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Abstract

We provide the first useful, rigorous analysis of ensemble sampling for the standard linear
bandit setting. In particular, we show that for a d-dimensional linear bandit with an
interaction horizon 7', ensemble sampling with an ensemble of size m on the order of dlogT
matches the standard regret bound for Thompson sampling up to a multiplicative factor of
order m+/logT. Ours is the first result in any structured setting not to require the size of
the ensemble to scale linearly with 7 for near v/T order regret—which defeats the purpose
of ensemble sampling—and the first that does not require a finite arm set.

1 Introduction

Ensemble sampling, as christened by Lu and Van Roy (2017), is a family of randomised
algorithms for balancing exploration-and-exploitation in sequential decision making. The
premise of the approach is that an ensemble of perturbed models of the value of the available
decisions (actions, arms) is maintained, and the decision taken at each step of intersection is
that which is optimal with respect to a randomly selected ensemble element (model).

Ensemble sampling can be seen as an approximation to the classic Thompson sampling
algorithm (Thompson, 1933), also known as posterior sampling. Whereas Thompson
sampling maintains a posterior distribution over models, and samples a new model from this
distribution at each step, ensemble sampling can be thought to approximate this distribution
with a finite, unweighted ensemble, which is updated incrementally—and in randomly
selecting a model from this ensemble, ensemble sampling can be thought of as Thompson
sampling that periodically reuses previously sampled models.

The advantage of ensemble sampling over Thompson sampling whenever incrementally
updating the ensemble is cheap, but computing a posterior distribution and sampling
from it is expensive. A classic example of this setting is in deep reinforcement learning,
where the models—neural networks—are large, but trained incrementally. Here, ensemble
sampling is used directly under the names of Bootstrapped DQN (Osband et al., 2016) and
Ensemble+ (Osband et al., 2018), and as part of other reinforcement learning algorithms
(say, in Dimakopoulou and Van Roy, 2018; Curi et al., 2020). Ensemble sampling has also
been applied to online recommendation (Lu et al., 2018; Hao et al., 2020; Zhu and Van Roy,
2021), in behavioural sciences (Eckles and Kaptein, 2019) and marketing (Yang et al., 2020).

However, despite the practicality and seemingly simple nature of the ensemble sampling
algorithm, we have no theoretical explanation for its performance. Here, the issue is that
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the dependencies introduced by reusing models between time steps significantly complicate
the analysis. Indeed, Qin et al. (2022) state that:

A lot of work has attempted to analyze ensemble sampling, but none of them has
been successful.

Our contribution is the first successful analysis of ensemble sampling. Our analysis
follows broadly that of Thompson sampling given by Abeille and Lazaric (2017), but does
not recover quite the same regret bound. We leave eliminating the slack (or showing that it
cannot be done) for future work. While a little technical in places, our analysis is conceptually
simple, and can, with a bit of effort, be extended beyond the linear setting. In particular,
immediate extensions include generalised linear bandits (Filippi et al., 2010), kernelised
bandits/Gaussian-process-based Bayesian optimisation (Srinivas et al., 2010), and deep
learning—with the latter via the usual neural tangent kernel approach (Jacot et al., 2018).

2 Problem setting, formalism and notation

We now introduce, in turn, some general notation, the linear stochastic bandit setting that
we consider, the relevant ridge regression estimates and their properties, and the probabilistic
formalism which we shall adopt—the last of these is particularly important, for much of the
difficulty in analysing ensemble sampling lies in having to work with conditional expectations.

General notation We denote by NT the set of positive natural numbers and for m € N*,
we write [m] = {1,...,m}. For a vectors v,u in R’, we denote by |lv||2 the canonical
Euclidean norm of v and by (v, u) the canonical Euclidean inner product between v and w.
B denotes the closed canonical Euclidean unit ball in RY. I, denotes the identity matrix in
R and 0, zero element of R. For a matrix M € R*** ||M|| denotes its operator norm
from (R*, || - ||l2) to (R, || - ||l2); whenever k = £ and M is positive definite, ||v||as denotes the
M-weighted canonical Euclidean norm, given by |v||3; = (v, Mv). For positive semidefinite
matrices A, B of matching dimensions, A < B denotes the usual semidefinite order.

Problem setting We consider the standard stochastic linear bandit setting. At each step
t € [T7], for a horizon length T' € N, a learner selects an action X; from an arm set X, a
closed subset of the d-dimensional Euclidean unit ball Bg, and receives a random reward
Y; € R of the form

Yy = (Xy,0%) + Zy, (1)

where 0% € B is an unknown weight vector and Z; is a zero-mean 1-sub-Gaussian random
variable independent on the past (see ‘probabilistic formalism’ for definition). The aim of
the learner is to minimise its regret over the horizon, the quantity

T
R(T) = — *
(T) =max ) (- X6, (2)
t=1
while ours will be to show a high probability bound on R(T") that holds uniformly over
0* € B‘Qi when the learner uses the ensemble sampling algorithm, detailed shortly.
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Ridge regression Algorithms we consider will estimate 6* using ridge regression. For a
regularisation parameter A > 0, ridge regression gives the estimate

t ¢
0=V, 'Y XY, where Vi=Vp+ ) X;X] and Vp=AI (3)
=1 =1
and where we take 6y = 0. Importantly, the ridge regression gives a good estimator for

0*, in that under our assumptions, for any § > 0, with probability 1 — ¢, for all + € N,
0* € C¢(0), where

C0) = b+ BV, PBY with By = VA + \[210g(1/6) + log(det(Vi)/\).  (4)

The above confidence sets were introduced to the bandit literature by Abbasi-Yadkori et al.
(2011), and their construction relies on the method of Pena et al. (2009) and de la Pena
et al. (2004) (see Chapter 20 of Lattimore and Szepesvari (2020) for an overview of this
construction and result). We will make generous use of the related map

Vi) = 0, + BtV;_l/Qu for weR? observing in particular that v(BS) = Ci(d). (5)

Probabilistic formalism We let (Q, F, (F;)ien, P) be a complete filtered probability
space. We assume the following measurability:

We take each F; such that Xy, Y; are Fi;-measurable—this makes V;, 5; and
0; likewise Fi-measurable. Each F; will shortly be expanded to contain the
randomisation used by the algorithms.

