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1 Introduction

The linear bandit problem is a generalization of the standard multi-armed bandit problem, in which the
rewards (losses) exhibit a linear relationship with the arms. In particular, consider some set X C R¢ and
some vector 6; € R%. Then every arm corresponds to some vector x € X, and the reward (loss) for arm x is
given by 0, .

The linear bandit problem has been extensively studied in the purely stochastic regime [1, 10, 16, 17],
where 0; = 6 for all time, and the observations are given by:

Y=, 0+m

for n; ~ N(0,0%). In this regime, one can obtain minimax regret scaling as O(v/T), as well as instance-
dependent regret scaling as O(logT). The other primary regime of interest is the purely adversarial regime
[2, 4], where the observations and losses are given by

Yt = x;ret

and now 6 is chosen by an adversary. Here the goal is to simply obtain regret that scales as O(\/T ).
A third regime exists in-between these two, the corrupted stochastic regime, where 6; = 0 + ¢; for some
corruption ¢;. Now the observations are given by

ye =/ (0+c)+m

and the goal is to obtain a regret bound which scales in terms of the total corruption level, C' = Zthl maxzex [(x,ct)l.

A recent line of work in the multi-armed bandit setting has sought to merge these regimes and obtain
algorithms that are simultaneously optimal in every regime, without prior knowledge of which regime they
are operating in. While a long line of work exists here, the definitive recent work [19] proposes and analyzes
the Tsallis-INF algorithm, which is simultaneously optimal in all regimes.

Despite the extensive body of literature on this problem in the multi-armed bandit setting, until recently
little work has been done on this in the linear bandit setting. Indeed, until this year, the only real work
on this is that of [13], which addresses the purely stochastic and corrupted stochastic regimes, and provides
no guarantees in the adversarial setting. In addition, their rates are not optimal. Recently, however, [12]
tackles all three regimes—proposing an algorithm that is nearly optimal simultaneously in all settings.

Related to the above problem is that of misspecified linear bandits. Here, we assume a base stochastic
model but now assume that the rewards are not purely given by a linear function, but are only approximately
linear. While this can be viewed as an instance of the corrupted setting, the additional structure in the
problem allows for a tighter analysis. Formally, at time ¢, we can observe the measurement xz; through the
real value

Yt = fay, T+ G
with |G| < A



1.1 Problem Setting

In both the stochastic and corrupted stochastic regime, the regret is defined as,

T T
Reg(T) = max Z(zt —x,0) = Z Ay Ny, (1)
t=1 t=1
where A, = (x — z*,0) is the sub-optimality gap of arm x. We additionally denote the minimum gap

Amin = Mingy+ Ag.

In the stochastic setting, at each round, the learner observes loss y; = (z+,0) + €(xt), where € is a
zero-mean noise given z;. In the corrupted setting, the learner observes y; = (2,0 + ¢;) + €:(x¢), where ¢;
is a corruption vector. We define the total amount of corruption as C' = 31 maxex |(z, ;).

In the adversarial regime, the learner observes the loss y; = (x4, 60;) at each step, where 6; can be chosen
by an adversary. Now, the regret is defined as the best action in hindsight:

T
Reg(T) = max » (z; —x,0). (2)
reX Py
Note that the definitions of regret in the adversarial vs corrupted stochastic and stochastic regimes are subtly
different. In the stochastic regimes, the regret is only defined with respect to the true parameter 8, and the
noise ¢;(z;) and corruptions ¢; do not change the regret. However, in the adversarial regime, the noise and
corruptions are all considered part of 6;, so the regret definition does depend on them.

Note: The stochastic setting can be viewed as a special case of the corrupted case with C' = 0. Therefore,
we will only analyze the corrupted case, and the results for the stochastic setting can be directly obtained
by setting C' = 0.

Assumptions: We assume that (z,0), (z,¢;), and y; are all in [-1,1] for all t and = € X.

1.2 Instance-Dependence in Linear Bandits

Typically, in the best-of-both-worlds or best-of-three-worlds problems, are goal will be to obtain minimax
O(VT) regret in the adversarial regime, and instance-dependent log T" regret in the stochastic regime (note
that any adversarial minimax algorithm is also minimax in the stochastic regime so simply aiming for
algorithms that are minimax in both is trivial). In the multi-armed bandit setting, the optimal instance-
dependent rate is given by the familiar sum of inverse gaps:

logT
A,

xT

However, in the linear regime, we do not want the regret to scale with a sum over all arms but rather with
the dimensionality, d. Two notions of instance-dependent regret are possible in this setting then. First, we
can go after regret of

dlogT
Amin ’

While this does not scale with the size of X, it is still potentially very loose, as it is effectively saying that
we are paying a 1/Ap;, in every direction. To remedy this, several works have shown that the correct
instance-dependent scaling is given by the solution to the following optimization:

c(X,0) = min E N, A,
Novex N0 2
x
2
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It can be shown that this is the “correct” instance dependent scaling and matching upper and lower bounds
of order O(c(X,0)logT) exist [10]. Furthermore, it will always be the case that O(c(X,0) < d/Anin), so
this always improves on the naive instance-dependent result.



Given this, the gold standard will be to obtain algorithms that are minimax in the adversarial regime,
and scale with ¢(X,#) in the stochastic regime. However, as we will see, this can be challenging, and at
times we will have to settle for algorithms that scale with d/A i, instead.

1.3 Organization

We first discuss the work of [13] in Section 2, which addresses the stochastic and corrupted stochastic
settings. Given this baseline, we move on to the discussion of [12]. In Section 3 we discuss robust mean
estimation, which is a basic primitive used in the algorithm of [12] to ensure accurate mean estimation in
the corrupted setting. Then, in Section 4 we introduce and analyze the best-of-two-worlds algorithm from
[12] which handles the stochastic and corrupted stochastic setting. Building off of this, in Section 5 we
present and analyze the best-of-three-worlds algorithm which works in the stochastic, corrupted stochastic,
and adversarial regime. Finally, in Section TODO: something we consider the misspecified linear bandits
problem.

2 Stochastic Linear Optimization with Adversarial Corruption

[13] provides an algorithm for dealing with stochastic linear optimization with adversarial corruption. The
proposed algorithm in this research builds on [8]. The main idea is to divide the time horizon into epochs so
as to eliminate the effect that we get from corruption. Dividing into epochs increases exponentially in length
and use only previous epoch’s estimation for conducting exploitation in the current round. One of the main
challenges that the paper explores is that the ordinary least square estimator cannot be adopted due to the
correlation between the different time steps of the estimation (that impedes the concentration-inequalities’
application).

2.1 Preliminaries

D C R?is a d-polytope and at each time step ¢t € [T] := 1,2,...,T, an action x; € D is chosen by the
algorithm. # € R? is an unknown hidden vector and 7, is a sequence of sub-Gaussian random noise that
has mean 0 and variance proxy 1. In a given time step, ¢, and for an action, x;, the reward is defined as
re(xe) = (xy,0) + 1. Here the first term is the inner product of z; and 6. For each time step ¢ < T , there
exists an adaptive adversary that may corrupt the observed reward by choosing a corruption function c;.
First, x; is chosen, then the corrupted reward ry(z;) 4+ ¢;(z) is observed, and finally the actual reward r;(x;)
is received. The total corruption generated by the adversary is denoted by C = XL maz,eplci ()| and the
value of C is evaluated by R(T) = XL, (x* — x4,6). Also, given P as the set of extreme points of D and
P~ = P \ {z*}, the second highest reward is denoted x5 and based on this, the expected reward is given as
A= <SC* — :17(2),0>.

2.2 SBE Algorithm

The Support Basis Exploration (SBE) algorithm is used for stochastic linear optimization with adversarial
corruption and it runs in epoch m (length greater than 4™). The total number of epochs M is bounded
above by logT. In this, the choice of the current action depends only on the information that is received
from the last epoch and therefore, the level of earlier corruption will have a decreasing effect on the later
epochs. Exploration and exploitation are separated so that the correlation between the vector pulls in each
epoch can be decreased.



