E[X?] =
0% > ¢y. For Z ~ N(0,0?) such that Z 1l X and € > 0, define r = ¢X + Z. Then there
exists a constant dp a5 such that if €/ < dpas,

€co% Cy € CLA €

EX 1T > > =
ELX >0H_20\/ﬁ_ 8o o

The proof of Lemma A.2 can be found in Appendix G.1.

Lemma A.3. For K-sub-gaussian random variables X,Y such that E[X

] = EY] =0
and for Z ~ N(0,0%) independent of X and Y, let v ~ eX + Z. Suppose < < =

0ras :

min (1, K;) Then there exists a constant cra3 > 0 such that

2K /log(2)

|E[Y | 1r>0]| < CLA_3€/O‘.
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The proof of Lemma A.3 can be found in Appendix G.2.

Lemma A.4 is a more technical lemma that allows us to better understand the distribution
of £ when we condition on averages based on previous rewards. More specifically, this allows
us to apply Lemma 2.2 to the random variable z as described in Section 2.2. The proof of
Lemma A.4 can be found in Appendix H.

Lemma A.4. For random variable X in R?, define Y = X + W where W ~ N(0, Diag(s))
and W is independent of X. Define Z(Y) = E[X | Y]|. If minjyj=1 Pr (X, v) > cq) > €4

and for alli € [1:d], s; < cpaq: bg‘zﬁ% then
. €dCd
min B{((Z(¥),v))7] = 2.

The final lemma for this section says that any vector in the span of the top eigenvectors
of a positive semi-definite matrix can be represented as a linear combination of these top
eigenvectors with coefficients that are not too large. The proof of Lemma A.5 can be found
in Appendix F.

Lemma A.5. Let vi,vy,..v; € R? such that ||v;|| = 1. Define M = Zj v¥2. Suppose

W1, ..., Wq are orthonormal eigenvectors of M with corresponding ezgenvalues Al > >
Ag > 0. Suppose Ay > €. Then for any u € Span(wy, ..., w;) such that |ul| <1, we have
u=>"0_ ¢;vi, where ¢; ==Yt _, (uw"—:w> Furthermore, 337_, 2 < <1

B Discussion on Assumptions

Here we illustrate why the first two conditions in Assumption 1.2 are important, by presenting
an example where each is absent.

To see why Condition 1 (that £° is not confined to any half-space) is necessary, suppose d = 2
and that £*; ~ Uniform(0.5,2) and £*5 ~ Uniform(—1,1) and £*; 1L £€"5. This example
violates Condition 1, because Pr ((—e;,£") > 0) = 0. However, the only BIC action will for
every t be A®) = e;. This is because E[€*5] = 0, and E[£*; | U] > 0 for any signal ¥ based on
any historical actions and rewards. Condition 1 is also not overly restrictive so as to make A-
—1 p. e @
spectral exploration in poly(d) steps trivial. For example, suppose £*; = . Wb | o
w.p. 1—e
and £°5 ~ Uniform(—1,1). This prior distribution satisfies Condition 1, but there is still
an exponentially small probability that the optimal action is not A* = (1,0). Therefore, in
this example it is not trivial to guarantee A-spectral exploration in a polynomial number of

samples.

To see why Condition 2 (that £* has non-degenerate covariance) is needed, consider the
following example. Suppose d = 2 and that the coordinates of £* are independent with:

—2 w.op. e?

—1 wop. e @
= { P , £9=<0 wp. 1—27¢

1 wop l—ed
P 2 w.p. e~?
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Intuitively, this example once again requires exponentially many samples to A-spectrally ex-
plore, because in order to explore £*5 we need to find a signal based on the history where
the expectation of £, is not exponentially smaller than the expectation of £*;. However, we
cannot do exponential growth on the conditional expectation of £*5, as we would need expo-
nentially many samples to sufficiently increase the conditional expectation of £*5. Similarly,
we would need exponentially many samples to decrease the conditional expectation of £7;.

We also note that any sub-gaussian random variable X satisfying P(|X| > t) < 2e~*/5* for
all £ > 0 (as in Condition 3) satisfies the following bounds on the moments of X:

E[X] < E[|X]] = /Ooomxy Sty dt < /Ooo 221K gt — K/, (3)

E[X? = / P(X? > t)dt < / 2t/ E* qt = 2K2. (4)
0 0

C Proof of Lemma 3.1

Proof of Lemma 3.1. Recall that the input parameters from Algorithm 5 come from their
use in Algorithm 4. We compute as follows, with L indicating equality in distribution.