We will use the shorthands E; = E[- | 73] and P(A) = E;1[A] for A € F, where 1[A] denotes
the characteristic function of A, with inequalities of random variables here and henceforth
understood to hold in an almost sure sense.

For an index set I of the form {t € N: i > ¢y} for some ¢ty € N, we say a random
sequence (&;)ier is adapted if each & is Fi-measurable. For adapted real-valued sequence
(&)ien+ and non-negative adapted sequence (0¢)ien, we say that each &1 is Fy-conditionally
o¢-sub-Gaussian if, for each t € N,

Es exp(séii1) < exp(s?0?/2) holds for all s € R. (6)

If for some constant ¢ > 0, the above holds unconditionally (that is, with E in place of E;)
with o, = ¢ for all t € N, we say that each & is c-subGaussian.

Finally, for a suitable set A, we write U(A) for the uniform probability measure on A.
For m € NT, we write Z1,...,5,, ~ U(A)®™ to denote that =1,...,Z,, are independent
random variables each with law U(A).

3 Thompson and ensemble sampling algorithms

We now outline versions of Thompson sampling and ensemble sampling for the linear bandit
problem. Our exposition is designed to draw out the similarities of the two methods,
and sacrifices generality for simplicity. For a well-rounded and motivated introduction, see
Chapter 36 of Lattimore and Szepesvari (2020) and, in particular, the notes and bibliographic
remarks therein. Likewise, for introductions to ensemble sampling, see Lu and Van Roy
(2017) and Osband et al. (2019), with the latter in the context of reinforcement learning.
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3.1 Thompson sampling

Our linear Thompson sampling algorithm, presented in Algorithm 1, is extremely simple: at
each step t € [T}, it picks an arm X; that is optimal according to an estimate 6, sampled
uniformly on ¢;_1(VdB$) = v/dC;_1(6), a v/d-inflation of the ridge regression confidence set
(with ;1 as defined in Eq. (5)). Here, we treat the confidence parameter 6 € (0, 1] as fixed
implicitly.

Algorithm 1 Linear Thompson sampling
for t € N* do
Sample U; ~ U(\/&Bg) and compute 6, = 1,1 (Uy)
Compute some X; € argmax,y(z, 6;), play arm X; and receive reward Y;

The algorithm works by balancing exploitation and exploration. The perturbed models
0; are not too far from the estimate ét,l, no more than v/d-times the confidence width. Yet
this inflation of v/d allows Thompson sampling to explore sufficiently, and in particular, to
occasionally try models that are optimistic for the true parameter 6y, in that their predicted
value is higher than the true value of the optimal arm. These two properties are vital to the
usual regret guarantees for Thompson sampling, as established by Agrawal and Goyal (2012,
2013) and Abeille and Lazaric (2017).

Remark 1. Our use of the uniform distribution to generate perturbed parameters is purely
for the sake of a clean exposition. After all, the usual analysis for the Gaussian (or sub-
Gaussian) case begins by restricting to a high-probability event where each 0y lands within
some scaled version of the corresponding v/dCy(8) (as in Abeille and Lazaric, 2017).

We call the sequence of uniform random variables Uy, Us, ... the random noises used by
Thompson sampling. For the purposes of our analysis, we will assume the following:

The sequence Uy, Us, ... is adapted, and each element of this sequence has been
sampled independently before any interaction begins.

3.2 Ensemble sampling

We begin with a little formalism around the random quantities that feature in the upcoming
Algorithm 2, ensemble sampling;:

Our ensemble sampling algorithm uses at each step ¢t € N* the random variables
Utl, ..o, U™ and &, Ji. We take each F; to be such that these are Fi-measurable,
and assume that all these random variables for all t € NT are sampled indepen-
dently of one another before any interaction begins.

With that in place, let us examine Algorithm 2. The algorithm is a lot simpler than it
might seem. In particular, observe that if we fit a ridge regression estimate on the fake data
(X1,U7), ..., (X;_1,U}_)), we get the estimate 6/ , = V,”18/ . We fit m such estimates
on the m independent streams of targets (UtJ 1t € NT) je[m]> and select X; as optimal with

respect to ~
Or = 0r_1 + ro&iB" .
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That is to say, ensemble sampling acts optimally with respect to the estimate 01 perturbed
additively by roﬁté;]il, which is the parameter of one of the m-many ensemble elements,
chosen uniformly at random (by the index J; € [m]), symmetrised (by & € {—1,1}) and
rescaled (by rg > 0), where each ensemble element is, effectively, a random estimate of 0g4.

Algorithm 2 Linear ensemble sampling

Input noise scale rg > 0, ensemble size m € N+ A

Sample (X3) jem) ~ U(VdSI™1)®™ and let S = AX] for each j € [m]

for t € N* do
Sample (&, J;) ~ U({E1} x [m]) and let 8, = b1 (ro&V,_/2S/%))
Compute some X; € argmax,cy(z,6;), play arm X; and observe reward Y;
Sample (Utj)je[m] ~U([-1,1)®™ and let S/ = Si;l + XU/ for each j € [m]

The reader may well suspect that the random variables roglvgl/ 2567 L 7“052‘/171/ 2Si] 2.
will serve the same function as the noises Uy, Us, ... used within Thompson sampling.
Indeed, our approach will be to show a regret bound for randomised algorithms where each
0, = Y—1(E;) for any sequence of noises =1, Zo, ... that satisfy certain properties, and then
show that those used by Thompson sampling and ensemble sampling do just that.

First, however, a couple remarks.

Remark 2. The random sequence of targets used to fit the ensembles in our ensemble
sampling algorithm is based on uniform random variables, as opposed to Gaussian random
variables, as in the prior literature. Like in the case of Thompson sampling (see Remark 1),
this serves only to simplify the proof. In this case, the simplification is quite significant. In
the upcoming Remark 13, we point out where this specific form of the targets was used, and
sketch how to make our proof go through with suitable sub-Gaussian targets.

Remark 3. The symmetrisation of the noises by the Rademacher random variables &1, &, . . .
does not feature within the previous formulations of ensemble sampling. This symmetrisation
again makes the proof much more convenient—we point out in Remark 10 where and how
it is used. While the result almost certainly goes through without this symmetrisation, the
proof would become significantly more complex. We will not attempt it.