Algorithm 1: SBE: Support Basis Exploration Algorithm

Parameters: Confidence ¢ € (0,1), time horizon T', decision set D.

Initialization: Exploration set S = {s;}e[q-

Set ¢ = 24d8log(4410eT/5). Set estimated gap A©® =1 and exploration ratio 4, = 1/s.
for epochm =1,2,--- ,M do

Set 1, = ¢ - 4™. Let Ny, = ny + C(A™ D)2 and T,, = T,,,_1 4+ N,,.

for t from T,,_1 +1 to T,,, do

if Z =1 for Bernoulli random variable Z ~ Bernoulli(y,—1) then
| Sample uniformly an action from the exploration set S.

else
| Choose the best action 2™V according to the estimate gm-1),
end
end

Let 6™ be the estimate of ¢ in this epoch, defined later in Section 4.

Set A(™ as the maximum of 2=™ and the difference between the expected reward
for the best and second best actions given (™).

Set Yy, = A2/ (Am)=2 4 22(m+1)),

end

2.2.1 Parameter Estimation

The hidden vector, 6, can be expressed according to the exploration set S, § = Z;l:lbj sj. If the basis vector
sj is chosen in time step ¢, & is defined as an indicator for any j € [d]. ™ = E [EtTng_lJrl{g] is the
expected number of time steps that can be used to explore each of the basis vector s;. However, since s; is

sampled uniformly, né’”) is independent of j. Based on this, the “average reward” for exploring s; in epoch

m is
" 1
i = ST € (5, 0,) + e+ ailsy) )
Ne

5; is independent of the noise 7; and the amount of corruption c;(s;). Taking the expectation over the
randomness of independent variables 5; and 7; on both the sides gives

1
Nin

Con
S Ble(s)] < bllsill3 + 2 @

E [r(m)} = (s;,0) + N,

J

where C,,, = EtTng,IH maxzep |ci(z)]. Based on this, at the end of each epoch, IA)gm) = L is the
estimate of b; and 6(m) = Z;»”:ll;g-m)sj is the estimate of 6.
Next, an upper bound for the error of 6(™) in each dimension 7 has been provided.

Lemma 1. (Lemma 4.1, [15]) With the probability at least 1 — §, the estimate of 5;” is such that

20, Am=1

Im 2
107" = bjllIs;llz < N, 32

Proof. Indicator f;f and the noise 7; are independent random variables, then using a form of the Chernoff-
Hoeffding bound [9], for any deviation x and any j € [d]

Qngm)

16

1 K
Pr[| o S0, €005, 0) + ) — (53,0)| 2 5] < 2exp - (5)

g™

Let X; = (&) — T;\(‘}M) ci(s;) for all t. The filtration {Ft}thl is generated by the random variables

{6;}j6[d],s§t and {ns}s§t+1' Define V; = ¥%_, X,. Because & is independent of the corruption level ¢



conditional on Ft—1,{Yt}tT:1 yields a martingale with respect to the filtration. The variance of X; condi-
tional on F;_; can be bounded as

(m)

n
V =EIX}FA] < S lals)Var(€]) < 5=SELlas) 0

(m)
Both the first and second inequality hold because |c;(s;)| < 1 and Var[¢f] < "A';m respectively. For martin-

gales, we will use a Freedman-type concentration inequality [3], and for any v > 0

I 1, V +1nd/v v
Prl S, X 2 W} <1 (7)
Combining Equation 3 with Equation 5,
S 1&5(s5) _ 20 Indv 1 V+ind/vy v

pr [ w2y m <Pr[—x'm X, >——1 )<= 8
r| ) =N, ngm)] S [n’eﬂ t=T), 1414t = () = 1 (8)

Substituting v = dexp{ — Hné(im,) } and combining Inequalities 3 and 6, gives

2,,(m)

(m) 2Cm, K*ne
PrHrj —(sj,9>‘2/<;+—Nm} §4exp{— 16 } (9)
For the full explanation of the proof, refer to [13]. O

Lemma 2. (Lemma 4.2, [15]) With the probability at least 1 — §, we have

A 4d2c,, Al
om _p ’ < my = 7
’<x’ S T

Proof. Based on the exploration set S which is an orthogonal set, for any context x, there are multipliers
{&j }je[d] such that

(w, 00 — )] = 21,

J

(s, 0™ = 0)| < = agl [0 = b s 11

Using Corollary 2.2 from [13] and Lemma 1, and with probability 1 — 4,

ad2c,,  Alm=1)
N, 16

o] =

Next, the upper and lower bounds for the estimated gap A are provided.

Lemma 3. (Upper Bound for Alm) (Lemma 4.3, [13])). Suppose that event € happens, then for all the
epochs m > 1
A 1\m—s(C
A < [A 4 27m 4 4g2sm (f) i}
ST - s=1\8 N,

Lemma 4. (Lower Bound for Alm) (Lemma 4.4, [13])). Suppose that event € happens, then for all the
epochs m

2 Ol

A(m) > = 2—m—1 . dQEmi
=2 8251 N,



2.2.2 Regret Estimation
Theorem 1. (Theorem 5.1, [13]) With probability at least 1 — 6, the regret is bounded by

d2ClogT N d’ log 408 logT)

R:O( A A2

Proof. Let Rgm) and Rgm) be pseudo regret for exploitation and exploration in epoch m respectively. By
Lemma 2, the probability of event € is 1 — 4.

For exploitation, let A(™) = (9, x* (m U) be the pseudo regret for the action a:imfl). For a given
event £, A™ = ( — g(m=1) x*) + <9(m D oa* — 2™ 1) (é(m_l) - 9,x£m71)> < 2B(m—-1). Defining p,,, =
d?xm 1( 1(m= S))%, Al = % + 27" 4+ 8pp_1. If AU = 0 then the total regret for exploitation is 0.
Else, A(™ > A and two different cases can be considered for this. For the first case when A > 2-m+1
% +27m < % + % < 3A;m). When A < 27+ Al < 8p 1 +2-™F! Summing over all the epochs,

ACM 4qm=s 4CM
Ry=—— + 322 M C.xM_ sgmoiss S~ 10126, (10)
For exploration, the expected number of time steps in which exploration is conducted is 7 (i>)2 and the
pseudo regret for these time steps each is bounded by 1.For A < 2(1*7”), R;m) < £ < X and for

- (Alm)yz — A2

> 6 and the second case is when p,, < tﬁ

A > 2(1*’"), two cases are considered. The first case is when p,, >
m—s 2d%2x™ | C, 242 12842
764<Pm—d22?1( ) NSSNiml< BasedonthlsR( )<N < 8 c

For the second case, using Lemma 4, Rém) < (A(En)z < 64C. Based on these cases, the total pseudo regret

For the first case

for exploration is
¢ 64(: logT n 128d%Clog T

Ry =xM_ Ri™ < xM 11
2 — =1 (A(m)) A2 A ( )

Combining inequalities 4 and 5, the total psuedo regret is

d*ClogT N d®log % logT>

R=Ri+ Ry =0(—% 5

2.2.3 Computational efficiency

Theorem 2. (Theorem 6.1, [13]) For any bounded convex body K C R?, there is a polynomial time algorithm
that computes an ellipsoid E satisfies
ECK C2d°?FE

Plug in the polynomial time algorithm for finding John’s ellipsoid from [14] into the SBE algorithm and set
the parameter ¢ = 2'*d%log % to get a computationally efficient algorithm with a regret O ( M% +

db log e T lc:sg T logT
A2 :

3 Robust Estimators

3.1 Introduction

Often in statistics, we seek to estimate the expected value p of a random variable X. The natural first
choice for such an estimator is the empirical mean, however we will show that this choice of estimator
performs sub-optimally when the distribution of X is heavy-tailed. While choosing an estimator /i equal to

the empirical mean results in optimal mean-squared error E {(ﬁ - p)ﬂ, the preferred optimality condition

in many contexts is for 11 to be close to p with high probability. That is, the ideal optimality measure of



an estimator [ is related to the smallest € such that P{|i — u| > €} < 4. In the following sections we will
demonstrate the sub-optimality of the empirical mean, and introduce a few robust estimators that provide
better guarantees by reducing the effect of variance in heavy-tailed distributions (at the cost of adding a bit
of bias to the estimators).