/\CLA 4

N Vk, We t/
Yo = Acraa E E
/

ACLA 1 N‘LA 4

J
—)\CLA4 Z;) Z Vk’ Y+ Acpaa Z(:) ; Vk,wg N(0,1)

. ) Yera: L <Vk; Wg> J <Vk; W£>2
=( 4/ , /\CLA.4 Z Tvk + N O, )\CLAA Z T
=0 k=1 k=1 ¢
4 ACLlAA -1 \e
= <’€*7 ACLA4 Z \ L > +N (07 %WEMWK) [Lemma A.5 (u = wy)]
A
< v, + N (0 CLA.4/\_> : (5)
¢

We will apply Lemma A.4 with X = x*, Y =y, and Z(Y) = z(y). As shown above, (and
using that - <1 for all £ < 7)) we have that Y — X has the appropriate distribution. The
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last thing we need to show is that

15N
min Pr ((X,q) > ¢4) = min Pr 0w > ¢
iy Pr (%) 2 ) = i, <;< 0% d)
15
= min Pr | ( £*, w >c
i ({ (o) 2o
> ||mHin Pr ((€*,v) > cq)
v|=1
> €. [Assumption 1].

This means we can apply Lemma A .4 to get that

min E[(z(y),v)*] -

We have therefore shown that z(y) satisfies the assumptions of Lemma 2.2 with € = “%.  [J

D Proof of Lemma 2.1

Proof of Lemma 2.1. The BIC optimal action given v is
A" = argmax E[(A, £°) | ¢]
Aesd-t
= arg max(A,E[£" | ¢]).

Agsd-1

Therefore, the BIC action is A* = % if ||E[€" | ]| # 0. If ||E[£* | ¢]|] = 0, then any

action is BIC including v. [

E Proof of Lemma 2.3

We will prove the following equivalent lemma.

Lemma E.1. In the setting of Lemma 2.3,

We first observe that Lemma E.1 implies the desired Lemma 2.3.

Proof of Lemma 2.3. By linearity of trace,

d d
D N=1+> A
=1 =1
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Therefore, Lemma E.1 implies the desired result that

d d
SN2+ > N O

i=0+1 i=0+1

Proof of Lemma E.1. First, note the following, where the max is over xi,...,X, that are

orthonormal.
¢

Z A\ = xrlr}ax Z x! M'x; = xrlnazie (Z x; Mx; + Z X, U ) ) (6)

=1 =1

Define
X,y X, = argmaXZX;rM'Xi. (7)

We will now prove (by contradiction) that for all ¢ < ¢, ||P5L( s < 1002(12' Suppose that

there exists some i’ € 1, ..., £ such that ||Pg. (x3)||5 > 100d2 Then we find
¢
> (x))TMx; = Z 1) Mx; + Z
=1 i=1
¢
<1+ Z “)TMx} [x; orthonormal so Z 2 < jul? < 1]
1=1
.
=1+ Z Py (x)) TMPg. (x}) + Ps(x)) T MPs(x))
¢
—1+ ZPSL ) "MPsi(x}) + Y Ps(x;) ' MPs(x})
i=1
=1+4de+ Z Ps(x}) T MPs(x) [S* = span of evectors with evalues < ¢]
=1
T 0
1=1 = k=1
‘ 26
=1+de+ Z Z(X;-‘, wi) 2w Mwy,
i=1 k=1
I
= 1+de+ZZ<xj,wk)2/\k. (8)
i=1 k=1

¢ 2
Because x} are orthonormal, we know that Y., (x}, wy)? < ||w||; = 1. Because we assumed

£\ (12 2 ‘ b o ¢
that ||Pss(x5)|5 > 153, We know that >, > (x, wi)? =3, [Ps(x P < - 100d2
Combining these two statements with the fact that A\ is decreasing in k,

S i w = 303 ) )\k_(l—loodZ))\g+Z)\

i=1 k=1 k=1 i=1
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Continuing where we left off with Equation (8), we have that

o

‘ 2 1
:1+de+z <X;‘kawk>2)\k§1+d€+<1_ ) )AHZA%'
i=1

2
=1 k=1 100d
62 !
<1+de— A by
=TT e ”;
y4
200°
<l+de—2d+) N e > =]
€
=1

¢
<> A [e < 1
zjl ,
= ZWZTMWZ' < ZW,LTM/WZ'.
i=1 i=1

Therefore, we have a contradiction, as xj, ..., x; cannot be a solution to Equation (7) because
these vectors are strictly beaten by wy, ..., wy.
62

10022 fOI' all 1.

Therefore, we have shown that ||Pg. (x})||3 <

In the following equation, we define Pg as the projection matrix for projecting a vector onto
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S. Now, we have that

¢
ZX Z )TfoqLZ(x u)?

< ZA#Z ((Ps(xj),Ps( )2 +5—d+

IN

:ZA1+5+100d+Z x)T Pd Psu)”

=1

Tpsll

100d

4 2

_ L &€ * 2
- Z/\’ + 5 + 100d + Z(mes(u»

=1

< S,

—; +5 100d
l 62

<\ Y1

<D Nt +100d ¢

=1

<> A+ (1-¢/2).

(w)ll3

This completes the proof of Lemma E.1.
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F Proof of Lemma A.5

Proof of Lemma A.5. Define A € R7*? with rows corresponding to vy, ...,v;. Then M =
ATA. We want to write u = A'c for ¢ € R/.