Remark 4. In the linear setting, ensemble sampling is less computationally efficient than
Thompson sampling: incrementally updating the m + 1 ridge regression estimators, for the
m that our upcoming regret analysis necessities (and which is likely not improvable) is more
expensive than producing a single sample from the posterior of, say, a conjugate Gaussian
linear model—the classic instantiation of Thompson sampling. Obtaining a posterior sample
directly, however, uses d*> memory, whereas ensemble sampling requires only order d memory.
Memory cost may be of particular importance when the linear model is the linearisation of
a neural network, as it often is in the literature (Antordn et al., 2022; Ash et al., 2022;
Mackay, 1992), where a d> memory requirement is simply prohibitive. Either way, this is
only an aside from the perspective of this work: our aim is a regret bound; we leave the
relative advantages of the methods for others to settle.
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4 A general regret bound for optimistic randomised algorithms

Our analysis of ensemble sampling—and randomised algorithms more generally—will rely
on the usual principle of optimism. To make this precise, consider some fixed instance
parameters % € R%. Then, writing J(6) = max,cx(z,0), we call

Q%PT = {9 c R: J(0) > J(6%)} (7)

the set of parameters optimistic for 6*. With this in place, our regret bound, a generalisation
of that given for Thompson sampling by Abeille and Lazaric (2017), follows.

Theorem 1. Fiz T € Nt U {+o0} and § € (0,1]. Suppose Xi,...,Xr are such that for
each t € [T,
X € argmax,c y(z,0;) (8)

for some adapted sequence (0;)ien. Let (by)ien be an adapted non-negative sequence and let

O; = ¢ (byBY)  for each teN. 9)
Suppose that
T
E=({0".6:€©, 1} satisfies P(E)>1-0. (10)
t=1
Also, let
pi—1 =P(0; € 0°’Tne, | Fi_1) for each te& NT. (11)

Then, the probability that there exists a T € [T] such that

R(7) > 2v/2max bisig | \/dT log (1 + l) NGk log <W> (12)

i€[r] Pi—1 d\ A 1)

does not exceed 26.

We defer the proof of Theorem 1 to Appendix A.

Evidently, the key to establishing a regret bound for a randomised algorithm using the
above theorem is to control the ratios by/po, - ..,br—1/pr—1. As a warm-up for our analysis
of ensemble sampling, we now briefly state and prove such a bound for Thompson sampling.

Claim 2. For Algorithm 1, Thompson sampling,

b—
21 < 16V3dr  for all te N, (13)
Pt—1
Corollary 1. Fiz 6 € (0,1]. A learner using Algorithm 1, Thompson sampling, incurs regret
that is, with probability 1 — 9, bounded as

R(T):O(\/g(dlogT—l—\/dlongog1/5+log1/5)ﬁ) for all 7€ NT.

Remark 5. The above corollary recovers the same regret bound for linear Thompson sampling
as established in Agrawal and Goyal (2013) and Abeille and Lazaric (2017). It might look
tighter in terms of the logarithmic T factors—that is as we present it for uniform rather than
Gaussian noises, which yield a tighter result.



ENSEMBLE SAMPLING FOR LINEAR BANDITS

To prove the aforementioned claim, we will need the following technical lemma, given as
proposition 5 in Abeille and Lazaric (2017) (we provide a much cleaner proof in Appendix B).

Lemma 3. Fizt € N. Then, for any measure Q over R? and b > 0,

QO N (bBY)) = inf  Q(u(Hy NbB3)), (14)

where H, denotes the closed halfspace {v € R%: (v,u) > 1}.

Proof of Claim 2 Since each U; is in \/33‘21, taking b;_1 = V/d for all t € N1, leads to
0; € ©;_1 almost surely for all t € NT. Also, since by > 1, C;_1 C ©;_ for each t € N, and
thus £ holds with the prescribed probability. Now apply Lemma 3 with Q(A) = P;_1(6; € A),
and note that the right hand side of the inequality therein is the probability that U; is within
a spherical cap of the form H, N \/&Bg for some u € S9!, By the rotational invariance of
U, we may consider just v = 1. This probability is then just the ratio of the volume of this
spherical cap to the volume of the the ball \/ng. A simple geometric argument shows that
this is lower bounded by 1/(16+/37), independently of d. |

We thus have a generic way of obtaining high probability regret bounds for randomised
algorithms that recovers the usual result for Thompson sampling. What has changed from
the result of Abeille and Lazaric (2017)7

1. We removed the assumption that the distribution of each 6, is absolutely continuous
with respect to the Lebesgue measure.

2. We allow the probabilities of optimism pg,p1,... to be an adapted sequence of random
variables, rather than asking for the probability of optimism to be lower bounded by
some fixed real number p € (0, 1], with high probability, a priori.

The above two changes are vital for ensemble sampling, where the distribution of 6,
conditioned on JF;_1, is finitely supported, and where we have to deal with dependencies
between time-steps. While at it, we also made the result anytime—recall that the regret
bound for Thompson sampling in Corollary 1 holds uniformly over 7 € N*.

5 Analysis of ensemble sampling
Our advertised result is captured by the following claim and its corollary.

Claim 4. Fiz 0 € (0,1]. Take ro = 7, A > 5 and m > 400log(2NT/é) for N =
(134y/1 4+ T/\)L. Then, for Algorithm 2, linear ensemble sampling, we have that
by
=L < 20v2m??  for all t € [T). (15)
Pi—1
Corollary 2. Fiz § € (0,1] and T € N*. Take ro =7, A > 5 and m = O(dlogT/d). Then
the regret incurred by a learner using Algorithm 2 with those parameters is, with probability
at least 1 — 6§, bounded as

R(T):O((dlogT/5)3/2(dlogT+\/dlongogl/é—klogl/é)ﬁ) forall T€[T].
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With regard to the assumptions within the above result, we have the following remarks:
Remark 6. It suffices that A > 1, but then terms dependent on \ appear, exploding as A | 1.

Remark 7. Our ensemble sampling algorithm requires the ensemble size m to be fized in
advance, and as m depends (logarithmically) on the horizon T, the method only provides
guarantees for a fixed, finite horizon T, and its regret has direct dependence on T'. One
could envisage online schemes for constructing new ensemble elements as needed—this would,
however, likely require us to store past observations, and the method would no longer be a
streaming algorithm.