3.2 Empirical Mean’s (Lack of) Optimality

1
By the central limit theorem, the empirical mean g = — E?:l X; of i.i.d. random variables X1,..., X, can
n

be shown to satisfy

nlggop{m—M > UVQ%W} <4 (12)

However, this is an asymptotic guarantee, and we seek to find non-asymptotic guarantees. If the distribution
is such that there exists L > 0 such that for all A > 0

E fexp (A (X; — 2))] < exp (”Li ) , (13)

then by the Chernoff bound we can show that

P{IMMI>LU Vijgw‘”}sa. (14)

The issue here is that assumption (13) is very restrictive - particularly, it requires strong tail-decay (it is
equivalent to X; — p being L-subgaussian). Without strong tail-decay, the empirical mean estimator offers
significantly worse high-probability guarantees. For example, if the only assumption about the distribution
is that it has finite variance, then the best guarantee is provided by Chebyshev’s inequality, which implies

P{|u—u>a\/g}§6, (15)

which is an exponentially worse bound than (14) as a function of 4. This bound is known to be very tight
in the worst case, as Catoni showed that for any o2 there exists a distribution such that

1 es (n—1)/2
P< | — —({1-— > 0. 1
{u pl>o n(;( n) >4 (16)

For more details on this, consult [15] (Lugosi & Mendelson, 2019), as this section is taken primarily from
that source.

3.3 Median of Means

The median-of-means estimator partitions X7i,...,X,, into k blocks of (roughly) equal size, computes the
empirical mean of each block, and takes the median of the obtained empirical means.

Lemma 1 [15] (Lugosi & Mendelson, 2019): Let Xi,..., X, be iid. random variables with mean
w and variance 0. Let m, k € Z* such that n = mk. Then, the median-of-means estimator fi,, with k& blocks

satisfies
~ 4 —k
P{Iﬂn —pl > 0\/} <exp <> :
m 8



In particular, for any ¢ € (0,1), if k = [8log (1/4)], then

P{Iﬁnu|>0 W}s&

For more details on this, consult [15] (Lugosi & Mendelson, 2019), as this section is taken primarily from
that source.

3.4 Trimmed Mean

The trimmed-mean estimator directly removes outliers - it removes the en highest and lowest points for some
parameter ¢ € (0,1), then takes the mean of the remaining points. A simple variant of the trimmed-mean
estimator works as follows:

First, the data is split in two equal parts. Ome half is used to determine the correct truncation level.
The other half is average, except for the points that fall outside of the truncation region. Assuming the
data conmsists of 2n points X1,..., X, Y1,...,Y, drawn ii.d. with mean px and variance o2, we define the
truncation function

B, ifx>p,
daplx) =3z, ifzelnf,

o, ifzr<a,

for a« < 8. For z1,...,2,m € R, let 27 < 25 < .- < 2 be its non-decreasing rearrangement. Given
—3n 16log(8/6 . .
0 > 8exp (16)7 set € = # Let a =Y, and B =Y __,.

1 n
fzn = — > bas(X0).
fian = — 2 Pa5(Xi)

Lemma 2 [15] (Lugosi & Mendelson, 2019):

1
P%mn—u>90 mﬁ%ﬂ}g&

n

For more details on this, consult [15] (Lugosi & Mendelson, 2019), as this section is taken primarily from
that source.

3.5 Catoni’s Estimator(s)

We begin by observing that the empirical mean @ is the unique root of the function
n
fz) =) (Xi—2). (17)
i=1
Catoni proposed the introduction of an antisymmetric non-decreasing function ¢ : R — R satisfying
—log (1 -y +y*/2) <w(y) <log(1+y+y*/2),

and parameter o € R, such that the Catoni estimator parameterized by «, which we shall denote jiy, is the
unique root of the function

flz) = Zlﬁ(a (Xi—2)). (18)



The reasoning for the introduction of ¢ is that if ¥ (y) increases much slower than y, then the effects of a
heavy tail are diminished. Catoni discusses a variety of choices for ¥. The widest possible ¥ is

log (1+y+y%/2), ify>0,
Y(y) = ( /2) . (19)
—log (1 —y+y?/2), ify<0,

and the narrowest possible 1 is
log(2), if y > 1,
—log (1—y+y?/2), if0<y<]1,

—log (1—-y+y?/2), if —1<y<0,
—log(2), ify < —1.

P(y) = (20)

The choice (19) of v is the one making fi, the closest to 7i. Since @ is optimal for Gaussian distributions,
this is often the chosen 1.

For more details on this, consult [6] (Catoni, 2011), as this section is taken primarily from that source.

3.5.1 Concentration Inequality for Catoni’s Estimator

Lemma 3 [18] (Wei et al., 2020): Let 7y C --- C F,, be a filtration, and Xi,..., X, be real random
variables such that X; is F;-measurable, E [X;|F;_1] = y; for some fixed p1;, and Y | E [(Xl — ,ui)2 |.7:i_1} <

1,
V for some fixed V. Denote p = — .7 | y; and let fi, be the Catoni estimator of Xi,...,X,, with a fixed
n

parameter a > 0. That is, [i, is the unique root of the function
F) =) w(a(Xi - 2),

where

bly) = log (1+y+y%/2), ify>0,
v= —log (1—y+y?/2), ify<0.

Then, for any § € (0,1), as long as n > a? (V + 30 (i — u)2> + 21log(1/6), we have with probability at
least 1 — 20,

@ (V + >y (i — #)2) N 21og(2/6)

P (i — pl > <5, (21)
n an
In particular, if uy = -+ = u, = p, we have
~ oV 2log(2/0
P{e— > 2+ 22O, < (22)
n an

Proof: Observe that ¥(y) < log (1 +y+ y2/2) for all y € R. So, for any fixed z € R and any i, we have

B exp(Ula(X — )] < B [1+a(X; - 2) + =L (Bil = B[ F-1)
1t 2) + o?E; [(X; — /J,Z);] +a?(u; — 2)?
< exp <a(ui —) 42 B [(Xi = ,Ui)2] ot = 2) ) : (1+y <exp(y))



Define random variables Zy = 1, and for ¢ > 1,

Zi =i 1 exp (w(a(Xl — Z))) exp (_ (a(,uz _ Z) + o’ [(Xz - NJZ)Z} + a (,UJl - Z) >> .

The previous calculation shows E[Z;] < Z;_;. So, taking expectation over all random variables X7, ..., X,
we have

E[Z,) <E[Z,_1] < --- <E[Z] = 1.

Define
o) = nadjs = 2) + 30?3 = 2 + 33V +log ( &
2 = ! 2 5]
If f(2) > g(z), then, by the condition on V, we have

Zw Xi—2) >na(u—z)+1a22 =2+ azzE[ }‘Flog(;)

i=1

(i —2)*) +a® 30 By {(Xi - Mi)ﬂ 1
+ log (5)

:Z a(p; — 2) + 5

i=1

1
which implies Z,, > —

5 So,
1
PUG) 2 g <F{z,> 3
< P{Zn > ]E[Z”]}
- - 0
<. (Markov’s inequality)

We can rewrite g(z) as
9(z) =na(p—2)+ 1012 nz® — 2npz + iuz + 1o<2V + log E
2 p ‘ 2 6

_ L, 2 2 N~ 2 L 1
_noz(,u—z)—&—§a <n(z—u) —nu +Zﬂi +§a V +log 5

i=1
1, 1
<Z,ul —np ) +§Oé V+log<6).

