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Abstract

This study aims to develop bandit algorithms that automatically exploit tendencies
of certain environments to improve performance, without any prior knowledge
regarding the environments. We first propose an algorithm for combinatorial
semi-bandits with a hybrid regret bound that includes two main features: a best-
of-three-worlds guarantee and multiple data-dependent regret bounds. The former
means that the algorithm will work nearly optimally in all environments in an
adversarial setting, a stochastic setting, or a stochastic setting with adversarial
corruptions. The latter implies that, even if the environment is far from exhibiting
stochastic behavior, the algorithm will perform better as long as the environment
is "easy" in terms of certain metrics. The metrics w.r.t. the easiness referred to in
this paper include cumulative loss for optimal actions, total quadratic variation of
losses, and path-length of a loss sequence. We also show hybrid data-dependent
regret bounds for adversarial linear bandits, which include a first path-length regret
bound that is tight up to logarithmic factors.

1 Introduction

In this work, we consider two fundamental problem settings w.r.t. online decision problems: combi-
natorial semi-bandits [42, 166, 4] and linear bandits [13,17,|30]. In both problem settings, a player
is given an action set A € R, a compact subset of a d-dimensional vector space. In each round
t, the player chooses an action a; € A and then incurs loss étT a;, where ¢, € R? is a loss vector
chosen by the environment. The action set in the combinatorial semi-bandit is assumed to be a subset
of {0,1}4, each element of which corresponds to a subset of [d] = {1,2,...,d}. After choosing
a; € A, the player can observe {;; for all ¢ such that a;; = 1 in semi-bandits. Linear bandits are
problems with even more limited feedback, ones in which the learner can only observe the incurred
loss ¢/ a;. For combinatorial semi-bandits problems with £; € [0, 1]%, there is a known algorithm with
an O(v/mdT)-regret bound [4], where m = max,¢ 4 ||a||;. For linear bandits such that |[¢ a| < 1
holds for any a € A, algorithms with O(d\/f)—regret (where factors in log T" and log d are ignored)
have been developed [13} 117, 130]. These algorithms are optimal in terms of worst-case analysis. In

fact, matching lower bounds of Q(v/mdT) for combinatorial semi-bandits [3 [I1]] and of Q(dv/T)
for linear bandits [22] are known.

The worst-case optimal algorithms, however, tend to be too conservative in actual practice. This
is because true worst-case environments are quite rare in real-world applications. Rather, the
environments may have structures that are convenient for the learner, and it is desirable that the
algorithm takes advantage of such structures to improve performance. To exploit such structures, two
main categories of approaches have been studied: adapting to (nearly) stochastic environments and
developing data-dependent regret bounds.

An example of the first category is in reference to best-of-both-worlds (BOBW) algorithms [12,
62, 15, 1614 168, [70], which means that they work well for both adversarial and stochastic settings.
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These algorithms enjoy O(\/T)-regret bounds in an adversarial setting and, simultaneously, achieve
O(%)-regret in a stochastic setting with i.i.d. losses, where ¢ > 1 is a constant and A represents

the suboptimality gap defined by min,e 4\ o+ E[¢] (a — a*)] for an optimal action a* € A. As shown
in Table |1} for combinatorial semi-bandits, Zimmert et al. [[71] provide a BOBW algorithm, both
bounds of which are tight up to constant factors as matching lower bounds are known for adversarial
settings [3,[11]] as well as for stochastic settings [42].

Studies on the adversarial robustness of stochastic bandit algorithms [48], 127, [70] can be considered
to provide another approach in the first category, in which an adversary can corrupt stochastically-
generated losses subject to the constraint that the total amount of the corruption is at most a parameter
C > 0, referred to as the corruption level. This model includes both adversarial and stochastic
settings and is closely related to studies on BOBW algorithms. In fact, the special cases of C' = 0 and
C = Q(T) correspond to stochastic and adversarial settings, respectively. For the fundamental multi-
armed bandit problem, Zimmert and Seldin [70] have proposed the Tsallis-INF algorithm, which
achieves BOBW with tight regret bounds up to small constant factors, and which simultaneously is

very robust w.r.t. corruptions; the degradation in the regret is only O(min{C, 4/ C%iioﬂ}). Such

algorithms are called best-of-three-worlds (BOTW) algorithms. As shown in Table([T] the semi-bandit
algorithm by Zimmert et al. [71] is also a BOTW algorithm (Sto. +Adbv. refers to the stochastic setting
with C-adversarial corruptions)|'| For linear bandits, Lee et al. [45] have recently developed a BOTW
algorithm as well.

In studies on data-dependent regret bounds [S5} 168} 29, 57, [15} [14} 34] of the other category, we
define measures of the difficulty of problem instances, which we refer to as difficulty indicators, and
aim to develop algorithms so that the regret will be smaller for smaller instance-difficulty indicators.
Examples of difficulty indicators dealt with in this paper include L*: the cumulative losses for an
optimal action, ()4 the total quadratic variation of losses, and V;: the path-length of losses, definitions
of which are given in Table 3] Tables[I]and [2] show data-dependent regret bounds, including difficulty
indicators for, respectively, combinatorial semi-bandits and adversarial linear bandits. For example,
the semi-bandit algorithm with an O(y/dL* log T')-regret bound given by Wei and Luo [68]] achieves
much smaller regret than the worst-case optimal O (v dmT)-bound when L* = o(mT), i.e., when
there exists an action for which the cumulative losses are much smaller than mT'.