Recall also Remarks 2 and 3 regarding the relationship between our ensemble sampling
algorithm and that of, say, Lu et al. (2018) and Qin et al. (2022). The following two remarks
compare our result to the aforementioned prior work.

Remark 8. The seminal work of Lu and Van Roy (2017) makes strong claims on the
frequentist regret of linear ensemble sampling. Their argument is, however, flawed.*

Remark 9. The only correct result on the regret of linear ensemble sampling is by Qin et al.
(2022), where for a d dimensional linear bandit with an arm set X of cardinality K, they
bound the Bayesian regret incurred as

K log(T
BR(T) < \/dTlogK—kT\/M(d/\logK),
m

where Bayesian regret here denotes that averaged over 6, ~ N (0,1;). Observe that this bound
necessities an ensemble size linear in T' in order to recover Bayesian regret that scales as /T
(up to constant and polylogarithmic factors), which largely defeats the purpose of ensemble
sampling. Furthermore, the ensemble size m needs to scale linearly with K to get a log K
overall dependence on K. If we want to tackle a bandit with X = Bg, order e~ Y-many arms
would be needed to discretise it, and so an ensemble size m exponential in d.

In light of the above remarks, our result is the only result for ensemble sampling that
justifies its effectiveness.

5.1 Proof of Claim 4

To establish 4, we need to, for each ¢t € [T], control properties of the F;_j-conditional
distributions of roftVt:ll/ QStle. Observe that this is a uniform distribution supported on

Sio1 = {iro‘/;j/zstl—b ey irOV;tillmstw—Ll} ;

a set of 2m-many elements. What we will show is that there exists a high probability event on
which, at every ¢t € [T], there exists at least one w € S;_1 such that §; = 1)1 (w) is optimistic
for 6,, yielding that p;—1 > 1/(2m), and that the set S;—1 is not too large—specifically, that
for all u € S;—1, ||w]| is on the order of \/m, and thus that b;_; on the order of y/m suffices.

1. As confirmed by the authors.
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To formalise this argument, let I'g,I'1,... be the sequence of positive definite matrices
in R>™ with columns I'} = Vt_l/ 25{ , j € [m]. Consider the smallest and largest singular
values of each I';. These are

(NI

m
sa(ly) = min [ITulo = min (Z (T}, u) ) and s1(T) = [|T7 || = max [T ul,
j=1

and are bounded as follows:

Theorem 5. For A > 5, m > 400log(3 4+ T) vV 1750d, N = (134\/1 + T/\)* and 7o = 7,

P (Vt € [T], v/m < sq(roli—1) < s1(rol's—1) < 10y/m) > 1 — NTe 0. (16)

Theorem 5 will be proven after Claim 4.
Proof of Claim 4 Observe that our choice of m satisfies m > 400log(3 + T) V 1750d and,
writing &’ for the event of Theorem 5, yields P(E') > 1 — §/2. Let £* denote the event that
{Vt > 0,0* € C;}. Then, choosing (5;)ien with 6/2 in place of §, P(£*) > 1 — /2. Thus
P(E'NE*) >1—4. Now, since on &',

[70& 7% ||l < max;||rol7_,|la < s1(role—1) < 10y/m, Vit € [T, (17)

taking b;_1 = 10y/m for all t € NT, we have that for the event £ of Theorem 1, &' NE* C &,
and so P(£) > 1 — §. Therefore, we can apply Theorem 1.

It remains to lower bound py,...,pr—1. Using Lemma 3 with Q(A4) = P;_1(6; € A), we
have that for all t+ € NT

Pi—1 > Elglfi Pr1 (V-1 (ro&T)" ) € i1 (Hy Nby—1BY))

= inf ]P)t 1(’/“0& IEH N bi_ 132)
ueSa—

Now, since we assumed &’ holds, for all ¢ € [T], we have the bound

2 m

S(Tort_l) . 1 ; 2
1< 2l — roll_, < min max{rel%_-, . 18
s ug}gl;}lm§<0t71> u65d1j<0t1> (18)

j=1
Thus, for any u € S9! there exists a pair (s, j) € {£1}x[m] such that rosfg_l € H,Nb_1B9,
and therefore

inf P;_1(ro& T, € HyNb_1BY) = inf iZwsrﬂ‘ e H,Nb Bd]>i

uegi-1 t—1\"70St t 1 t—1D2 wesi—1 2m . 05141 u t—1D2] = om ’
87]

where the summation runs over all (s,j) € {£1} x [m].

This establishes the claim (with the V2 factor present in the claimed ratio there to
account for using 0/2 in place of ¢ in the definition of each ;). [
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Remark 10 (On symmetrisation). In proving Claim 4, we use the symmetrisation by the
Rademacher random wvariable & in order to move from statements on minimum singular
values, which are used to show the existence of at least one rof‘t 1 in a given symmetrised
half-space H, U H_,, to the probability that ro&I'}_, is in either of the half spaces, Hy or
H_,. Else, for any u, Eq. (18), the middle sum would need to consider only the I | such
that (I'_,,u) > 0, breaking the correspondence with the minimum singular value oq(T'¢—1).

Remark 11 (Can we improve the bound?). Our argument is that, for any u € Sa=1 e
lower bound the mazimum max;(rol'J_,,u)* by the average - > {rol_y, u)?, which we
show exceeds 1. Lower bounding the mazimum gets us the 1/(2m) lower bound for p;_1,
by showing the existence of at least one element of S;—1 in Hy. To lower bound pi—1 by a
constant, we would want to show that a constant proportion of the elements of S¢—1 lies in
H,, or, equivalently, lower bound the ym-order statistic of (rol'}_i,u)?, ..., (rol'™ 1, u)? for
some constant v € (0,1). While order statistics are relatively well-studied for independent
random variables (see, for example, Litvak and Tikhomirov (2018) and Gordon et al. (2012)
and the references therein), order statistics of singular values corresponding to sequences of
random matrices with the kind of dependencies inherent to our problem are virgin territory.

5.2 Proving Theorem 5, bound on singular values

Theorem 5 for ¢ = 0 follows by classical results on sub-Gaussian matrices with independent
rows. Indeed, we show the following in Appendix D.