Pick z to be the smaller root zy of the quadratic function g(z), that is,

2 )2
20:/1«+l 1_\/1_a (V+Zi=1(ﬂz M))—2log(1>),
@ n n )

which exists due to the condition on n. Since f is non-increasing (since 1) is non-decreasing and « > 0) and
f (ta) = 0, we have

1
=na(p—2z)+ 571042(2 -

o \

P {fia > 20} = P{f(20)
=P{f(20)

<.

> 0}
> g(

20)}

10



Thus, with probability at least 1 — §, we have

ﬁaiﬂgzoilu’

(aQ (V + 2 im (i — M)Q) + %log (1>> (1 —V1—zxz<zforze [0, 1])

SRS

IN
QIr

n

a(V A+ (i — 1)) | 2log(1/9)

n an

Via a symmetric argument, with probability at least 1 — §, we have

2
=T < a(V+Zi:1(Hz 1) ) + 210%(1/5).
n an

Applying a union bound, we have

o (V + >y (i — N)Q) N 21og(2/90)

n an

P o [la — pl >

as desired. Q.E.D.

3.6 In Lee et al.

Lee et al. [12] propose two algorithms: Randomized Instance-optimal Algorithm (RIA) and Best of Three
Worlds (BoTW).

During each block, RIA constructs unbiased loss estimators th to estimate ¢; , = (x,{;) for each ¢t € B,,.
A robust estimator Rob,, , is then constructed for each x, where

Robm,I = Clip[fl,l] (ﬁaz ({ZT@}TEB )) ) (23)

with

4log (2™|X|/0
o, = [HoECTIX). o)
2 [l + 2

The clipping to [—1, 1] is performed because, by the initial problem assumptions, ¢; , € [—1,1].

The second phase of BoTW constructs loss estimators Ztm to estimate ¢; , = (z,¢;) foreach t € {to+1,...,11}.
A robust estimator Roby , is constructed for each x at each time ¢t € {tc + 1,...,¢1}, where

Y t
RObt,w = Chp[_Ll] (ﬂ@ém ({£T7w}7—=t +1)> ) (25)

with

. \/ 4log (t|X|/6) (26)

[ 2 -
t—to + ZT:tDJ,-l 2 H0:||S;11

11



Algorithm 1 Randomized Instance-optimal Algorithm
1 Input: § < 0.1
2 t+ 1.
3 form=0,1,2...do
4 Define block B, = {¢t, t +1,..., t + 2™ —1}.
5 Find a randomized strategy p,, = OP(2™, Em) with

- 0 ifm =0,
Am,z = .
Rob,,—1,7 — ming e x Rob;,— 1,4 else.
6 Compute second moment Sy, = > ¢ x Pm 2T ' .
7 while t € B,,, do
8 Sample z; ~ p,, and observe y;.
9 Compute forall z € X, £y, = 2" S ziy:.
10 t<—t+1. —~
" fo_r 2 X do OP(t, A): return any minimizer p* of the following:
12 Construct robust loss estimators min Z N 3)
PEPx - v
Rob,,, , = Cli (catoni, ({Z ) tA2
™, Pl-1,1] o { T,x}‘reBm st ||$‘|§(p)_1 < Bz +4d, Yz € X, 4)
t
; _ [ Alog(2m]X]|/9)
with a; = 22l _ +27 where S(p) = Y, cx poza” and B; = 2'% log 421,

m

Figure 1: Near Instance-Optimal Randomized Algorithm for Stochastic and Corrupted Linear Bandits

4 Randomized Instance-optimal Algorithm

4.1 Algorithm Intuition

The near instance-optimal algorithm for stochastic and corrupted linear bandits is listed in Algorithm 1
(Figure 1). The algorithm proceeds in blocks with exponentially increasing round. Within each block, we
first solve an optimization problem OP to get a distribution p,, (see Figure 1), which is inspired by the
lower bound optimization problem:

min g NA,
NI:LGX7NTEZO IGX

2 AZ
st N2z < 7:”, Vo e X\ {z*},

where H(N) = > N,zzT. Then, the arms are sampled and pulled according to the distribution p.

Finally, we use an unbiased estimator ZAM = 278 zy; (same as adversarial linear bandits), and use a
robust Catoni’s estimator to compute the estimated gaps ﬁm. This estimated gap is used in the optimization
problem OP for the next round.

At the first glance, the structure of the algorithm is similar to the action elimination algorithm with
G-optimal design. For the action elimination algorithm, within each block, we solve the G-optimal design
problem, and pull arms deterministically to match the distribution. Then, we estimate the gap using the
estimated 6 given by the least-squares estimator.

The main differences between Algorithm 1 and the action elimination algorithm are the following;:

e Instead of solving the same optimization problem (G-optimal design) on a shrinking set of arms, Algorithm
1 solves a different optimization problem in each block (given by different estimated gap 3) on the set of
all arms. This helps the algorithm to achieve near instance-optimal regret bound. (To see why eliminating
arms is bad, consider the example Kevin mentioned in class. )

e Instead of deterministically matching the counts, Algorithm 1 samples arms according to the solved
distribution p,,. As a result, it uses the loss estimator for adversarial linear bandits rather than solving
the least-squares problem. This is important for the corrupted setting.

12



e Algorithm 1 uses the Catoni estimator to establish the high probability regret bound.

4.2 Analysis of Algorithm 1
4.2.1 Main Theorem

Algorithm 1, with high probability achieves near instance-optimal regret bound (with an additional log(T'|X|/d)
factor). This is formally stated in the theorem below (Theorem 1 in [12]):
Theorem 3 (Theorem 1, [12]). In the corrupted setting, Algorithm 1 guarantees that with probability at least
1-9,

C C|Xx|

TX 1
Reg(T) = O | ¢(X,0)logT log |6 ‘—&-M*logg/Qg—&-C—l-d rlOgA 5 |

(27)

where M* is some constant that depends on X and 6 only.
Remark 1: Recall that in the stochastic setting, we have the lower bound that liTm inffE[Reg(T)] >
—1n

Q(c(X,0)1logT). Therefore, by setting C = 0, we can see that in the stochastic setting, Algorithm 1 is near
instance-optimal.

Remark 2: M* is a constant that depends on X and 6 only, and (importantly) does not depend on T'.
Hence it doe not change the rate.

4.2.2 Proof Sketch
We will prove Theorem 3 through proving the following Lemmas.

[Lemma for Robust Estimator] The first step is to show that the estimated gaps ﬁm,z with the
robust estimator is close to the true gap A, for each block with high probability.

Lemma 5 (Lemma 3, [12]). With probability at least 1 — §, Algorithm 1 ensures for all m and all x,

N dom,
Ay < 2Am,x + 4 .727;1 + 2pm—1, (28)
—~ d"}/m
Am,k’ < ZAT + m + 2p7n—17 (29)
where p, = Y10, i:l—@i (p—1:=0), Cx = Zresk maxgzex |Cr .| is the amount of corruption within block

k, and 7, = 2% log(2™|X|/5).

Remark: it is also important to notice that the last two terms |/ 2z and 2 Pm—1 1s shrinking (eventually

Zom
to 0) as m increases. We will use this to show that with large enough ¢ (and hence m), we can upper and
lower bound A, ; by a constant factor of A,.

Proof. We will prove this lemma by induction. R
o Base case: when m = 0, by construction (line 5 in Algorithm 1), we have Ay, = 0 for all z € X.
Therefore, (29) holds trivially. By the assumption that (z,6) € [—1,1] for all z, we also have A, < 2 <

v/ d2415 =/ 172%. Therefore, conditions (28) and (29) hold for m = 0.

e Induction: suppose that the conditions (28) and (29) hold for m, we need to show that they also hold for
m+ 1.
First, we need to consider the statistics of [, ,, which will be used for analyzing the Catoni’s estimator.

~

BlTy.] = Bl S s (0, 0+ ¢7) + ()]
) =B [Be [o7 8w (2,0 + cr) + er(a7)) 2]
Eler(w)lzr] =0) = Efa" Splaral (0+¢,)
) =a' S 'Elz a0+ ¢;)

m

(Tower rule of expectation

(Linearity of expectation

Elz 2] =S, =z"(0+c¢)

13



and

E[2,] = E[(z" S, w,y.)?]