Because wy, ..., w, are orthonormal and u € Span(wy, ..., wy), we have that

14

u= Z(u,wf»wi

i=1
Because w; is an eigenvector of M with eigenvalue \;, we know that for any ¢ </
\w;, = Mw,; = AT Aw;
Rearranging terms and multiplying both sides by (u, w;), we have that for any i < /¢
(u,w)w; = A" (MW;—EAWZ> :
Therefore, we have that
i (0, wi) éAT ((u,w,»>AW7;) _ ATi ((u, wi>AWi)
i=1 o i=1 Ai Ai '
Now, we can define

e e

=1
This implies that

L
u, w;)w;
Jell3 = HAE P Q
i=1 2

= _ZZ:/\i <<“a}j’i>)2 w! Mw; = A

IN

< -
This vector c therefore satisfies the desired properties. O
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G Proof of Lemma 2.2

We begin by proving the following lemma.
Lemma G.1. Let 1 be a probability distribution on RY with finite first moment and suppose

”rrhin EX~F (v, x) 4] > €.
v|=1

Then for any w with ||w| < e there is a [0, 1]-valued measurable function f such that
Elxf(x)] = w.

Proof of Lemma G.1. Let K be the set of possible vectors E[xf(x)] where f is a a [0,1]-
valued measurable function. Then for any a,b € K, there exist corresponding [0, 1]-valued
functions f* and f° such that E[xf¢(x)] = a and E[xf°(x)] = b. Therefore for any ¢ € [0, 1],
ta+ (1 —t)b € K because E[xf!(x)] = ta+ (1 —t)b for fi(x) =tf%x)+ (1 —t)f°(x). This
implies that K is convex.

We will now prove the desired result by contradiction. Suppose w ¢ K. Because K is
convex, if w ¢ K then there is a “separating hyperplane” unit vector v such that

sup(v,u) < (v, w).
uekK

(Note that we do not argue here that K is closed.) Because by assumption we have that
|lw|| < €, this implies that

sup(v,u) < e.
uck

For any v, by definition of K and linearity of expectation we have that
sup(v,u) = sup (v,E""[xf(x)])
uckK F:R4—0,1]

= sup  E¥[f(x){v,x)]
fRI-[0,1]

= E"[(v,x)4]
> €.

where the last line followed from the assumption of the lemma. This gives a contradiction,
and therefore w € K must be true. O

Proof of Lemma 2.2. Applying the above lemma with w = 0, there exists f° : RY — [0, 1]

such that E[xf°(x)] = 0. Define the function f’" as f'(x) = ﬁ%. By this construc-
tion,

Elxf'(x)] + 2B[x]|| _  2¢|E[x]|
4max(|[E[x][|, 1) 4max([[E[x][|, 1)

Therefore, w := —E[xf'(x)] satisfies ||w| < e. Applying the above lemma again, there
exists f¥ : R? — [0,1] such that E[xf*“(x)] = —E[xf'(x)]. Now define f(x) = w

<

IEx /(0] = ‘

€
5 .
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: f'(%) €
By construction, we have that 1> f(x) >~ > TR

expectation and the construction of f* we have that

Furthermore, by linearity of

f(x)+ fY(x 1 w 1
b 0] = 5 [x 0L 2 i o]+ Bl o)) = 5 (s (0] - Bl 60]) =0,
Therefore, f(x) is a [MW’ 1}—Valued function that satisfies E[x f(x)] = 0 as desired.
O
G.1 Proof of Lemma A.2
Lemma G.2. Let ®“(x) = P(Z > z) for Z ~ N(0,1). Then for |z| < 1,
‘cp%) - (1 _ Lx> < |2%/15. (9)
2 27
Proof of Lemma G.2. A third order Taylor expansion shows the error is at most
5 Supp <1 [(29)"(y)]
7] - :
6
For |y| <1 we easily compute
2 _1|e v/
oy () = WU ) am < s, 0
(%)™ ()] Vo /V2m <2/
Lemma G.3. If X is K-sub-gaussian, then for any event E and any P(E) > a > 0, we
have
E[X?1z] < K?Pr(E)log(2/a) + K?a, (10)
E[X1z] < O(Pr(E)log(1/a)). (11)

Proof of Lemma G.3. We prove both estimates using the tail-sum formula. For the truncated
second moment,

E[X?1] :/ Pr(|X215] > #)dt
0
§/ min(Pr(E), Pr(X? > t))dt
0
< / min(Pr(E), 2¢ 5" dt
0

< Pr(E)log(2/a)K? + / 2¢ /1 dt

log(2/a)K?
= K?Pr(E)log(2/a) + K*a.