Lemma 6. Whenever m > 1750d, P (3/m < s4(To) < s1(T9) < 3y/m) > 1 — e300,

To extend the result to ¢ > 0, we will consider the processes R’ (u) and R(u) defined for
u € R¢ by
(u, 57)*
lull?,

Note that for v = V1/2u # 0 one has R (u) = (v, )2 /HUH2 Since V; is positive-definite
(and hence a bijection) we observe the following relations.

R} (u) =

and  Ry(u Z R (u (19)

Claim 7. For allt >0, j <m,

sup Ri(u) = sup (20)

172 , T2 2
v, t2> = HF%HQ and inf Ry(u) = inf T wl” _ sa(Te)
u#0 v#£0 ” H u#0

w20 mllu||2 T m

With that, Theorem 5 will follow from the following bounds on R;(u) for a fixed u € S9!,
together with a covering argument.

Lemma 8. Fiz u € 8% and X\ > 5. Suppose that % < Ro(u) < % and that m >
4001log(3 + 2T)). Then,

9 5 _m

The above lemma will be proven after Theorem 5. We will, of course, need the following
well known bound on epsilon-nets (see, for example, Lemma 4.10 in (Pisier, 1999)).

10
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Lemma 9. For all § in (0,1], there exists an §-net N of S4=1 with [N < (1 + %)d.

Proof of Theorem 5 For some 6 € (0,1), the value of which shall be determined shortly,
let N5 be a d-net of S¢~1. Consider the event of Lemma 6: on that event, and with
m > 4001log(3 + T) Vv 1750d, the conditions of Lemma 8 are satisfied for all u € S9!, Let

&z{wGN@WGWL£Og&@§§}. (22)

By a union bound over the aforementioned events, P(E5) > 1 — (|Ns| 4+ 1)Te~ 6. We will
now use a covering argument to show that for ¢ sufficiently small, &5 is a subset of the event
given in the theorem.

For this, note that for every u # 0 and z = th/ 2u,

1o o 1 & (2, TH2 |ITez)?
Ri(u)=—) R} =— —L = 23
t(u) m; t m Z HZH2 mHZH27 ( )

j=1
and that for all non-negative a,b, A, B with b > a > 0,

A2 B? A%(V? — a?) + (A? — B?)a? - 2A? |b— al N |A— B|(A+ B)

a2 b2 a2b2 = a2 b b2

2 2 (24)

Let uw € S ' v € N be such that |u —v|| < § and 2z = th/gu, w = 1/;1/21). Denote

A = ||T'vz||, B = |[Tw||, a = ||z]|, b = ||w]|. Assume without loss of generality that b > a.
Since v € S9!, b > v/X. Then,

A2|b—a| _ 2|T)?|z — 12
N Y T A o5)
b VA VA
and likewise 12
A—-B|(A+ B 2[|T¢||||IT¢ (2 — v,
A= BIA+B) _ 2N =l oy oIV 26)
b VA VA
and so we choose 6 = ﬁ/(l?)QHth/?H), such that
AT 2V 5 T2
R - R < 0 < . 27
Riw) ~ Bu(w)] < S e < (27)
Then by Claim 7, on &, for our choice of 4,
2 _ T g _ 99
IT4]12 = msup Ri(u) < m sup Re(u) + andso T2 < om,  (28)
u#0 vENs o1 32
and so, by the same argument, on &, we have that
2 : T 11
;) > f — > 2
salle) 2 m inf Rolu) = Toa= = 45 (29)
Now examine the event in the statement of the theorem: clearly, & is contained within.
And since ||Vi]| < t+ A, by Lemma 9, |Ns|+1 < N. |

11
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5.3 Proof of Lemma 8

Finally, we prove Lemma 8. We will need the following de la Pena-type concentration result,
established in Appendix C.

Lemma 10. Let (A¢)ien+ be an adapted real-valued sequence and (o¢)ien an nonnegative,
adapted sequence. Suppose that for some fized m > 0, each Ayq is Fy-conditionally oy/v/m-
sub-Gaussian. Then, for any n € NT, and all a« > 0 satisfying o>m > 2log (1 +>0, 02-2),

> A > a(Za?—i—l)} < emo'm/4, (30)
=1 =1

Since we now consider a fixed u € S9!, we will write R} := RJ(u) and R, := Ry(u). Let

IP’{HT € [n]:

Dy =ERyy1 — Ry and Wiy = Ryp1 — EyRy (31)
be respectively the drift and the noise of the process (R;):en. Also let

Qi = (u, Xept)Y/ullly,, and o = 2Q% + QiRy. (32)
In Appendix E, we verify that the above defined quantities satisfy the following claims:
Claim 11. D, = (2 — R,)Q for all t € N.
Claim 12. Fach Wiy is conditionally o¢-subGaussian.

Claim 13. For any 0 <71 <t <T, we have that

¢ t
Yo +1<3+ > QiR;, (33)
=T i=T
and if, furthermore, Ry < 2, we also have the bound
¢
D ol +1<(3+27)% (34)
=T

Proof of Lemma 8 Let (7,¢) be a pair of time-steps satisfying 0 < 7 < ¢t < T. By
Lemma 10, Claim 12 and Claim 13, for any o > 0 such that a?m > 4log(3 + T'), the event

t
E Wi
=T

Now, we decompose R:y1 as

£(a) = {Elt >

¢
> a(3 + Z Qsz> } satisfies P(E-(a)) < e™ ™/ (35)

Rip1 = Rip1 —E Ry +Ee Ry — Ry + By = Wipr + Dy + Ry, (36)

which unrolled back to 7, together with Claim 11, gives
¢ t /o
Rit1 = ; Wi + ; <3 — Ri) Qi+ R;. (37)

12
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Observe from the above that Ry, R1,... is a process that drifts towards %, with the strength
of the drift proportional to the current level of deviation. We will now argue that, if R,
drifts sufficiently far from 2, the drift will overwhelm the effect of the noises (Wii1).