Given the various algorithms above, a new challenge arises: how, in practice, can we choose an
appropriate algorithm? If the environment is expected to behave in an almost i.i.d. stochastic manner,
either BOBW or BOTW algorithms would work well. If the environment is far from exhibiting
stochastic behavior but is "easy" in terms of some difficulty indicator, algorithms with a corresponding
data-dependent regret bound may work better. In practice, however, it is hard to tell what kind of
environment we are working in until we have actually tried out the algorithm.

1.1 Contributions of this work

This work addresses the above-mentioned issue of algorithm selection by developing hybrid al-
gorithms. Its main contribution is to develop a semi-bandit algorithm (Algorithm (1)) that enjoys
multiple data-dependent regret bounds as well. This can be seen as an an extension of the work on
the multi-armed bandit problem by Ito [34] to combinatorial semi-bandits. In addition to this, for
linear bandits, we provide a hybrid data-dependent regret bound.

For combinatorial semi-bandits problems, we propose Algorithm|[I] with the regret bounds shown in
Table [T} More explicit statements are provided in Theorem [T} Corollary [T] (for the adversarial setting),
and Corollary [2] (for the stochastic setting with/without adversarial corruption). As can be seen in
the table, the regret bound for the adversarial setting encompasses three different data-dependent
regret bounds. Note that O(v/dL* logT)-bounds imply the nearly worst-case optimal bound of
O(v/dmTlogT), as L* < mT always follows from the model definition. The new regret bound is of
O(R + v RCm) for the corrupted stochastic setting, where R stands for the bound for the stochastic
setting. Note that the regret bounds for the stochastic settings (with corruption) can be improved for
some special cases, such as for size-invariant (||a||; = m for all a € A) or for a matroid constraint
(A forms bases of a matroid), as described in Corollary 2] We would also like to stress that the

!This bound is not explicitly stated in their paper, but can be shown via a straightforward modification of the
proof. A proof of this is given in Appendix@of the supplementary material.



Table 1: Regret bounds for combinatorial semi-bandits.

Reference Regime Regret bound
Audibert et al. [4] Adv. O(VdmT)
Kveton et al. [42]] Sto. 0] (%)
Neu [54] Adv. O(m+/dL*1og(d/m))
Wei and Luo [68]] (Sec. 3.1) Adv. O(v/dQslogT)
Wei and Luo [68] (Sec. 4.1)  Adv. O(v/dVylogT)
Wei and Luo [68] (Sec. 4.2)  Adv. O(v/dL*logT)
Zimmert et al. [71]] Adv. oWdmT
dmlogT
Sto. (0] ( o )
Sto. + Adv. O (dmg’gT +4/ Cdm’;bgT)
[This work] (Algorithm Adv. O(\/d min{L*, Q2, Vi }logT)
dmlogT
Sto. O (%)
Sto. + Adv. O (dmfﬂ + \/CdmZIOgT)

Table 2: Regret bounds for adversarial linear bandits. We Table 3: Definitions of parameters.
assume that ||a||, < 1 for all A and ||¢;||, < 1 for all ¢, for

some p,q € [1,00] such that 1/p + 1/q = 1. O(-) ignores T n}lmber' of rounds
factors of (log T)O(l) and (log d)O(l). d dimension of A
m  maxgeA ||lall
Reference Regret bound ¥ self-concordant parameter
— C  corruption level
Bubeck et al. [13]] (df) L*  min,. ZtT:1 o
Q

Hazan and Kale [29]]
Bubeck et al. [15] (Cor. 4, 8)
Bubeck et al. [15] (Cor. 6)
Ito et al. [36]

[This work]
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proposed algorithm is parameter-free, i.e., it does not require any prior information w.r.t. parameters
A, L*, QQ, Vl, and C.

The proposed semi-bandit algorithm is based on a follow-the-regularized-leader (FTRL) frame-
work [[70} [71], combined with an optimistic prediction for the losses [58} 157, [68]. More precisely,
it uses a mixture regularizer [14, 155, [71} 24] consisting of the log-barrier in variables z; and the
Shannon entropy in the complement (1 — x;) of z; with entry-wisely adaptive learning rates, by
which BOTW is achieved. The regret analysis for the stochastic setting (with corruption) is based on
self-bounding inequalities for the regret, similarly to what is seen in the analyses by Zimmert et al.
[71], Zimmert and Seldin [/0]. In addition to this, by choosing optimistic predictors with simple
gradient descent methods, we can achieve multiple data-dependent regret bounds as well. The most
relevant algorithms are given by Wei and Luo [68]] and Zimmert et al. [[71]. The proposed algorithm
differs from that of Wei and Luo [68]] in that the former employs follow-the-regularized-leader rather
than online mirror descent methods and uses a mixture regularizer. The major differences with the
work by Zimmert et al. [71]] are that Algorithm[TJuses a log-barrier rather than Tsallis entropy, and
that it takes advantages of optimistic predictors. As far as we have managed to determine, it appears
difficult to combine Tsallis-entropy-based algorithms with optimistic predictors, as we discuss in
Subsection[#.2] Our work overcomes this difficulty by using a log-barrier regularizer, rather than
Tsallis entropy, in exchange for additional O(+/log T')-factors in worst-case regret bounds.