T,

lyr| <1 <E[(='S,'2,)’] =Ele' S, w2} S, 2]

(Linearity of expectation) = 'S, 'E[z,z]]S;, 2
Elz )] =S, =z'S lz= ||x||§71
Due to that p,, is a feasible solution of OP (2™, ﬁm), we can further bound ||a:||§,17
) 2mAZ,
[zlg-1 < —— +4d
m ’Vm
2
2m <2Az +/ e+ 2pm1>
((29) holds for m) = +4d
Y
16-2mA2  16-2mp2 _  4-2"  d
((a+b+c)? <da® +4b° +4*) = 4+ Pt Cmad
Ym Tm Ym 4.2m
16-2mA2  16-2mp2
< =y P14 g4
Tm Tm

We can use this bound on the second moment to bound the difference between the estimated gap and the

true gap. (We skipped a few steps during the class.) With probability at least 1 — 4%, we have, for all

14



r e X,
Ay~ Api1e = (2,0) — (2,0) — (Robp,,; — minRobyy, 1)
(Robyy, g+ > min Roby, ) = (z,0) — (z*,0) — Robyy, » + Roby, 2

* ZTEBm <:C*, C"'>
(€= 3 maglloedl) < [Roby,e — (o7, ) - ZrEELC

2m
TEBm
T, Cr 2C.
+ ’Robm o= (2,0) — 2rep, (T:Cr)
; om om
2C, 1 4log(2™|X|/d
(Catoni’s estimator) < 5” + T (am <2m|x||§i + EZB (z,7) — 5m7m)2> + Og(awH/)>
1 o . _ 4log(2™|X| /8
+ om (OZ;c* <2m||x ||S:7 +T§ ((z*,7) — cm7x*)2> + W)
_ Cm, 1 il . Y
( Z (CT=I o Cm»x)g < om—1 + 27771 (am (2 ”‘T”S,}l +2 ) + 212, >
TEBm T

1
S C?—,w S 27”) + 27m (Ozaj* (Qm”l‘* 51 + 27n) + %n)

212q_.

2 2 0771/
(Optimal choice of o) < \/(2’”||x||23ml + 2’”) Y + oI o \/(me*HQSml + 2’”) Vi + ST

64 - 2m
2 16 - 22m A2 16 - 22mp2
(Bound on Hx||z,1) < o \/< - T 416-2md + ’ymp1> Yo
2 16 - 22m 2 4 Ch
— = /(16-2md+ —=Fm=L)
+64-2m\/< + - )’V +om
4 16 - 22m A2 16-22mp2 C
L 416-2md + ———— )y +
_64'2m\/< T T >7 T
Aw d’)/m Pm—1 Cm
vV b < b)) < —
(Va+ _\/5-1-\[) < 16~2m+ 1 +2m71
<Bo f dm
= 16.2m P

By rearranging the terms, we have A, < 2£m+1@ + jgﬁ + 2p;,.- We can show the other condition
through similar steps.

Finally, we can finish the proof by taking the union bound over all m. O

[Lemma for the Optimization Problem OP] We next show that the optimization problem OP

-~

solved by each block is always feasible, and show a upper bound on the optimal value ) p,Ap .. This,
when combined with Lemma 5, can be used to further bound the regret.
Lemma 6 (Lemma 4, [12]). Letp be the solution of OP(t, A). Then we have D owex P2y =0 (M\}EXW)) .

Proof. Consider the optimization problem
2
(—logdet(S(p))). (30)

Note that the second term is the objective for D-optimal design. We will construct a feasible solution of
OP from the optimal solution of (30), which we denoted as p*. By the KKT condition of (30), (here we
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skip the step to show that p* is also the optimal solution of the problem on the set of sub-distributions
PiY,Pe < 1,pp >0),

A, — ngS(p*)*lx —Aa+A=0. (31)

Multiplying by pi and summing over all x € &,

O—ZpacA **Zp* TSP e = Aeph + A

(complementary slackness) = Zp;Aw - —Tr(S(p*)S(p*)_l) + A

Since ), pzﬁw >0 and A > 0, we must have > pzﬁz < % and \ < 22,
Also by (31), we have,

€ -
2] pm)-1 = S(As —A+A) <

Now we construct a distribution by mixing p* and another distribution v (in [12] it is denoted as ¢&), i e.
qg=1ip*+iv. Let G ={x: A, < \/} The probability distribution v has the property that > ¢cVe <

—_ f?
and [|z]|? S < 2dforall x € G. (The existence of such a distribution is given by Lemma 11 in [12]. )
Feasibility: Choose £ = % Then, for all ¢ G, we have,
A A VA 18 1A2
2 <zl <o 8B ) R, poa= YIBe L gg VT
loll3g -+ < Il g st < ( 3o d) —€B v 2d= YRe yad = Y <
Similarly, for any x € G, we have,
A2
||5U|\S(q) 1 < H$||(% )™ <2-2d= )
Optimal Value: Let p be the optimal solution of OP, then by feasibility of g,
~ s 2 * 2
1 2d 1 ~
< .2z
=3 5—1—2 1/1A—|— Zl/mAI
zeG argEG
dp, 1 2 dﬁt) (dlog(t|X|/6))
<Py L2 o ( _ o ((HosltiX1/9)
Vi Vi Tavi Vi Vi
O

[Anytime Regret Bound] By combining Lemma 5 and Lemma 6, we can obtain the following sublinear
anytime regret bound, which is O(dv/T logT + C).

Theorem 4 (Theorem 2, [12]). In the corrupted setting, Algorithm 1 guarantees that with probability at least
1 -6, Reg(T) < O(dvVTlog(T|X|/8) + C).

Proof. Step 1: Relate the regret with Y, > p,, » A, using a concentration inequality. Note that we did not
need this for the algorithms we saw previously in class, as during each block, we were explicitly matching
pulls rather than drawing from the distribution.

16



By Freedman’s Inequality, we have,

Reg(T Z Z I{z, = 2} A,

t=1xeX

T
< ZZ Dy xDg +2 |log(1/0) Z + Z Wz = z}A, + log(1/0)

t=1xeX THT*
T T

< Z Z DPrmyale +2 |log(1/6) Z Z {z: = x}A, | +1og(1/9)
t=1zeX t=1 THtx*

T
< Z Z pmt,zAx +2 log(1/§) Z Z pmt,IAm + 10g(1/5)

t=1zeX t=1zeX

T
<233 pya s +2log(1/0)

t=1zeX

Step 2: Bounding } ", >~ Pm,«As. By Lemma 6, we have, for all m,

X dlog(2™|X[/4)
Z pm,mAm,m <0 ( om/2 .

reX

Combining this with Lemma 5 (relating A with ﬁ), we have,

2™ Z pm,xAr < 2m (2 Z pm,zﬁm,z + 0O (\/?7+ Pm— 1>>

zeX rEX

)2 . m—1 2ka
<0 <d2 log(2™/9) ) + O V2mdym + Z

[log, T'] [log, T'] [log, T']

S Y b 30 O(@ s « VI 0 [ 3 a o
m=0 k=0

t=1zcX m=k

<0 (dzm/2 log(2™/8) + /2™ drym + Z me
k=0

Step 3: Summing up till round T" (block [log, T']), we have,

[log, T']

= O | dvVTlog(T|X|/6) + Z Cy

—0 (dﬁmgmxw) + 0) .

[“Regret Bound” for Large t Onward]
Lemma 7 (Lemma 15, [12]). Suppose A, € [\%AI, VA, for all z € X for some r > 1, and p = OP(t, A)
for some t > rp; M, where M =3, Ny with N such that ), NyA, < 2c¢(X,0), and HJCH%,(N),1 < AL
2
for allz € X\ {2*}'. Then S, polAy < “Pe(X,0).