Lower bound. Let 0 < 7 < s < T be such that R, > % > Ryyq forallt € {r,...,s} and
s is maximal (since we have assumed Ry > %, if no such 7 exists, we are done). Then, for
any t € {r,...,s}, if the complement of £ () holds for some o < 1/10, then

t
Ria> Y ((1 )R g) Qi+ (1= (1 +0)Q)Re + 2Q; — 30

1=7+1

>
> 1000 3%

where we used that ((1—a)R; —1)Q; > 0foralli € {7+1,...,t} for our choice of @ and that
Qr < % < % The lower bound thus holds on the complement of £(1/10)U---U&p_1(1/10),
the probability of which is no less than 1 — T'e™ 700.

Upper bound. The upper bound follows near-verbatim, taking 7 with R, < % < R;y. 1

Remark 12. The lower bound of Lemma 8 was, of course, the difficult direction. Indeed,
the upper bound follows rather easily from standard bounds, say Theorem 20.4 in Lattimore
and Szepesvdri (2020)—the same de la Pena-style result used to establish the confidence sets
used here for ridge regression.

Remark 13 (On the use of uniform noise). The proof of Lemma 8 was where we used that
the targets (U}) are uniform—or, in particular, that they are bounded random variables—for
each Wiy1 features (Utj)2 terms, and might otherwise be only sub-exponential. Of course,
in that case, we would simply use a truncation argument: pick some truncation level a > 0,
set Wi, 1 = Wiy1 Aa for each t € NT and work with the process given by the recursion

ti1 = W/ + Di+ Ri. Then, Ry > R} for allt € N, and the truncated noises (W[, ) are
once again sub-Gaussian, so our approach to lower bounding R; would also work for Rj.
We would then establish the upper bound as in Remark 12, observing that the resulted cited
therein does mot require the targets to be bounded.

6 Discussion

We showed that linear ensemble sampling genuinely works. Per Remark 9 and Remark 8,
ours is the first theoretical result for linear ensemble sampling to carry any real weight.
As discussed in Remarks 2, 3, 10 and 13, while the algorithm we study varies from that
presented in Lu et al. (2018) and Qin et al. (2022), the differences are largely cosmetic.
Our result might not be tight. We discuss why in Remark 11—in short, getting a tighter
regret bound, if possible, might not be easy. Improving the regret bound presented here
for ensemble sampling might first require developing a better understanding of Thompson
sampling itself. We also do not envisage the size of the ensemble m being improvable by
more than absolute constants. On a more positive note, there should be little challenge in
extending our result to the usual non-linear settings: generalised linear models, kernels, and
neural networks, via the neural tangent kernel.

13
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Appendix A. Proof of regret bound

We will use the following concentration inequality, a simple consequence of Exercise 20.8
in Lattimore and Szepesvari (2020) and Hoeffding’s lemma (Lemma 2.2, Boucheron et al.
(2013)).

Lemma 14. Fiz 0 < 0 < 1. Let (&);en+ be a real-valued martingale difference sequence
satisfying |&| < ¢ almost surely for each t € N* and some ¢ > 0. Then,

(Z §t> > 2¢%(1 + 1) log (ngﬂ) < 4. (39)

We will also need the following classic result (Lemma 19.4 in Lattimore and Szepesvari

(2020)).

Lemma 15 (Elliptical potential lemma). Let (7;)cn+ be a sequence of vectors in BY, let
Vo = Al for some A >0 and V; =V + 22:1 xza:;r for each t € NT. Then, for all T € NT,

T ) T
< — .
;é;[xtuw—i__2d10g<1-+ Ad) (40)

Claim 16. For anyt € N*, X, is a subgradient of J at 6;.

Proof Fix t € N*. For any 6 € R,

J(Gt) + <Xt,(9 - 9t> = <Xt76t> + <Xt, 0 — 6t> = <Xt, 0) < max(x,0> = J(G), (41)

TeEX

which is the defining inequality for a subgradient. |

Proof of regret bound, Theorem 1 For any 7 € [T], the regret is split into two parts,
which we will control separately:

R(r) = _(J(6) — J(6)) +Z — (X, 07)). (42)
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Fix an index t € [T] and consider J(60;) — (X;, 0*). We have that, on &,
J(00) = (X, 07) = (X4, 00 — 07) < ([ Xelly—1 162 = 0" [lviey < yeall Xelly -1 (43)

where the first inequality is by Cauchy-Schwartz and second uses that on £, we have
0:,0* € ©;_1, and the definition of v;_1.

Now consider J(6*) — J(6;), again for a fixed index ¢ € [T]. Let 6~ be a minimiser J
over O;_1 (which is well defined, since J is continuous and ©;_; closed) and let 6T be any
element of @°FT. Then, on &, since 0*,6; € ©,_1,

J(O%) — J(0;) < J(O0F) = JO) < JO) —J(07). (44)

Moreover, likewise for any probability measure Q over ©°FT we have

267 - 300 < [ I67) - 67) a6, (45)
Writing @OPT O9PT N ©,_;, we choose Q = Q;_; for the integral above given by
Oy = {P(Qt €-NOeLYT | Fi1)/pi-1, pi—1>0; (46)
any arbitrary probability measure, otherwise.
Then, by definition of ();—1 and since #~ is F;_i-measurable, we get
J(0%) = J(6:) < Eo[(J(0:) — J(07)1[6: € O] | Fer]/pr-1, (47)

where for p;—1 = 0 we take the upper bound to be positive infinity. Observing that X; is a
subgradient of J at #; (Claim 16 and Eq. (41)) and applying Cauchy-Schwartz, we have that

J(0r) = J(07) < (Xi, 00 = 07) < || Xelly -1 1|67 = Orllv;s, (48)
Moreover, recalling that #~ € ©;_1, that @?,PIT C ©4_1 and by definition of v;_1,
167 = Oellv,_, 1[6: € O] < yu-1. (49)

So, since ~;—1 is, by assumption, F;_i-measurable,

E[((60) — 707116 € O] | Fial ooy < N E(I Xl | Aol (50)
Chaining the above inequalities and writing A; = ]E[HXtHVt:ll | Fioi] — HXtHVt_fl’ we have
TO) = 70) < TEXillyy | Fer] = 7 (Xl +A) (51)
bt— Pt—

Combining Egs. (43) and (51) with the regret decomposition in Eq. (42), for any 7 € [T7,

R <Y (oo + 22 1l + 220 ) < a2 <2Z Xl +2At> .