Remark 1. In the previously mentioned study by Wei and Luo [68]], the regret bounds for com-
binatorial semi-bandits are not given explicitly. However, as stated just after Corollary 3 in their
paper ("but they can be straightforwardly generalized to the semi-bandit case"), we can obtain the
regret bounds in Table[I] via a simple calculation. To be more precise, their regret bounds in Table/I]
dependent on ()2 and V; can be refined by replacing them with Q2 (I*) := Zthl Sier (i — 4)?
and V5 (I*) := tT:_ll > icr+ [l — Liya,il, respectively, where we define I* = {i € [d] | aj = 1}
for an optimal action a*. This means that Algorithm [I)is not necessarily superior to their algorithms.
On the other hand, it should be noted that their algorithms require prior knowledge w.r.t. Q2 (I*) and
Va(I*) to achieve corresponding regret bounds.

For linear bandits problems, we provide the hybrid data-dependent regret bounds shown in Table 2]
and in Theorem [3] which holds for p € [2,00] and ¢ € [1, 2] such that 1/p + 1/¢ = 1, under the
assumption of ||af|, < 1foralla € Aand ||{;]|; < 1 for all £. The parameter ¥ > 1 is associated
with a self-concordant barrier over the convex hull of A. It is known that any convex set has a
self-concordant barrier with ¢ = O(d) [53]], which is tight up to a constant factor. Substituting
¥ = d and noting L* < T', we can see that the new regret bound includes previous bounds. Further,
for the special case of (p,q) = (oo, 1), the new path-length regret bound of O(d\/V;) is tight up
to a logarithmic factor in 7', as a matching lower bound of O(d+/V}) is known [22, [15]]. To our
knowledge, this is the first (nearly) tight path-length regret bound for linear bandits. The regret
bounds of O(dv/'L*) and O(d+/Q,) are also nearly tight, as has been noted in the literature [36].
The approach for the new regret bound is quite simple: we combine regret bounds dependent on
optimistic predictors 57, 36] and the algorithm of tracking the best linear predictor |31, [16]].

2 Problem settings

This section introduces the problem settings of combinatorial semi-bandits and linear bandits. In
both settings, a player is given, before the game starts, an action set A € R¢ and the total number
T of rounds. In each round ¢ € [T, the player chooses an action a; € A, while the environment
chooses a loss vector £; € R?. After choosing the action, the player gets feedback on the loss, which
will depend on the problem settings. Player performance is measured in terms of regret Ry defined

as follows:
T
S 4 (a—a)
t=1

where the expectation is taken w.r.t. the randomness of ¢; and the algorithm’s internal randomness.

Rr(a*) =B . R = max Rr(a”), ()

2.1 Combinatorial semi-bandits

This subsection provides settings of action sets and feedback information in combinatorial semi-
bandits. The action set A is a subset of binary vectors {0,1}¢, each element of which can
be interpreted as a subset of [d]. Denote m = max,c ||al|;. For each chosen action a; =
[a1, a2, ... aq) T € A, we denote I; = {i € [d] | a;; = 1}. We further assume that £; € [0, 1]¢,
similarly to what is seen in existing work [71} 40, 142, 66 54].

In combinatorial semi-bandits, the player can get entry-wise bandit feedback. More precisely, after
choosing an action a;, which corresponds to a subset I; of [d], the player can observe ¢; for each
i € Iy, while £y; for i € J; := [d] \ I will not be revealed.

In addition to general action set A € {0, 1}9, this paper analyzes two special cases of settings. One
is size-invariant semi-bandits, in which all actions a € A have the same size ||a||; = m. The other
one is matroid semi-bandits [40}66]], in which an action set .A corresponds to the bases of a matroid.
As all bases of an arbitrary matroid have the same size, matroid semi-bandits are special cases of
size-invariant semi-bandits, which implies

{general semi-bandits} D {size-invariant semi-bandits} O {matroid semi-bandits}.

An important example of matroid semi-bandits is the problem over m-set, which is defined as
A ={a€{0,1} | ||la|ly = m}. The problem with full-combinatorial set A = {0, 1}" can also be
reduced to a special case of matroid semi-bandits with (d, m) = (2n,n). Zimmert et al. [71] have
provided improved regret bounds for such special cases of m-sets and full-combinatorial sets.



2.2 Linear bandits

In linear bandits, the action set .4 is assumed to be an arbitrary closed and bounded subset of R, The
special cases in which A consists of binary vectors in {0, 1}% are called combinatorial bandits [17].
Similarly to what has been done in existing work [[15} 29]], we assume that there exists p, ¢ € [1, 00|
for which1/p+1/¢ =1, ||la|, < 1 and ||4;]|; < 1 hold for all ¢ € A and ¢,. By rescaling .A and
{4} as needed, any problem with bounded .A and {¢;} can be transformed into a problem satisfying
this assumption.