IThe existence of such a finite M is shown in Lemma 14 in [12]

reX
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Proof. Consider N* defined in the Lemma, define a distribution p as,

Since t > rf5; M, we have,

ﬁ*zl—zrﬁtN§(>l—rﬁtM>l ’I"ﬁtM>’f'ﬁtN;
¢ o2 T 20 T2 26— 2

Therefore, p is a valid distribution, and p, > TB TR = for all 7 € X.
Now we show that p is feasible for OP(¢, ﬁm) For all x # z*,

tAZ tA2 4tA2
2 2 . _ " i z
lellsg-+ < Hw”(zygx Ty Tﬂt”xn(zﬁx Noww D™ =g T B T B

2t

+ 4d.

For x = x*, we have
b) )

9 1

TpegeT = §H93*||§(;s)—1 = [la*[[55-2 <2

lz* -1 = 15@) " "5 = 1S() ™

Finally, by A, € [#Aﬁ, VTrA,], we have,

Vi) DTN D B MRV Rl

> e, <
rEX reX rzeX xeX TEX
] ST NiA, < B o x,0) (32)
St reX T t o
O

Lemma 8 (Lemma 17, [12]). Let T* := 225 4 4M'log (%‘X‘) where M’ = 220 (M + Azi) and M:is
defined in the previous Lemma. Then Algorithm 1 guarantees with probability at least 1 — §:

T
S S pra s € O(e(X,0) log T'log(T'/3)). (33)

t=T*+1 =

Proof Sketch: For some large T, for t > T™, we have

—_

dym
e+ 2, < Amm <A, Vrex\{z'}. (34)

With this, we have that A, < 437,“@, and ﬁmt’m < 4A,.

Therefore, by Lemma 7,
> Pmale <O <5tc<X 9))

reX
Summing over t > T* + 1, we get, with probability at least 1 — 9,

S 3 e = O(Bre(,6)logT) = O (e(X, ) log T og(T11/5)).
t=T*+1z€X
O
Finally, we can prove Theorem 3 by applying Theorem 4 for ¢ < T* and Lemma 8 for t > T™ + 1.
Remark: This paper additionally show a regret bound of O ( A log < x| ) + C') (see Theorem 19

Amind

n [12]), which is independent of M*. Though they noted that this bound could be looser than Theorem 1,
as ¢(X,0) < O( mm)
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5 Best of Three Worlds Algorithm

Algorithm 3 BOTW-SE (BOTW - Single Epoch)
Input: L (minimum duration)
Define: fr = log T
Inmitialize: a new instance of .A.
// Phase 1
1 fort=1,2,...do
2 Execute and update A. Receive estimators {th';,x}xex.
3 if t > L and there exists an action % such that

t t
oy Lz > -5 frCit, ©
a=1 s=1

i t
Sw =3 o< -2y/frCit, Vz#T, (10)

s=1 s=1
4 then t; « t, A, % (Zz":l Z“I — a,g) break.

// Phase 2
sfort=ty+1,...do

Letp, = OP(t,ﬁ) and py = %eg + %pt.

6
7 Sample x;; ~ p; and observe y;.
s | Calculate 7, , and A, , based on Eq. (8) and Eq. (13).
9 if
I £F, Auo [0.39&, 1.8134 or (11
Algorithm 2 BOTW (Best of Three Worlds) t
Input: an algorithm A satisfying Assumption 1. Z (yﬁ - E,,g) > 204/ frCito. (12)
Initialize: L < Lo (L¢ defined in Assumption 1). s=tg+1
while 7rue do
Run BOTW-SE with input L, and receive output ¢g. 10 | then break.
L + 2tp. 1 Return £,.

Figure 2: Best of Three Worlds

While the best-of-two-worlds algorithm presented above attains near-optimal rates in the corrupted and
stochastic setting, it has no guarantees in the adversarial setting. Building on this algorithm, the authors
present another algorithm “Best of Three Worlds” which attains near-optimal rates in all regimes.

The best-of-three-worlds algorithm proceeds in epochs of exponentially increasing length, where at each
epoch the algorithm attempts to identify which arm achieves the low regret, and, given this, designs an
allocation which aims to approximate the asymptotically optimal allocation. Critically, it relies on access to
some black-box linear bandit algorithm A satisfying the following assumption.

Assumption 1. A is a linear adversarial bandit algorithm that outputs a loss estimator Zm There exist
constants Lo, C1 > 25dlog(T|X|/§) and universal constant Cy > 20 such that for t > Lo, A guarantees the
following with probability at least 1 — § for Vo € X:

t

Z(gs,zs - es@) S V C11 - C'2

s=1

t

Z(Esw - Zs,x) .

s=1

They show that several standard adversarial linear bandit algorithms meet this assumption. In particular,
there exist algorithms A such that C; = ©(dlog(T|X|/d)) and Lo = O(dlog?(T|X|/d)). Their main result
is the following.

Theorem 5 (Theorem 6 and 7). The best-of-three-worlds algorithm guarantees that with probability at least
1 —9, in the stochastic setting with C = 0, the regret is bounded as

T\X ViogT a5 1
O(c(X,H)longog |5|+01A ?g +M*log3/25+\/ClL0>
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and in the stochastic corrupted setting with C > 0, the regret is bounded as

logT
O(CIOg-l-C—ﬁ- \/C1Lo).

Amin

Furthermore, in the adversarial setting, the best-of-three-worlds algorithm will have regret bounded as, with
probability 1 — 6,

O(/CiTlog T + /Ci Ly).

Therefore, they hit the optimal instance-dependent rate, up to a factor of log T, in the purely stochastic
setting, an additive in C rate in the stochastic corrupted setting, and the minimax optimal rate in the
adversarial setting all simultaneously and without requiring knowledge of which setting they are in.

5.1 Algorithm Intuition

Adversarial Case. In Phase 1, Algorithm 3 runs some algorithm A which is a black-box algorithm which
achieves low regret for adversarial bandits. It follows, then, that the regret incurred in Phase 1 should be
low.

The algorithm will only enter Phase 2 if there is a single arm, Z, such that the estimated loss incurred by
T is significantly less than the loss of any other arm. Assuming this condition is met and we are in Phase 2,
it is shown that, due to the first exit condition of Phase 2 (equation (11)), as long as we are in Phase 2, 7 is
still the optimal arm. As the second exit condition of Phase 2 (equation (12)) compares the loss incurred to
the loss of Z, it follows that this is a valid surrogate for the regret incurred in this phase. Thus, if the regret
incurred becomes too large, the algorithm will exit Phase 2 and return to Phase 1, where it knows it is able
to achieve low regret.

Combining these two facts allows one to show that the total regret incurred in the adversarial case is
small.

Stochastic, Uncorrupted Case. In the stochastic, uncorrupted case, one can show that the algorithm
will only leave Phase 1 once T = x* and all the gaps are estimated well. Furthermore, one can show that it
will take at most O(1/A2,; ) steps to reach the exit condition of Phase 1, so the total regret of Phase 1 can
be bounded conveniently by a constant that does not depend on T

Once the algorithm reaches Phase 2, if the optimal arm has been properly identified and the gaps are also
well-estimated, the solution to the asymptotically optimal allocation on the estimated bandit will be near
the solution to the asymptotically optimal allocation on the true bandit. As such, the total regret incurred
in Phase 2 can be bounded by the asymptotically optimal constant times poly logT. Notably, as discussed
below, since the algorithm must continually check if it is truly in the stochastic regime, it must continually
play the asymptotically optimal allocation even after identifying the best arm. This extra exploration incurs
the extra log T factor.

Stochastic, Corrupted Case. In the stochastic, corrupted case the algorithm first behaves like in the
adversarial case, and then ultimately behaves like in the stochastic, uncorrupted case. Since C' is finite—
there is a finite level of corruption—for T large enough, we will have learned the optimal arm and all the
gaps well enough to have “solved” the problem, and allowing us to incur low-regret. However, until T is
large enough, the instance behaves more like an adversarial instance.