t—1 Pi-1 =1
(52)
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Now, by Cauchy-Schwartz and the elliptical potential lemma (Lemma 15), for any 7 € NT,

1
T T 2
-
; 1Xilly < <T; ”Xt”2;11> < \/27-d10g (1+5)- (53)

To deal with the second sum, observe that since for all t € NT, V,_; = M and X, € Bg,

HX,fHQt_j1 = (X, VLX) < |1 Xe3/A < 1/X andso  |A¢ <2/VA forallt € NT. (54)

Also, observe that (A);ey is a martingale. Thus, we can apply Lemma 14 with ¢ = 2/V/),

obtaining
u 2 1 VAT/N + 1
Pl3reNt: ) A >2 (T; )log< T/5 +> <. (55)
t=1

Combined with Eq. (52), the bounds on the two sums, Eq. (53) and Eq. (55), together with
a union bound, yield the claim. |

Appendix B. Generic optimism with elliptical confidence sets

Lemma 17. Let F : R — R be a convex function and let u be its mazimizer over the unit
ball. Then, for any v € H, = {v € RY: (v,u) > 1}, we have F(v) > F(u).

Proof For any v € R? with (v,u) > 1, the ray from v to u enters the interior of the unit
ball. Hence, for any such v, there exists a z € B and a € (0,1) such that u = az + (1 — a)v.
By convexity and maximality,

Flu)=F(az+ (1—a)v) <aF(z)+ (1 —a)F(v) < aF(u) 4+ (1 — a)F(v). (56)

Hence F(u) < F(v). Since any finite convex function on an open set is continuous, the result
holds for any v € H,,. |

Proof of Lemma 3 Write F' = Jo1)y; since J is convex and v/ is affine, F' is convex. Let u™
be the maximiser of F' over B¢ and note that since BY is strictly convex, u™ € 9B§ = S9~1.
By assumption, 6* € v;(Bg), and so J(6*) < F(u"). By Lemma 17, F(u") < F(u') for any
u' € Hyy. Thus ¢ (H,+) C ©°FT. Moreover, by assumption, ©; C 9;(b;BS). These two
inclusions yield

O%PT MO, D Yr(Hys ) Nthy(b:BY) D thy(Hyv NbeBY). (57)
Thus, for any measure Q on R,

QO N©1) > QU(Hys NBBE)) > il Q(un(Hu N b BY)). .

ueSd-1
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Appendix C. Concentration result

Lemma 10 is effectively a corollary to the following de la Pena-type concentration result.

Lemma 18. Let (H;)ien be a filtration and ((As, B;));cn+ be pairs of random variables such
that each A; is H;_1-conditionally B;-subGaussian. Then, for any x,y > 0,

T 2 T T
P 3r>0: <ZAZ> > (ZB;—I—y) <x+log (1—!—;23@2)) <e 2 (58)
i=1 =1 =1

Proof of Lemma 10 Consider the right hand side of the event in Eq. (58); choosing
y = 1/m, x = a®*m/2, and substituting B? = 02 /m, it is equal to

(Za +1> <—|—log (14—;0 )) < a? (§a§+1>, (59)

where the inequality follows by assumption on . We conclude by using the simple observa-
tion that for 2 >0, (2 +1) < (2 + 1)2. [ |

The result of Lemma 18 is implied immediately by Theorem 2.1 in de la Pena et al.
(2004), but since a direct proof is brief, we include it.
Proof of Lemma 18 For any s € R, define the random process M (s), Ma(s), ... given by

M,,( —exp< ZA —32/2ZB2> for all n e N*. (60)

Note that (M, (s))sen+ Is a nonnegative supermartingale satisfying EM;(s) < 1. Indeed, for
any n € NT,

EM,(s) = EM,_1(s)E[exp(sA, — s?/2B2) | Hn_1] <EM,_1(s) < ... <EM(s) < 1. (61)

Let My, Ma, ... be the process given by M,, = [ M,dN(0,y) for all n € N*. Then, by Lemma
20.3 of Lattimore and Szepesvari (2020), (]ffn)n@w is again a nonnegative supermartingale.
Evaluating the integral that defines each M,,, we see that

v / y (i, A)° > +
M, = n exp < =t for all n e NT. (62)
Y B +y 23015 BY + )

Applying Ville’s inequality to (M,) (Ville, 1939), we have that

e%/2 > e TT2EN > IP’( sup M, > e“”/z) = P(Hn € N*: log M,, > x/2), (63)

neN+

which, after plugging in the expression for M, and rearranging, is the stated inequality. W
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Appendix D. Proof of initialisation result, Lemma 6
Lemma 6 is an immediate consequence of the following theorem (take 6 = y/m/20).

Theorem 19. Let M € R™*? m > d, be a matriz with rows M;,..., M, distributed
uniformly and independently on /dS?'. Then, for C' = 2(1 ++/3), and for all § > 0,

P{y/m — C(vV3d + 8) < sa(M) < s1(M) < Vm+C(V3d+68)} >1—e . (64)

Claim 20. Fiz x € S, let U ~ U(S9™Y) and U2 = (U, x)%. Then,

v/2
Eexp(s|U§—EU§|)§exp(f v/ > forall 0<s<1/c (65)
—cs

and some v,c > 0 that satisfy v < 2/d* and ¢ < 4/d, and where EU2 = 1/d.

Proof It is known that the thus defined U2 has distribution Beta(3, %) (see, for example,
Theorem 1.5 and the discussion thereafter in Fang, 1990), which has the stated expectation.
We thus need only look up moment generating function bounds for beta random variables.
Skorski (2023) derives such in their proof of their Theorem 1, and our result follows by
substituting in the parameters of our beta distribution, and bounding crudely. |

Proof of Theorem 19 For z € S¢1, consider Z2 = L||Mz|j3 = %Z;n:l(Mj/\/;i, )2

Observe that each Mj/\/g ~ U(S%1). Using Claim 20 and that My, ..., M,, are independent,
we have that, for all 0 < sd/m < 1/c,

i sd s2d*v/(2m
Eexp(s|Z2 —1]) = jl;[lEexp <m|Ux2 — EUf]) <exp (1 — céfl/m>> .
Examining section 2.4 of Boucheron et al. (2013), we see that Z2 — 1 is what would be
termed there sub-gamma with parameters (d?v/m, cd/m) on both tails. Thus, it satisfies
the there-stated Bernstein-type bound for sub-gamma random variables that, combined with
a union bound over the two tails, and the bounds v < 2/d? and ¢ < 4/d from Claim 20,
gives that, for all r > 0,