The available feedback in linear bandits is even more limited than in combinatorial semi-bandits.
After choosing an action a; € A, the player can only observe the incurred loss ¢, a;. In the special
case of combinatorial bandits, the player can only observe the sum of losses ) _, 1, L for the chosen
subset, unlike in combinatorial semi-bandits in which ¢;; is revealed for each i € I;.

2.3 Assumptions regarding environments

The scope of this work includes the following three different settings in terms of the environments’
determining losses /;:

{adversarial regimes} DO {stochastic regimes with adversarial corruptions} D {stochastic regiems}.

Stochastic regimes In a stochastic regime, the loss vectors ¢; are supposed to follow an unknown
distribution D, i.i.d. for t = 1,2,...,7. Denote i = E;.p[f] and set a* € argmin,. 4 ' a.
The regret can then be expressed as Ry = E[Z;F:1 u' (a; — a*)]. Tt is known that the optimal
regret in this regime can be characterized by the suboptimality gap parameter A defined as A =
minge 4\q+ p'a—p " a*. Note that no prior information on the distribution D, including the parameter
A, is given to the player. When we consider stochastic regime, we assume that A > 0, which implies
that the optimal action ¢* € arg min, ¢ 4 1" a is assumed to be unique.

Adversarial regimes In an adversarial regime, no stochastic models on ¢; are assumed, but the loss
£; may be chosen in an adversarial manner. More precisely, the environment can choose ¢; depending
on the actions and losses {(¢;, aj)}é-;ll chosen up until the (¢ — 1)-th round.

Stochastic regimes with adversarial corruptions A stochastic regime with adversarial corrup-
tions is a regime intermediate between stochastic regimes and adversarial regimes. In such a regime,
a temporary loss ¢} is drawn from an unknown distribution D, and then the environment may corrupt

it to determine ¢, in each round, subject to the constraint Zthl 1€: — £illoo < C, where C > 0is
a parameter called the corruption level and corresponds to the total amount of corruptions. In this
paper, we suppose that the corruptions on /; depend on £} and historical data { (¢, /;, a;) ;;11, and
that they do not depend on a;, similarly to what is seen in existing models [48} 27} [70 |8].

The special cases of the stochastic regime with adversarial corruptions in which C > Q(T") and
C = 0 coincide, respectively, with the adversarial regime and the stochastic regime. This paper
supposes that the player is not given parameter C' in advance, i.e., it aims to adapt to any environment
with an arbitrary corruption level C'

3 Related work

Combinatorial semi-bandits have been extensively studied for a wide range of applications, including
adaptive routing [25]], network optimization [40Q], spectrum allocations [25]] and recommender systems
[41,165,156]). For stochastic combinatorial semi-bandits, Kveton et al. [42,!40], Wang and Chen [66]
provide tight regret bounds dependent on the suboptimality gap. Interestingly, these tight regret
bounds differ depending on the assumption of the action set: for the general action set, the tight

bound is of O(W%T), while, in the matroid semi-bandit cases, the tight bound is of O(%).
Similar tight bounds are reproduced in the work by [71] and in this work as well, together with
worst-case optimal regret bounds for the adversarial setting. Chen et al. [19} 20] have considered
a more extended framework including nonlinear reward functions. Linear bandits also have many
applications, including end-to-end adaptive routing [7, 6] and various examples of combinatorial
bandits [[17]].



In a bandits context, BOBW algorithms have been developed for various problem settings, including
the multi-armed bandit [[12,162} 15,161, 168} [70} 59], combinatorial semi-bandits [[/1]], episodic Markov
decision processes [37, 38], online learning with feedback graphs [24]], and linear bandits [45]].
Similar algorithms have been developed for full-information online learning problems as well, such as
the problem of prediction with expert advice [2, 152} 23, 26] and online linear optimization [32]]. For
achieving BOBW, two main approaches can be found in these papers. One is to select an appropriate
mode in an online manner, by determining whether the environment is i.i.d. or not. The other is
to exploit self-bounding constraints, i.e., an approach which is meant to lead to improved bounds
by combining a regret lower bound expressed with a suboptimality gap and a regret upper bound
dependent on the action probability vectors. This work adopts the latter approach, similarly to certain
existing work [[70, 71} 168]].

Since Lykouris et al. [48]] initiated a study on stochastic bandits robust to adversarial corruptions,
research in this direction has been extended to a variety of models, such as those for (adversarial)
multi-armed bandits [27, [70} 28], 150], episodic Markov decision processes [49} 21} 38]], Gaussian
process bandits [8], the problem of prediction with expert advice [2| 33]], online learning with
feedback graphs [24]], and linear bandits [9, 45]]. There can be found studies on effective attacks and
on the vulnerability of well-known algorithms [39] |46]]. We note that some existing studies (e.g.,
[9} 139, 28, 46]) have considered targeted corruption models, in which the adversary may choose
corruption on ¢; after observing the player’s action a;, unlike this work and some previous studies
[48L 277, [70, 8]]. The differences in corruption models can be summarized; see, e.g., the paper by
Hajiesmaili et al. [28]. In addition, there are alternative definitions of regret, e.g., as one is defined
with the losses after corruptions, as in this work and certain previous studies [48,[70l 8] and another
is defined with the losses without corruptions [27, 145, 9]]. As the gap between these two notions of
regret is at most O(C'), regret bounds for one side has consequences for the other sides up to an
additional O(C)-term. For further discussion on alternative notions of regret, see, e.g., Section 5.2 of
the paper by Gupta et al. [27].