As such, we can use the bound in the adversarial case to bound the total regret incurred before 7T is large
enough and we have solved the problem, and once T is large enough we can use the bound in the stochastic
case. It can be shown that this breaking point is roughly when Phase 1 is O(C? + log? T/AZ2 . ) steps, which
ultimately yields that the regret of Phase 1 is bounded as C + log? T/Amin. Once the problem is solved, it
will incur regret O(c(X,0)log® T). However, the log® T'/ A, regret incurred in Phase 1 will dominate this,
yielding the worse rate in the corrupted setting.
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5.2 Discussion

Burn-in time for stochastic result. In some ways the stochastic bound is almost vacuous. In the
stochastic case, their algorithm functions by estimating the best arm and all gaps correctly with probability
1—4. At this point, they have effectively “solved” the problem and, if they knew they were in the stochastic
regime, could simply play the best arm and incur 0 regret, rather than playing the allocation from OP at
all.

While this does seem somewhat trivial, the need to protect against the adversarial makes this result still
meaningful. Even in Phase 2 they need to constantly verify that their estimates of the gaps are correct.
Playing the allocation OP is the optimal way to do this—it balances the need to explore so as to minimize
regret while still guaranteeing all the gap estimates are good. Thus, by playing the solution to OP, they
are able to ensure that there is enough exploration to account for an adversary, but that the regret is still
as small as possible in the stochastic regime.

Where does the log”> T' come from? It seems the log(T|X|/§) term comes from union bounding over all
time for all arms. The black-box adversarial regret algorithm that is applied in Phase 1 needs such a union
bound to guarantee that at every timestep the regret bound holds. This is then needed to guarantee that
(a) the gaps are well estimated and (b) the first phase achieves low regret.

Once the algorithm moves to Phase 2, it needs to constantly verify that the estimates of the gaps remain
accurate to protect against an adversary corrupting them. Solving OP optimally balances this need for
exploration with the desire to achieve low regret (as is noted above). However, it needs to ensure that
at every step for every arm the estimates remain good—so as to prevent an adversary from tricking the
algorithm—and, as such, the log(7'|X|/d) is necessary in this stage as well.

The second log T term comes from upper bounding the regret incurred by playing the solution to OP in
Phase 2 rather than just playing the optimal arm. Intuitively, then, the reason we get a log® T' is that, unlike
the stochastic regime where you can stop exploring and just play the optimal arm, in this regime you have
to continually explore so as to always ensure you are not in the adversarial case. The lower bound presented
below seems to imply the log? T' is necessary.

Why can’t this hit the ¢(X,0) rate in the corrupted setting? Note that in the purely stochastic
setting, we only are in Phase 1 once, which allows us to simply apply the bound +/Ctg to bound the regret
in the initial stage. This ultimately scales as @(logS/ 2T), and so is lower order.

In the corrupted setting, however, we do not know how many times we will be in the first phase, as the
total number of epochs depends on the value of C. As such, we can only apply the adversarial regret bound
(Theorem 7), which has an additional y/log T term. This causes the regret of the initial stages to dominate,
and we get the O(dlog® T/Amin) regret.

5.3 Lower Bound
Theorem 6 (Theorem 27). For any v € (0,1), if an algorithm guarantees a regret of
1—
7(7’}2 ce(X,0)log®> T
in stochastic environments for sufficiently large T, then there exists an adversarial environment such that

with probability at least iT*V/‘L, the regret of the same algorithm is at least %TVAmin.

Intuition for lower bound. The proof of the lower bound works by constructing two instances and
showing that, unless sufficient exploration is done, the learner will not be able to detect if the bandit
switches from one instance to the other, in which case it will incur large regret on the second instance.

More formally, they show that if an algorithm achieves regret O(c(X,6) - log> ? T) on a fixed instance,
there must be some arm z such that

o= a2 > 0(A2/log! = T)

21



for some 8 € (0,1) and A; = E[Z:;rtl zyx]]. In other words, the algorithm cannot achieve low regret and

simultaneously distinguish between every arm well. Given this, consider an adversary switching to some
instance

A7z — o)

0 =0-—
le =22,

2A,.

Now, z is a better action than x*, but the learner cannot distinguish between the two as stated above, and
will thus incur large regret.

Intuitively, then, the learner must explore at a rate greater than log7 in order to always be able to
estimate all gaps well enough to ensure that the loss vector has not been changed by an adversary.

Caveats of lower bound. There seem to be a few shortcomings of the lower bound. First, the observation
model is non-standard. Rather than observing z] ¢; + 7; as is standard in linear bandits, they assume the
observation, ¥, is

[ 1 with probability £ + 126
be = {—1 with probability 5 — zxjﬂ
So rather than the full feedback, they’re getting a binary feedback. This seems more difficult to learn in
perhaps, but is essentially still sub-gaussian noise.

Second, one would ideally like to be able to say that the bad event occurs with constant probability but
in their case the bad event occurs with probability %T‘"’/ 4 which will go to 0 as T'— oo. In order to make
the probability of the bad event a constant, you need to choose v = O(1/logT), which will make the regret
of the bad event a constant that does not scale with 7. However, with this model the expected regret will
be at least O(TM/ 4), which is still potentially worse than the optimal rate, so this is perhaps not that big
an issue.

5.4 Proof Sketch (Adversarial Case)

The proof in the adversarial setting involves three key steps:
1. Show that, since we are running a low-regret algorithm, the regret in Phase 1 is bounded as O(+/Cito).

2. Show that in Phase 2, the arm identified as empirically best, Z, in Phase 1 remains the best arm for
the duration of Phase 2.

3. Given this, we can use I to accurately estimate the regret. Show that the conditions of Phase 2 then
allow us to bound the regret in this phase as O(y/CitglogT).

The proof of the first step follows trivially by Assumption 1-—since in Phase 1 we are running an algorithm
with a low-regret guarantee for adversarial bandits, it follows that we will achieve low regret in this phase.
The following lemma proves the second step.

Lemma 9 (Lemma 8). With probability at least 1—0, for anyt in Phase 2, we have T € argmin ¢ » ZZ=1 Ly o

Proof. We first show that the deviation in the first phase is well-bounded:

to to
Z(ﬁm —ls2)| <c (\/C’lto + Z(ﬁs,x — €37x5)> (Rearranging regret bound for Phase 1)
s=1 s=1
to - -
<ec (2\/01150 + 5\/fTC’1t0 + Z(&@ — 837§)> (Definition of )
s=1

<c (R/M + t031>
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In Phase 2, we can use some properties of the robust estimator to get that

<

(t — to)Roby , — Z o s

s=to+1

Using the above inequality, we can bound the deviation Zic’:l(ﬁ 53 —ng) To bound the deviation for s > tg,
we can apply Freedman’s inequality and, using that we choose T with probability at least 1/2 to control the
variance, conclude that

t

> s — 1)

s=1

<3V frCit

Putting these pieces together, we have that

Z( s,x sz >Z sx_/\sa: ((t—to RObtaf_ Z Esz>—0\/fT01t—C,t3x

s=to+1
> tAy ., — e/ frCit — CtA,
> tA, . — 0.37tA,
>0

where the final inequality holds since we are in Phase 2, which implies that ﬁt,z € [0.39396, 1.81&%}. Thus,
7 is still the best arm. O

Given this result, the following lemma proves the third step.

Lemma 10 (Lemma 9). With probability at least 1 — 6, for any time t in Phase 2, we have that for any
r e X,

t

Z(és,ms - Es,m) == O(\/ CltOfT)

s=1

Proof. By the previous result, we know that in Phase 2 the optimal arm is still . It follows that

The difference between these quantities is a martingale difference sequence with variance that can be bounded
conveniently since we pull Z at least 1/2 of the time, ensuring ¢, 7 is well-behaved. It can then be shown
that this deviation is O(v/to). As the exit condition of Phase 2 is that

t

> (5 — lez) = 201/ frCito

s=to+1
it follows that the regret of Phase 2 will be upper bounded as O(y/frCito + v/To)- O

Combining these two results and using that the total number of epochs is at most O(log T'), an application
of Jensen’s inequality to combine the regret over all phases gives Theorem 7.
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5.5 Proof Sketch (Corrupted Stochastic Case)
The key lemma towards proving Theorem 6 is the following.