26



Similarly for the truncated first moment,
0
< / min(Pr(£), Pr(X > t))dt

0

< / min(Pr(E), 2¢ /5% dt
0

r 0 a - e VI
< Pr(E)\/log(3/ )K+/ 1Og(g/a)K2 dt
= O(Pr(E)log(1/a)). O

Proof of Lemma A.2. Let dux be the law of X and dux)~o be the conditional law of X
given the event » > 0. Then by Bayes rule,

Pr(r > 0| X = x)dux(x)

T v
txir=o() Pr(r > 0)
_ Pr(N(ex,0°) > 0)dux(z) (12)
Pr(r > 0)
B0 (—ex/o)dpx (2)
B Pr(r > 0) .
Note that
o0 1 oo
E[X |r>0]= /oo rdpx|rso(r) = Pr(r = 0) /OO x®Y (—ex/o)dux (x).
Since Pr(r > 0) < 1 it suffices to lower-bound the latter integral by a suitable positive value.
As long as €/0 < dpa0 < ﬁ?, we have
JX ™

| ot oty (o)

[e.9]

el e
+ /_Za: ((I)C(_Tm) —~ % - %%) dpx ()

(P [T (oo - - D) aus@)  mX] =0
§ ( ol 21[—3[0).}4]63)

oV 2w o3
eo [ e _ ok |
~ 2021 02 T 4E[X4V2r
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Above we used the following estimate (13). For sufficiently small d7 4.,
o - 1 1 ex
O~y 2 Ty
[ e (295 - - ) duxt)
\/|;:|<106

=T10e

|| ex?
> — || ‘ ‘ dux(z) — — + dux(x) [Lemma G.2]
|z|< 12 el>= \ 2 oV2r
E[X*]e? / (|1‘| ex? )
= — — — + dpx(x
o3 jaf> 2 2 oo MX( )
E X4 3
Z — [ 3]6 —/ 2d/$x(l’) [lf 6/0’ S 5LA‘2 S 1/10]
g 21> 152
E[X "¢’ 2 2 o
> — e (K?Pr(E)log(2/a) + K?a) [Lemma G.3, F := {|z] > 7 } a4 = 2e” 102K |
E[X4)e g __o° o? —02 /(100e2 K2
> — p 2K*e” 100K2Z 1002 K2 +1 [Pr(E) < 27/ )]
2E[X*]e3 5 __o? o? (0%)%e  E[X%)e
> —T [QK € 100K2¢2 W +1) < o3 < o3 ]
(13)
where the second to last line holds for sufficiently small ¢/o. ]

G.2 Proof of Lemma A.3

Proof of Lemma A.3. First, we observe that E[Y | r > 0] = E[}H;(l{xo} If £K\/log(4) < 1/2,
we also have that

Pr(r > 0)
>Pr(r>0|X > —K+/log(4)) Pr(X > —K+/log(4))
> 8¢ (> K+/log(4)) Pr(X > —K /log(4)

> oC (£ K \/log(4)) (1 _ e K 1°g<4>/f<2)
g

> 09(1/2)1/2 =K \/log(4) < 1/2
> 1/8.

Therefore, it is sufficient to upper bound |[E[Y'1{r > 0}||. By law of total expectation,

EY1{r >0} = EE[Y1{r > 0} | X]] = E []E[Y | X|P(Z > —EX)] .
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Define Q(X) = E[Y | X]. Because Y is sub-gaussian, the random variable Q(X) must also
be sub-gaussian with parameter v/18K (see [VH 14, Exercise 3.1]). Furthermore, E[Q(X)] =
E[E[Y | X]] = E[Y] = 0. Now, we have the following

E[Y1{r > 0}]]
—|r [E[Y | XIP(Z > —EX)”

:/’@ ()2 (= )dpx ()
_ /ﬁ JQdns(e)+ [~ QG ( >——%)duxmﬁ
- |5Eu+ [ 0w (07 - 3 ) duxto
-| [ ew (095 - 5 ) duxta)
< /|< Q(x)| (Uleﬂﬂ + )dw(m)

w0 (095 - 3 ) dusto [Lemma G2

10e

ex |3

€

< [Tewl (Gt a5 [ 0@l lefr <

g 10e

€ || 2 1 o o :
< ;J E[Q(X)?| E (\/_2_71' + |x3]> + 50 (10€K (2™ 1002k )) [Lemma G.3 Equation (11)]
< O(e/o).

where in the second to last line we used that Pr(|.X| > 5-) < 2¢” w027 and that Q(X) is
K+/18-sub-gaussian. The last line again uses that both X and Q(X) are sub-gaussian.

Therefore, we have shown that

E[Y1{r > 0}]

|E[Y|r>0}|:‘ P 50

‘smmyur>mn=0@m»

By symmetric arguments to the ones above, we have the same bound on |E[Y | r < 0]|.

H Proof of Lemma A.4

Proof of Lemma A.4. Fix any v such that ||v|| = 1. First, we will show that
Pr(jv-(Z(Y) — X)| > cq/2) < €4/2.
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To do this, we will show that (v, (Z(Y) — X)) is a sub-gaussian random variable. Let X be
a draw from the distribution of X | Y. Then we have that

Vv, X =X)=(v,X-Y)+ (v,Y — X).