Data-dependent bounds have been studied for a variety of difficulty indicators. For a bandits context,
Allenberg et al. [1] have developed a multi-armed bandit algorithm with a first-order regret bound,
i.e., the bound dependent on L* rather than on 7T'. Hazan and Kale [29]] provided algorithms so-called
second-order regret bounds, which depend on ()>. Similarly to what is seen in such full-information
online learning problems as the problem of prediction with expert advice, there are algorithms
with first- and second-order regret bounds [[18} 26 63 147]]. It is worth mentioning that one kind of
second-order regret bound implies BOBW guarantees, as shown by Gaillard et al. [26]. Note that
some known difficulty indicators are not dealt with in this work, e.g., the sparsity of loss vectors
[43]114].

4 Combinatorial semi-bandits

4.1 Preliminary: existing techniques

Convex combination and decomposition Let X’ denote the convex hull of the action set A, i.e.,
the set of all vectors that can be expressed by a convex combination of vectors in .A. Our proposed
algorithm manages vectors x; € X, and chooses a; € A so that E[a;|x;] = x;. Such a; can be
generated via a convex decomposition of x;. In fact, from Carathéodory’s theorem, for any x; € X,

there exist {\,}¢_, C [0,1] and {ai"“)}g:o C A such that Zi:o Ar = 1 and ZZ:O )\kaik) = 2.
Hence, by choosing a; = agk) with probability A, we have Ela;|z;] = z;. Such {\;}¢_, and
{agk)}zzo can be computed efficiently if there is an algorithm for solving linear optimization over
A, as shown, e.g., in Corollary 11.4 in [60]. Similar techniques are used in [35] [36] as well. More
efficient algorithms for computing {\x }¢{_, have been developed for the special cases of bases of

uniform matroids [71} [67] and general matroids [64]. In our regret analyses, we use the fact that
I, = {i € [d] | ay; = 1} satisfies Prob[i € It|z:] = x;.



Optimistic follow the regularized leader Our proposed algorithm is based on the framework of
optimistic follow the regularized leader [57, 158, 144], in which the vector x; is defined as

t—1
mtEargmin{ZéjTa:—&—mth—&—z/Jt(x)}, 2)
reX J=1

where each Zj is an unbiased estimator of ¢, m is an arbitrary hint vector estimating ¢;, and 1), is a
regularizer that is a smooth convex function over X'. The regret for this algorithm can be evaluated
by means of Bregman divergences defined by D;(z,y) = ¥ (z) — ¥ (y) + Vbe(y) T (z — ).

Lemma 1. If z; is given by 2), we then have Zthl (2 — 2%) < Ypypa(a®) — u(a)) +
S ((@ —my) " (zp — @) q) — D@ g, 2¢) + (@) ) — 1/}t+1(x;+1)), where x} is defined as
T, € argmin, ¢ y {Z;;ll Ol x+ 1y (x)} .

All omitted proofs are given in the Appendix. A similar framework is used in [36]] for linear bandits.
Further, a special case in which m; = 0 has been employed in [71].

Remark 2. In some existing work, a slightly different approach called online mirror descent
has been used, e.g., in [68]]. In online mirror descent, the update rule is expressed as x; €

argmingc y {@ x + Dy(z, mt,l)}. The relationship between follow the regularized leader and

online mirror descent has been widely discussed [51,/44]. Amir et al. [2] have pointed out an essential
difference: an algorithm in the follow-the-regularized-leader framework has improved performance
in stochastic regimes, but none in online mirror descent has done so.

4.2 Proposed algorithm

In our proposed algorithm, we define an unbiased estimator ?, and regularizer v, as follows:

d
bii = my; + %(ﬁn‘ —my), (@) =Y B (—logzi + (1 —z;)log(l —z3)),  (3)
t i=1

where (3;; and ~y are defined as

1
logT

. 11—y
ati:ati(gti_mti)len{la ,mgm}» Bti = |2+

ti

t—1
> aji, y=logT. 4
j=1

Our hybrid regularizer given in (3) is designed to lead to improved regret bounds in stochastic
settings. In order to show BOTW regret bounds, it is necessary that round-wise regret bounds (e.g.,
the stability term in the paper by Zimmert et al. [71]]) converge to 0 when x; approaches extreme
points in {0, 1}%. As can be seen in Lemma [2|below, the round-wise regret bounds of our algorithm

can be expressed as O(Zf:1 7)) = O(X2 =, 3 min{l, 17_;:;“ }) in expectation. Without hybrid
regularization, i.e., if v = 0, we cannot obtain the above-mentioned convergence property, particularly
when z;; approaches 1 for some 7’s. On the other hand, thanks to hybrid regularization (with v > 0),
we can show that the round-wise regret converge to 0 when approaching any points in {0, 1}¢. The

learning rate parameters (;; given in (@) are designed so that two main parts of the regret bound,

Zle gf and logT - Br41,4, will be well-balanced.