Lemma 11 (Lemma 20). In the stochastic setting with corruptions, within a single epoch,

1. With probability at least 1 — 40, tg < max{gogéifcl, %?Togf ,L}.

2. IfC < %\/fTClL, then with probability at least 1 — 0, T = x*.

3. IfC < %\/fTOlL, then with probability at least 1 — 26, tg > MAJ;LCP

4. If C < %\/fTClL, then with probability at least 1 — 30, ﬁr € [0.7A,, 1.3A,] for all x # x*.

Proof. The key insight in proving this result is that for any ¢ in Phase 1 and any z,

t
Z(zs,z - Z\s,m)
s=1

In words, our estimate of the reward for each arm is within a factor of O(1/VT + C/T + A,) of it’s true
reward. this result follows directly from the guarantee of the low-regret algorithm we are running in Phase
1, which gives

< & (VO + 18, +20) (35)
2

t

Z(zs,w - Zs,db)

s=1

t

S \/@ + Z(és,a; - és,ws)

s=1

Cs

Furthermore, € 5, > {4z« — MaXzex |Ct x|, SO

t

t
ng,;vs Z ng,m* -C
s=1

s=1

Combining these results and using the definition of A, gives the result.
Given this, the four claims intuitively follow. In the case with low corruption, one can show that (35)
and the exit condition of Phase 1 implies that we will only exit the phase after we have identified the best

arm and the gaps for every other arm. That ty = @(%) follows intuitively since this is the amount of
time necessary to identify the best arm if using a naive approach. In the corrupted case, we can bound
to = O(C?) since in this regime, the terms scaling with ¢ will dominate the C term in (35), which will allow

the exit condition of Phase 1 to be reached. O
We then have the following result.
Lemma 12 (Lemma 21 and 22). When C < %\/chlL, with high probability Phase 2 will never end.

Proof. That the gap estimates remain accurate follows since tg is large enough to dominate the corruptions.
Next, it is shown that

t
Z (ys — Lsz) <204/ frCito (36)
s=to+1

~

for all remaining time. This follows by first relating ys — ¢5 z to the true regret at time s, {5 ;, — {5 o«. Again

using that z is pulled at least half the time, the variance of (ys — 2”;5) — (ls,z, — ¥s.4+) can be controlled so
this deviation can be bounded. Then, using that Lemma 20 holds in this case so the gaps are well estimated,
Lemma 13 can be applied which gives a bound on the regret incurred by playing an allocation computed by
OP. Combining these proves (36) holds for all time. O

Proof of Theorem 6. The proof of Theorem 6 is broken into two parts.
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Case 1: C =0. In the truly stochastic case, the requirement of Lemma 20 will be met at the first epoch.
Thus, assuming that T is large enough, Phase 1 will only exit after it has found the best arm and estimated
the gap of every arm correctly. Using the bound from Lemma 20 that ¢y = @(%), the regret in the first

stage can be bounded by, using the regret bound from the black-box algorithm, as

O/ frC2 /A2, ) = O(C11/108 T/ Amin) = O(dlog®? T/ Apmin)

Critically, as we are only in Phase 1 a single time, we can use the regret bound of the black-box algorithm
which scales as /C1tg, rather than applying the adversarial regret bound, which scales as /C1T logT. The
lack of that additional \/log T term ensures that the regret of this initial stage is lower order.

Then, for large enough T, we can use that the gaps are well-enough estimated to guarantee that the
empirical solution to OP is near the solution to OP on the true instance, so the regret of Phase 2 can be
upper bounded as

O(c(X,0)log T'log(T|X|/6) + M log®/?1/6)

where here M is the time needed to guarantee that the time-constrained solution returned by OP achieves
a regret scaling with ¢(X, 6).

Case 2: C > 0. By what was shown in Lemma 21, Phase 2 will never end once L > ¢C?/(Ci fr).
Furthermore, by what was shown in Lemma 20, we will always have that, in the previous epochs, t; <
max{%, QJ?TO—gf}. Applying the adversarial regret bound to all stages where L < cC?/(Cyfr), we get
that the r1rv“eng;1ret in these stages is bounded as

2
0 <\/clfT maax{ gy, 2 }) 0 (m&m " %Q)) —0 (dl"ngAog?T'X'/‘” ; c)

By Lemma 21, we will have that the regret in the final Phase 2 will be bounded as O(v/frCity). By our
bound on ty this can be shown to be order

o (dlongAog(.T|X|/5) +C>

which gives the result. O

6 Misspecified models

At time ¢, we can observe the measurement x;, through the real value

Yt = Mz, + gt

with |y| < B and E[¢?] < 0. We assume that max,cy |z 60* — p,| < h. Note that this framework covers
the (more classical) stochastic linear bandit setting where h = 0 (also called the well specified case).

We define 7(X, h, €) the number of samples needed to design an algorithm that returns an e-optimal arm
almost surely, when the set of measurements is X C R? and the misspecification tolerance is h.

The rest of this section investigate attempts to tackle the misspecified setting, where h > 0. We first
discuss the lower bound provided in [11], which we then compare to the upper bounds of [11] and [5].

6.1 Lower bound, [11]

Note that this lower bound was first provided in [7]. The setting chosen is pure exploration in noiseless
bandits. Namely, we assume that £ = 0 at every time ¢.
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Theorem 7 ([7], [11]). For alle > h and k 2, exp {d (g)z}, there exists a set of measurements X C R? of
size k such that the number of samples needed to design an algorithm that returns an e-optimal arm almost

surely is
B\ 2
T(X, h,€) Z exp {d (s) }

The proof can be found in e.g. [11]. The set of measurements X used is obtained using the Johnson-
Lidenstrauss lemma.
We see that the query complexity is exponential in d (curse of dimensionality) when e is not much larger
than &, but is benign when & = Q(hV/d).

6.2 Upper bounds, [11] and [5]

Theorem 8 ([11]). Let X € R¥*4 and ¢ > 2h(1 + V/2d), there exists an algorithm requiring its number of
samples to be at most 4dloglog(d) + 16 to find an e-optimal action. Thus

(M, ) < 4dloglog(d) + 16

The algorithm used goes as follows:
e Use 4dloglog(d) + 16 measurements to compute a near G-optimal design. That is compute )y such that
g(Mo) < 2minyea, g(A) = 2d, where

2

g()\) = I(II,léa;C'( ||a||(2ae?€ A(a)aa7)71

e Compute a least squares estimate with these 4dloglog(d) + 16 measurements
e Output the measurement that looks best according to the least squares estimate.

Proposition 1. [Robust IPS estimator, [5]] Fiz any finite sets X C R? and V C Z, number of samples T
and reqularization v > 0. If the estimator is Tun with ‘%‘—mbust mean estimator fi(+) and if T > ¢y log(|V|/9)
then with probability at least 1 — §, we have

W(“) — 9*’ o
max IV OO gy bt o/ P togavys),
veV [[vll(s,  y Aewa T4y 1

Moreover, W) = i({vT A (N)Yay Y1) can be replaced by (5,1)) by multiplying the RHS by a factor of
2.

The full proof can be found in [5], but we provide a sketch of the proof here.

Proof sketch. Due to the regularization and potential misspecification if h > 0, each vT A (X\)~az,y, is bi-
ased. Thus, we apply the guarantee of W) = fi({v" A (X\)~'ay:}7_,) to the expectation of its arguments.
The triangle inequality followed by repeated applications of Cauchy-Schwartz yields

(W —(v,6.)] < WO —E[oT AP V) aag]| + [Ep TAD (A) " aiy] — (v, 6,)]

v2log(1/6

T

where we obtain an upper bound on the variance v? by
Var(v T AN tzyy) <E[(vT AN raiy)?)
2 2
—E {(JAWA)%) uil] +E [(UTAW)(A)lxl) f]

< (B*+ Uz)”””i(v)()\)—l-
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