By standard properties of posterior samples, (v, X — Y> and (v, Y — X) are identically
distributed with distribution N(0,0?) for ¢% = Zj L vZs; (here one averages over all ran-
domness). Therefore, we have that

Elexp (({v, Z(Y) — X))]

—E _eXp (t(v, E[X] - X))]

<E eXp ( (v, >>} [Jensen]

=E exp(( Y+Y - X))]

< \/E [exp (Qt(v, X — Y))] E [exp (2t(v,Y — X))] [Cauchy-Schwarz|
< e2t202‘

Therefore, (v, (Z(Y) — X)) is sub-gaussian and satisfies the tail bound
Pr(|(v, (Z(Y) = X))| > ) < 2~/

. 2/32
Taking t = c4/2, because 0> = 3¢ v?s; < max; s; < %, we have that

Pr(|(v, (Z(Y) — X))| > %) < 2eA/ 32 = ¢, /2. (14)

Now, we can prove the desired result that

> B [((Z(Y),v)*[|{v, (B(Y) = X)| £ 5 (X,v) = ea] Pr (|(v, (Z(Y) = X)) < 5, (X,v) > )
> B[ 5 |I(v. (Z(Y) = X)) £ 5 (X,v) = ca| Pr (v, (Z(Y) = X)) < 5 (X v) 2 )

= 3 Pr (|(v. (2(Y) = X)) < 5. (X, v) 2 )

> S (Pr((X,v) 2 ca) = Pr (v, (Z(Y) = X))| > 5))

> % (ed . %d) [Eq (14) and lemma assum]
- %. O

H.1 Proof of Lemma A.1

Proof of Lemma A.1. Let B be a Bernoulli random variable such that Pr(B = 1) = € and
let Z ~ N(0,1) be independent of B and X. Then we can write R ~ X - B+ Z.
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Then we have that

E[X | R > 0]
—EX|R>0,B=1Pr(B=1|R>0)+E[X|R>0,B=0P(B=0]|R>0)
—E[X|X+Z>0P(B=1|R>0)
Pr(R>0|B=1)Pr(B=1)

Pr(R > 0)
SEX|X+Z>0Pr(R>0|B=1)Pr(B=1)
=EX|X+Z>0Pr(X+Z > 0)e. (15)

—E[X | X +Z >0

Next, we need to lower bound E[X | X + Z > 0] Pr(X + Z > 0). Applying Baye’s rule gives

EX | X+ Z>0Pr(X+Z>0)

o0

= PI'(X + Z > 0)/ xdux|X+Z>0<$C)

—00

— [ (@) duxto

— /oo T (CDC(—q;) —1/2) dpx(z) [E[X] = 0]

—00

Note that (®“(—z) — 1/2) has the same sign as z and has magnitude increasing in |z|. Therefore,

z/w ;—f_op(og _\/—)dux()+ <_q5—f_OIP<0 Z<\/——)dﬂx($)
. reox

OX]P)(O S A S X
= A p ) > 2
10 %ﬁ
oxP(0< 7 <2 A2
> K Vio) °x [Equation (17) below]
10 5K2log (M)
Ix
> Q(0%). (16)

Combining Equations (15) and (16) gives the desired result of the lemma.

It remains to show the lower bound on P(|X| > %25) used in the penultimate line above.

Define a = K? log <22—2KQ> > 0% 1log(10)/2 > 0% /10 (using Equation (4) ). Next, we observe
X
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:/OOOIED(X2 > t)dt
= /Oo P(X > Vt)dt

0% /10 a 00
:/ P(X > \/E)dt+/ P(X > \/E)dt+/ P(X > Vt)dt

2./10
a

< 0%/10 +/
0% /10 a

= 0% /10 +/ P(X > Vi)dt + 2K%e /%

2./10

:U§{/5+/a P(X > Vt)dt

2./10

2 0'3( ox

Since E[X?] = 0%, this implies that

Therefore, we can conclude that

a

P(X > Vit)dt + / 2t/ dt

[Def of a

[P(X > v/t) monotone decr.]

2 2
oy ox 4o
- — P X>—=|>—.
(a 10) ( V10) =
2 2 2
IP’(X> ox ) > 40)(2/5 _40X/5: do% ‘ (17)
V10 a—0%/10 a 5K2log (2%:>

By symmetry, identical logic as above gives the desired upper bound on E[X | R < 0]. O
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I Proof of Proposition 3.2

Proof of Proposition 3.2. We first show that A® on Line 6 satisfies A® € S+ when ¥ = 1.
Recall x* defined as xj = (€*, wy) and recall that z(y) = E[x* | y = y]. By construction,

Ejx* | ¥ = 1]

= /E[X* |V =1,y = ylduge=1(y)

- /E[X* ¥ =yl Pr(\lli;\yl |:§’1)= Y)dﬂy(Y) (U =1 is a function of y|
- Pr(\Iflz 7y | BRI =31F (2(3) dug(v)

" Pr(V=1) /Z(Y)f(Z(Y)) py(y)

N Pr(\pl: 1y E@)f(=(3))]

=0 [Definition of f]

Because z; = (€*,wy) for ¢ < ¢, this implies that E[(€",w;) | U = 1] = 0 for £ < /).
Therefore, we must have that E[€* | ¥ = 1] € S*. By construction of A® in Line 6, this
implies that A®) € S+ when ¥ = 1.