The optimistic predictor m; is updated as follows:

my =1/4 (i €[d]), M1 =mu+ au(l —myu)/4 (t€[T],i€[d]). )

The proposed algorithm can be summarized in Algorithm T] which is similar to the one proposed in
[71] in that both are based on the follow-the-regularized-leader framework with a round-dependent
regularizer. The main differences are as follows:

e Algorithm[I]employs an optimistic-prediction framework while the algorithm in [71]] does
not, i.e., m; is fixed to the zero vector for each ¢.



Algorithm 1 Hybrid algorithm for combinatorial semi-bandits
Require: Action set A, time horizon T" € N
1: Initialize m; € [0,1]? by my; = 1/2 for all i € [d].
2: fort=1,2,...,T do
3:  Compute z; as (), where i j» ¢y and By; are defined in (3) and (@), respectively.
4:  Pick a; so that E[a|x:] = x4, output a;, and get feedback of ¢;; for each ¢ such that az; = 1.
X .
6

Compute ¢, Bi+1,; and my41 on the basis of (3), @) and (3)), respectively.
: end for

e Algorithm|[T]uses a hybrid regularizer combining the log-barrier and Shannon entropy given
in (3), while Zimmert et al. [71] adopt the combination of Tsallis entropy with power 1/2

and Shannon entropy defined as v, (z) = ﬁ Z?Zl(—\/x»i + (1 — ;) log(1 — x;)).

o Algorithm [T maintains the strength +;; for regularization that is different for each entry, and

it updates each on the basis of historical data {x;, a;, (¢;;)ic1, ;;ﬁ

The reason for using a log-barrier regularizer is that it allows us to exploit the optimistic prediction
framework, i.e., it provides regret bounds dependent on (¢; — m;). When m; are non-zero vectors,
¢, can be O(1/xy;) negative values, which would make it even more difficult to bound the regret
if Tsallis entropy were used. For details, see, e.g., [69] and the paragraph just after (RV) in [70].
In contrast to this, a log-barrier regularizer works well even for O(1/xy;) negative losses, which is
convenient for combining with an optimistic prediction framework.

4.3 Regret analysis

This subsection provides regret bounds achieved by Algorithm First, as we have E[@ |x¢] = £ from
(@B) and E[a|z:] = x, the regret can be bounded as

T T R
> 4 (@ =) > b (@ — )
t=1 t=1

d

for any 2* € X. We set 2* = (1 — £)a* + £, where g is a point in X’ such that zo; > 1/d
for all i € [d]. The existence of such a point follows from the assumption that for any ¢ € [d] there
exists a € A satisfying a; = 1. The term ||a* — z*||; in (6) can then be bounded as ||a* — z*||; =
Llla* — zoll1 < %2. Further, the term Zthl 0] (z¢ — 2*) can be bounded via Lemmaand the
following lemma:

Rr(a”) <E +T|a* —z*|y = E +T|la* —x*||1  (6)

Lemma 2. Suppose ly and Wy are given by (B), respectively. The following part of the bound in
Lemmall|can then be bounded as (£; — my)T (z; — ry 1) — Dy(xpyq,2¢) = O (Zle o ), where
ay; is defined in (@).

This lemma can be shown via standard techniques used, e.g., in [71} [68]. Combining Lemmas|T} [2]
and (6], we obtain the following regret bound:

Theorem 1. For Algorithm the regret is bounded as R = O (logT ‘E |:Z;‘i:1 ﬁT+1,z} + d2)
where f3y; is defined as [@). Consequently, we have

d T
Ry =0 Z logT E Zatiwti —my)?| +d* +dlogT 7
i=1 t=1
as well as
d T 12
o . ) — SLtg 2
Rr=0 ; logT E ;mm{mm\/@} +d*+dlogT | . 8)

Note that this theorem holds for arbitrary m, € [0, 1]%. The specific choice of m; in (§) and (7) leads
to the following bound in the adversarial regime:



Corollary 1 (Data-dependent bounds for adversarial regimes). For Algorithm[I] the regret is bounded
. —112 —
as Rr = O (\/dlogT - min {Zthl 0 a S 14 = 2], St - €t+1H1} +dlogT + d2>

for any a* € A, where { = Zthl ;.

Further, from (8], we see that Algorithm[T|may offer improved performance in stochastic regimes
(with adversarial corruptions), as follows:

Corollary 2 (Improved regret bounds for stochastic regimes with adversarial crruptions). If the
environment is in a stochastic regime with adversarial corruptions (defined in Subsection ,

Algorithm|l|has the following regret bound: Rr(a*) = O <B(A)AlogT + \/B(A)% +d* |,

where B(A) > 0 is a constant dependent on the action set, bounded as

dm (general cases)
B(A) << (d—m+m/IogT)min{m,d — m} (size-invariant semi-bandits) . (9)
d—m+m/\logT (matroid semi-bandits)

Remark 3. From Corollary |2] we can obtain regret bounds for the stochastic regime as well, by
substituting C' = 0. In a stochastic regime, the BOBW algorithm proposed by Zimmert et al. [71]]
has been shown to enjoy similar but slightly different regret bounds, e.g., B(A) < (d +m/logT)m
for general cases (which is slightly worse than in (9)), and B(A) < (d — m)(1 + (logd)?/logT)
for the cases of uniform matroids (which in general is not comparable to (9)). For a stochastic regime
with adversarial corruptions, their algorithm achieves O(W + C'm)-regret for such a modified
B(A), though it is not known if the bound can be improved to an O(v/C)-type as in Corollary