P(|Z2 — 1| > \/4r/m + 4r/m) < 27"

Now let N be a i—net of 891 By the usual variational representation of norm argument,
Sup,ega-1 |22 — 1] < 2maxgen |22 — 1] (see, e.g., exercise 4.4.3 in Vershynin, 2018). Also, by
our bound on nets from Lemma 9, |NV| < 9¢. Thus, for any > 0, the event

&= { sup |Z%2 1| > 4\/r/m + 8r/m} satisfies P(&) < 2|NM|e™" <exp(3d —r).
zesd-1
(66)
Next, observe that since Z, > 0, we have that |Z2 — 1| > |Z, — 1| V |Z, — 1]. So,

1Z2 =1 > N Zy — 1|+ (1 = N)|Z, — 1]* for all X €[0,1]. (67)
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Using the above inequality with A = /3 — 1 shows that
1Z2 — 1] < 4\/r/m+8r/m = |Z, — 1] <201 +V3)\/r/m. (68)
Therefore, taking /7 = v/3d + 0 gives us that, with probability at least 1 — 6*52,

Vm sup |Z, — 1| < 2(1 4+ V3)(V3d +9).

zeSi—1
Seeing as
vm inf Z, =s4(M) < s1(M)=+/m sup Z,
zeSi—1 regd—1
we have now proven the stated theorem. |

Appendix E. Proofs of claims

Proof of Claim 11 Fix u € S% 1 and note that

(u, 8] + U1 Xi11)? _ {w SH2 + (U] ) (uy Xe1)? + 207, (u, ST) (u, Xet1)
[ [l + (u, Xes1)?

R, = . (69)

Recall that E; = E[- | ], that X;+1 and Sg are Fi-measurable and that Uth is independent
of F;. The latter of these gives E,U/, | = 0 and E,(U7, ,)* = % With that, we have that

<U?Stj>2 + %<uaXt+1>2 <u7 5§>2

E.R), , — Rl = - (70)
Tl (s Xe)? lull?;
3w, Xep1)?|lully, — (u, 1) (u, Xei1)?
- 2 2 2 (71)
ull3, (el + (u, Xe11)?)
_ o (wXen)? 2 (w8 (72)
lullfy + (u, Xer1)2 \ 3 [lullf,
9 .
~o(5-x). (73)
The statement follows by averaging over j € {1,...,m}. [ |

Proof of Claim 12 Subtracting Eq. (70) from Eq. (69) and averaging over j € {1,...,m},
we see that

Qi i 2 2 L~ i i
Wirr = Repr = EeRe = — Z;((Ui—i-l) - g) +— z;UHle‘ (74)

where Hf = (u, Xi41)(u, Szj>/||u”%/z+1 Note that @); and H; are F; measurable and that

UZ-1+1, ..., U, are independent of F; and one another, and their absolute values are bounded
by 1. Thus, examining the two terms in the sum we see that:
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) % > 1((Uf+1) — 2) is F;-conditionally T—sub Gaussian.

Zz L U; +1H is F;-conditionally \/I;%—sub—(}aussian, where

(Ht)Q:_lej %Z (u, Xiv1)?(u, 87)2 %Z<» >_sz (75)
Jj= Jj=1

4
lellv,,, lullf,,,

The result follows by recalling that if the sum of an a-sub-Gaussian random variable and a
b-sub-Gaussian random variable is y/2(a? 4+ b?)-sub-Gaussian. |

The proof of the final claim will require the following simple lemma.

Lemma 21. Let by, ba,... be a sequence of real numbers in [0,1]. Then, for any A > 0 and
n € NT,
- b 2 Y oan+1
Zij] —+2log(A+n—1) and Z( ) < ( —; ) (76)
oA i b A A+ Z A

Proof Let (n: k> 1) be a finite sequence of integers where each ny is the largest integer
such that Y i* b; < k, and we stop if ny = n. Then for some ¢ € N, we have a sequence
0=ng<ni <...<ny=nsuch that forall1§k§€,k—1§2?jlbi§k, and if k£ < £,
then k < Z?:’“IH b;. Hence Z?:’“;;H b; < 2. Therefore, for the first sum,

n

P —

AT > iy bi

1 Ng41 n—1 7Ng41

> e cE Y v

n

k=0 j=n bi k=0 j=nj+1

n—1 NE41 9 n—1 1

< <2 — 42 dz,
e D DR B S et
k=0 j’nk+1

which is in equal to the stated upper bound. For the second sum,

n n—1 7Ng4+1 n—1 Ng41 2
(o) 22( ) > 5 (st

n—1 Nk4+1 n—1 4 4 ) 4
Z bj | = Z 7Syt / 5 da,
k:O A+ k) P ¥ prd A+ k) A 0o (A+x)
which is again equal to the stated upper bound. |

Proof of Claim 13 Noting that since ||u| =1 and A > 5, by Lemma 21,

t = (u, Xi1) L2 17
. < it S tlog(d+T)< —+T 7
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and )
t T-1 T-1
<u7Xi+1>2 5
sz < QZ? = ( - < —-<1. (78)
E:: ; z:: A+ Yo (u, X;)? A

Using these, we have

t t t t
1
1—1—203 = 1—1—22@?—&-23@‘@1‘ < 3+ZRin‘ <3+ <;+T) max R;,  (79)

T<i<t

which establishes the first part of the claim. Now, since (a+b)? < 2a?+2b? and by symmetry,

. 2
(Z@:M% XZ>)
A+ Zézl (u’ XZ>2

SIS Ulx,)? : : b)*
(u, Sp+> i ] 0) §2R{)+2 §2R6—|—2max ()

80
be[0,1] A + ib? (80)
< 2R} + 2i. (81)

R = ,

By definition, R; = % ZTZl R{, and by assumption Ry <2andi<T —1,s0 R; <4+42i <
24 2T. And so,

17 17
3+<—|—T> maxRi§3+<+T>(2+2T)§(3—|—2T)2, (82)
) T<i<t )
which shows the second part of the claim. |
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