Define s
Woy+1 otherwise,

in other words A is equal to A® when ¥ = 1.

By the choice of f, we have that P(V = 1) > 16max(\E|‘IiEc[i(§/)}H71) > 16([2;%-&-1)’ where in the last

line we used that Equation (3) implies
max(|[E[z(y)]||,1) = max(|[E[x"]||, 1) < max (|[E[€"]||,1) < max (K/7,1) < Ky/7+1.

By construction, we therefore have that for any realization of z(y), the probability that

R=7® = (£, A®) +w, = (£*, A) + w; is exactly % and otherwise R ~ N(0, 1).

We can now apply Lemma A.1 with X = (£*,A), and € = m to get that either
a= Wy, Or

crai€acqVar({€*, A))?? CLA1€4CH Cy2?

(A a)] = (A E[£" [ 1gs0])| = [E[(€7, A) | 1ro]| =

=T 16(KJa+l) T 16(K/a+l)
where in the last inequality we used Assumption 2.
Because A € St and ||A|| = 1, the previous equation implies the desired result that
IPss ()] 2 Lypessaesy .
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J Proof of Proposition 3.3

Proof of Proposition 3.3. The first step is to rewrite R from Algorithm 6 Line 7 so that we
can apply Lemmas A.2 and A.3.

Define
t+L—1

t+L—1 j J J
W= Z (wt’ - Z qug - Ck:<Vk7£*>)) = Z (wt’ - ché’) + chk<vk>£*>
k=1 k=1

k=1 t'=t

Note that W is normally distributed with mean 0 and variance o2, := L(1 + 3.7_, ¢2). By
construction, we can rewrite R as

t+L—1 J
w3 (3
k=1

t'=t

=S <<<a,e*>+wt/>—zcqu)

t=t k=1
t+L—1
= Z a, E* chk Vk,
t'=t
= L{a,£*) — L(Ps(a), ) + W [Lemma A.5 implies Pg(a Z CkVE]

= L{(a—"Ps(a)), ) + W
= L(Pgi(a), ") + W

= L|Pse(a)] (x,€7) + W. (18)
Therefore, R is exactly in the form necessary to apply Lemmas A.2 and A.3. In order to
apply these lemmas, we need that M < drao and LH%—;(&)” < dr.4.3 respectively.

To see this, note that Pgi(a) < /X (as otherwise ExponentialGrowth would not have been
called), and therefore

L||Ps:(a)]l LV
ow 1+Zk 1 C3)

AN(E[€*]] + 1)2

| A\

\/ CLAz

- AN(K /7 + 1)?

(cy /V/8T)?

<min(dra.2,0r43,1/cras), (19)

where in the last line we used A < min(dz4.2,0r4.3,1/cra3)> % by our assumption
on A.

[Equation (3), Assum 2]
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Applying Lemmas A.2 and A.3 gives the following two bounds. Define y = E[£* | 1z].
The first is a lower bound on |(x,y)|. Importantly, we can apply Lemma A.2 for X = (x,£")
because of Equations (18) and (19).

[(x, )| = [(x, E[€" | 1r>0))|
= |E[(x,£") | Lr>0]|
craal ||Pgi(a)]l

> [Lemma A.2]
ow
_ crasVL|Psi(a)]|
V 1+ Zi:l &
4d(E[€*] + 1)2
- \/ D s
€rA2
= VA(E[L)] +1)2 | Pse(a)]
= 2VA(E[€] + 1) | Ps (a)] - (20)
The next equation is an upper bound on ||y;|| for all i € [d]:
vil = E[€% [ 1ro]
< E[€*;] 4+ cpasL ||Pse ()|l Jow [Lemma A.3]
< E[€*;] + 1. [Equation (19)]

Using the above equation, we can bound ||y||, as follows. Because E[£*;] > E[£*;] for all 4,

Iylly < \| D (E[€7] +1)° < VA(E[E)] +1).

i=1

Equation (20) implies that y # 0. This implies by construction that b = Exploit(1z=q, Ws,+1) =

||§_||- Putting everything together, we have that

|G 3)| o 2VA(E[E] + 1)) [P (a)]

|(x, b)| = > " > 2||Ps.(a)]l.
Iyl VA(E[L] +1) ’
Finally, because x € S+, this implies the desired result that
[Ps+(b)]| > [{x,b)| = 2|Ps.(a)]|. O

K Proof of Theorem 3.4

Proof of Theorem 3.4. We begin by proving that Algorithm 4 is BIC. There are four places
where we set A®. The first is in the Line 4 of Algorithm 4, where we set A® = e;. This
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is BIC because we assumed (without loss of generality) that E[€*;] = 0 for all « > 1 and
E[€*1] > 0.