Remark 4. For matroid semi-bandits, we can state a more refined regret bound. For
the optimal action a* € argmin,c,pu'a set J* = {i € [d | af = 0} and de-

note A = mingeg.q,=1 /' @ — pu'a* for each i € J*. We then have Rr(a*) =
O (Sies 2+ BIEL 4O (£, 2L + 20T ) )

5 Linear bandits

5.1 Predictor-dependent regret bounds

Regret bounds dependent on m; have been developed for linear bandit problems, similarly to what is
seen for semi-bandits. This paper focuses on regret bounds in the following form:

T

Rp<D-E [ |Y (b —mi)Tar)?|, (10)
t=1

where D is a parameter dependent on A, d and 7. Rakhlin and Sridharan [57] proposed the SCRiBLe

algorithm, which achieves a regret bound as in with D = O(ddlog T), given a ¥-self-concordant

barrier over the convex hull of A, if an appropriate learning rate is chosen. Even without self-

concordant barriers, for general action sets, an algorithm proposed by Ito et al. [36] achieves a regret

bound with D = O(dlog T - log(dT)), as is shown in Theorem 2 in their paper.

From (I0), we can achieve small regret by choosing m; so that Zthl g¢+(my), where we define
g¢(m) = %((¢; — m) "a;)?. When choosing m,, we can use the information of {(¢;, ﬁjaj) ;;11
5.2 Tracking linear experts

In this subsection, we revisit the work by Herbster and Warmuth [31]]. Let p’ = min{p, 2log d} and
let ¢ > g be such that 1/p’ + 1/¢' = 1. Define ®,,(m) = [|m||2. Let £L = {m € R* | [|m]|, < 1}.
Consider m; € L defined as follows:

1

-
m; =0, my1 € ar’,%enéin {QDP/ (m) + (VQDq/ (my) — m (m;—at - f;rat) at> m} .

Y



For m, defined by (IT)), we have the following:
Theorem 2 ([31]], Theorem 11.4 in [16]). Suppose p > 2. If my is chosen by (1)), for any sequence

{u YLy € £, we have S gi(me) < 2500 giue) + 4 = 1) (S0 llwe — el +1)

5.3 Hybrid data-dependent regret bound

By combining and Theorem 2] we obtain the following regret bound:
Theorem 3. Suppose p > 2. Suppose an algorithm enjoys a regret bound as (10) and my is chosen by
(TI). We then have Rt = O (D ‘E [\/min {Qq, 0" -V} —|—p’Dforanyu € L. Further, if¢] a > 0

holds for all a € A and allt € [T), it holds for all a* € A that Ry(a*) = O (D v/ E[L*] +p’).

By combining this theorem and (I0) with D = O(d) [36], we obtain the regret bound in Table

On Potential Societal Impact This study is primarily theoretical in nature, and we do not see any
negative social consequences. Researchers working on bandit theory may benefit from this paper. In
the long run, we expect that the proposed algorithms, which are robust to adversarial attacks, have
the potential to contribute to the realization of a safer and more secure society.
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A Appendix

A.1 Proof of Lemmall]

From the definition of z; and x} shown in (2)) and the first-order optimality condition, we have

Z O o + i (@ Z €T$T+1 + (2 )

t=1 t=1

.
= (Z b+ mT) P 1+ U1 (@) + Y1 (@) — Yr(@rg) + (br —mr) T2y,

.
> (Z 0+ mT) oy +Yr(xr) + Yoy (@) — vr(ap) + (bp — mr) @y + Dr(2y, ar)

T-1

=Y i ar +¢r(er) + mier + $ria (@) — Yo (@) + (O —me) Ty + Dr(@hy,, o)
t=1
T-1

Z ETLU +r(ar) + mTCUT + 1/’T+1(5UT+1) 1/)T(x/TJrl) + (gT - mT)TxIT+1 + DT(x/T+1v$T)

T
D+ Y (V@) = i) +mlwe+ (= m) Tal + Dieg, @)

v

where the first and the third inequalities follow from the definition of x}, the second inequality
follows from the definition (2)) of z; and the first-order optimality condition, and the last inequality is
obtained by applying similar arguments recursively. This inequality immediately implies the bound
in Lemmal[Il O

For the special case in which m; = 0, a proof can be found in the literature, e.g., in Exercise 28.12 of
the book by Lattimore and Szepesvari [44].