The second place we set A® is in Line 6 of Algorithm 5. This choice of A® is BIC with the
signal W by construction and Lemma 2.1.

The third place we set A® is in Line 5 of Algorithm 6. In order for this to be BIC, we
must show that every input a to Algorithm 3 is BIC. The first time Algorithm 6 is used
for any fixed value of j, the input action a is the action returned by Algorithm 5. This is
BIC for signal R defined on Line 7 of Algorithm 5 by construction. Each subsequent call to
Algorithm 6 for a fixed value of j uses an action a that is returned by the previous call to
Algorithm 6. This is BIC for signal R defined on Line 7 of Algorithm 6.

The final time we set an action is on Line 19 of Algorithm 4 This action is again an action
returned by the last call to Algorithm 6, which as argued above is BIC for signal R.

The rest of the proof will focus on bounding the sample complexity of Algorithm 4.

First, we will bound the number of times the inner while loop (Line 14) calls Algorithm 6 for
each value of j. By Proposition 3.2, the action returned by Algorithm 5 satisfies ||Pg.(a)|| >
cp3.2 Cy>? €4cq. Furthermore, by Proposition 3.3, ||Pg.(a)|| doubles with each call to Algo-

rithm 6. Therefore, |[Pss(a)|| > VA will be satisfied after at most log, (ﬁ) =
O <10g( L )) calls to Algorithm 6.

Cy €4Cq

Next we will bound the number of steps in each call to Algorithm 6, which is equivalent
to bounding the L defined on Line 4 of Algorithm 6. To do this, we note that the ¢; in
Algorithm 6 are the same as the ¢; in Lemma A.5 with e = A\, £ = {), u = Pgi(a), and
V1,...,v;. This implies that

D 6 <

J
[Lemma A.5]
k=1

> =

Therefore, we can bound L as follows:

4d(E[E] + DA+ 35, i) _ 4dEL] + (L +5)

L =

2 2
Cra2 CrA2

4d(Kym+1)(1+ 1)
- cy? /(8m)

d
-0(552)-

For each loop of the while loop on Line 9, we also have k = O(% + +L;) steps in the
d v

loop on Line 18. All together, this gives that each iteration of the loop on Line 9 takes at

most ( ) )
dlog lOg(1/€d> 1 d 1
Cy €4Cq — 1 _— 22
v ( e A “ (Og <Cv 6d0d> <>\Cv2 " )\sz)) (22)
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steps. Next, we will bound the number of iterations of the while loop on Line 9.

For each j, we will apply Lemma 2.3 with € = A\, u = v;;, and the vectors vy, ...,v;. By
construction of the algorithm, S* is non-empty because the algorithm has not yet terminated,
and ||Ps. (vj41)||> > A by the termination condition of the while loop on Line 14 of Algorithm
4. Therefore, this satisfies the assumption of Lemma 2.3. Define /\ o )‘Zz as the eigenvalues
of MV := Z] L v and define ¢/ as the largest index such that \); > 200d®/X\? (and #7 = 0
if all eigenvalues of MU are less than 20043 /A\?). Now define

d

. 2003
N= ) ( ¥ —Ai>.

i=0i 41

Note that for any fixed 7, the ith eigenvalue does not decrease between M/ and MJ/+!.
Because of this monotonicity, Lemma 2.3 implies that for every round j, either

P> 41 or AT gN’—é.

20044

Because ¢ > 0 and Al < 200d3 -d = 200 this implies that after 22 + d applications of

X 22
Lemma 2.3, either #/ = d or AJ 400d
2.3, the smallest eigenvalue of M/ rnust be at least 200d° / )\2 > A. However, this means
that the algorithm must terminate before round 400d*/A\3 + d. Therefore, the number of
iterations of the while loop on Line 9 is less than O(d*/\3). Putting everything together,
the total number of steps needed for A-exploration is upper bounded by

1 d 1 d* 1 d° d*
Ol — Ol —= | =011 g
(Og (Cv 6dcd) (>\Cv2 " AC?;)) (>\3) (Og (Cv 6clcd) (/\4 Cy? " C?N))

L. Proof of Proposition 1.4

Proof of Proposition 1.4. First, for any unit vector v, we have B,/3(2rv/3) € K C B;(0).
Therefore

p(Br/3(2rv/3)) = Vol(B,3(2rv/3))/Vol(K) > Vol(B,/3(2rv/3))/Vol(B1(0)) = (r/3)<.
Since (x,v) > r/3 for all x € B,/3(2rv/3), this confirms the values (cq, €4) = (r/3, (r/3)%).

The bound on ¢, follows by [Sel23, Lemma 3.2] and Jensen’s inequality since K has width
at least 2r in any direction. The bound on K is trivial since 2e~#/12%* > 1 for [t| < 1. [

M Proof of Proposition 1.5

We first recall several useful facts on log-concave distributions. Throughout we take p to be
a-log-concave and (-log-smooth with mode x* and mean X, possibly in dimension 1. (The
proof will use 1-dimensional projections of the original measure p.) We will write x ~ pu
instead of £* ~ p.
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Fact M.1 ([DCWY19, Lemma 5], [DM19, Theorem 1]). For x ~ u, we have E[||x — z*||?] <
1/a and with probability 1 — §:

|z — 2*[|2 < 20712 (1—1—\/@—1—&%%) . (23)

Fact M.2 ([CP23, Lemma 2|). We have the covariance bounds

I, 1a

— = Cov(u) = Bd

d (24)

Fact M.3. Any 1-dimensional projection of p is also ad-log-concave and Bd-log-smooth.

Proof. Preservation of strong log-concavity under projection is well known, see e.g. [SW14,
Theorem 3.8]. For log-smoothness, supposing for convenience that the projection is onto
the ﬁrst coordinate axis, the claim is proved by the following standard computation. With

%) the density of p and e 9(*) the density of the projection of i to the first coordinate
axis, one may compute as in [SW14, Proof of Proposition 7.1] that

9" (x) = E*011 f(x)|z1 = 2] — Var* [0, f (x)|z1 = 2] < EF[01 f(x)|z1 = 2] < Bd.
This completes the proof. O

Proof of Proposition 1.5. We have ¢, > ﬁ directly from (24).

For €4, let X be the mean under p and note that from (24), we find

% = x| = sup (% —x",w)
lwi=1

= sup E*"#[(x —x*, w)]
fwll=1

< \/ sup Ex~#[(x — x*, w)?]

[[wll=1

< V/(Cov (), w®?)
< 1/Vad.

Fixing a unit vector v as in Assumption 1.2, we consider the projection P onto the 1-
dimensional subspace spanned by v, and let P(u) be the pushforward of x under the projec-
tion (to which Fact M.3 applies). Identifying P(R?) isometrically with R, let # be the mode
of P(u). Then the same argument as above applies to P(y) shows |P(X) — || < 1/Vd,
and so

12 < lx* )+ —7= < v+ —=

VTRt

(Note that if x = 0 then this shows ||Z|| < 1/vad, which following the arguments below
leads to €5 > €2(1) as mentioned below Proposition 1.5.)
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Write f: R — R, for the density of P(u), and g(x) = log f(x). We have f'(Z) = 0 and so
g'(2) = 0 also. By Fact M.3, we have ¢"(z) € [—fd, —ad] for all x, so for > & we have:

a) =g'@) - g'(5) = | " (y)dy € [-Bd(z — &), —ad(x — 2)].
Integrating again, we find
g(z) — (@) = / "G )y € [~Bd(x — £)2/2, —ad(x — £)2/2.

Identical reasoning gives the same conclusion for x < z. Translating back to f = e, we
conclude that for each x € R:

o~ Blz—312/2 < f(ﬂf) < p—adlz—i?/2.
~ @)
It follows that for x = £* ~ p and = ~ P(u):
2
Pr[(v,x) > ¢4] > Prjx > v+ — + ¢4).

Vad

Letting J = v + \/%Td + ¢g4, the latter probability is at least

o —Bdz?/2
fJeﬂz/dz

J —J2pd/2 d
g, = Vel 99UV = i

14 J2Bd)\/2r

The last inequality follows from the classical bound ®“ (k) > % where ¢ is the standard
Gaussian density [Gor41]. This confirms the value of ¢,.

For K we consider a similar projection, and note that by Fact M.3 and the Bakry-Emery
theory for strongly log-concave measures (see e.g. [AGZ10, Lemma 2.3.3|, we have

E[e)\(v,xfi)] < 6)\204(1/2’ V) € R.
Thus with Jo =~ + \/Lon > |[(x, V)], we have (using A.Jy < —1+’\;J§):
E[e)\(v,x}] < 6(>\2ad/2)+>\Jo < 05 . e,\2(Jg+ad)/2 < 26A2(J§+ad)/2‘

It follows by the usual Markov inequality arguments that
+2

Pr(|(v,x)| > t] < de 2U5+ed

Since probabilities are at most 1 and a < /a for a < 1 we find
t2

Pr[|(v,x)| > 1] < 2e Uit

which completes the verification of K since (JZ + ad)'/? < Jy + Vad .

For the counterexample, we may take («, 5) = (1,2) and let v be the distribution on R with
density proportional to e=4*(1+1:20)/2 Then let p = 1v®?, so that & ~ p has IID coordinates
with law . Then the mode x* is indeed zero but the mean of v is non-zero, so taking
v =(1,1,...,1)/Vd, a Chernoff estimate shows Pr**[(x,v) > 0] < e, O
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