A.2 Proof of Lemma[2

For the sake of simplicity, we here assume 7" > 3 and, consequently, have v = log T' > 1. For each
i € [d], we denote

'(/)Eil)(xti) = — B log(z;), t(iz)(l‘) =7Bu(1 — x;) log(1 — ;) (12)

and let DS ) and D(2) be the Bregman divergences over R>0, corresponding to w; and wtl ,
respectively. As t; can be expressed as ¢ () = Zf 1( ( i)+ 1/) ( i)), from the linearity of
Bregman divergences, we have Dy (z,y) = Zle(D( )(arz, yi) + D( )(m“ y;)). We hence have

(Zt - mt)T(wt - CU;+1) - Dt($;+1a 1)

d
5 1 1
= Z ((éti — M) (T — I;—&-l,i) - Dii)(x;-&-l,z‘vxti) - Dt(i)(x;+1,ivxti))

1=1
d
[ 1 j 2
<> min { (b = me) (@i = 2i1 5) = DI (@) g0 w0), (B = mai) (w05 = 2441,) = D @l s020)
1=1
(13)
‘We show below that
. agi (Ly; — Mg
(bri —my) (245 — @) — Dgil)(x,l‘m‘) < Bk (W) (14)
t
5 ari(bri — mu;
(b — mes) T (200 — &) — DG (@, 241) < vBui(1 — w4) P (()) (15)
VBTt
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hold for any € R, where we define h")(2) = z — log(z + 1) and h(?(2) = exp(z) — z — 1.

Let us first show (14). From the first-order optimality condition, the left-hand side of (T4) is
maximized when x satisfies

i+ my; — VD () + Vi () = 0, (16)
which can be rewritten as
11 b=y . i i(li — mu
-—=— timt, and equivalently, T _q + M a7
X Tti B x Bti

For such z, the left-hand side of (I4) can be expressed as
(bs = mui) (2o — @) = Dy (@, 24:)

A 1
= (by; — my;) (s — ) + P <logx — log @y — ;(w - xti))

ti

Lti Bri
_

- (zti — ) + Bu (—log (xtzwmﬁ;mtl) + 1))
o (llmd ) el

= Buh® (mt(ft—m>> = g (el =)
i IB i 7

ti te

where the second, third, and fourth equalities follow from (I7)), and the last equality follows from the
definition of ¢; in (3).

Let us next show (I5). From the first-order optimality condition, the left-hand side of (I3) is
maximized when x satisfies

Ly — My

log(1 — ) = log(1 — 24 . 18
og(l —x) = log(1 — ;) + B (18)

The left-hand side of (I5) can then be expressed as
(b = mui) (2w — @) = DI (@, 21:)

= (01 — mu + 7B (log(1 — z4i) + 1)) (s — 2:) — YBui (1 — 23) log(1 — 2;) — (1 — wy) log(1 — z13))
=B ((log(1 — ;) + 1) - (245 — 24) — (1 — 23) log(1 — 2;) — (1 — 245) log(1 — x4;)))

=Bt (wi — 1) log(1 — xi) + (1 — a43) log(1 — @4;) + 4 — )

= ’Y,Bti(l — xti) (10g 1— x4y 14 1—ux; )

1—£Ci ]-_xti

éti — My Zm‘ — My
= i 1—2x i ex — -1
7P ( ! ) ( P < Bt ) VB )

[/ agi(Lr; — M)
= 7B (1 — xR [ 2B -l—xih(2)<t )
’Yﬁtz( tz) ( ~Be 'YBtz( t,) ~ B

Combining (13), (I4) and (I3)), we obtain

(gt - mt)T(ﬂft - $;+1) - Dt(x;ﬂvxt)

d
<Y B min {h<1> (““““ — m“’) A1~ ) h® (““““ — m“')) } . 9)
=1

Bri VBT
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As we have h(1)(2) < 222 for |2| < % and h?(2) < 22 for |z| < V/2, from By; > /2, we have

. i gi*mi) atz‘(gti*mti)
mind O (at(tt> A — 2 )h® (
{ Bti g u) VBt

. . 2
gl (VB < —==)
= £ G ) ( )& )? v
>~ . 2ai(bri—mii i(l—xys Rt 1
mm{ - tﬁf@ e :tﬁ?iztfi = } (VBriwe: = ﬁ)

2a4i(Ci — mii)? 1 —ay 2044
< 2l g fy g 2o
Bi; Es Bii

ti
The last inequality can be conﬁrmed as follows: If 1 ;"“ <1, then 1 — x4; < va?, < ~yay;, which

1 Combining this with (T9), we obtain

. . 1
implies xy; > 1 > 3 > fvﬂm

d
A Z Qg
(ét—mt)T(J?t—l‘;_,'_l)—Dt(ZE:H_l,SCt) SQ 7* .

~ Bui
O
A.3 Proof of Theorem ]
From (@), the definition of z*, and Lemmas|[T]and 2} we have
r T d_ o
RT(Q*) S E wT+1(fE*) _ wl(mll) + 22 ('@[Jt(fﬂ2+1) — ¢t+1($;+1) + Z ﬁ?) + d2
L t=1 i=1 "
d 1 7 d «
ti
<E ZlﬁTH,i log — e g Zﬁh + 2; Zl ( 5t+1 i 5ti)> + d?
r y d d T
2
<E (1ogT+e)25Tm Z; e (20)

where the second inequality follows from log x}; — v(1 — z};)log(1 — z};) < v/eas zj; € (0,1)
and the last inequality follows from the definition of =*. We further have

Z < 2logT - fra. 1)
ﬂtv
In fact, for §;; defined by 3}, = 1/ logT ZJ 105 (< Bi—1,i), we have

1 i Qi

5I i B/i = > ’
o+, ¢ Biy1:+ BiilogT — 2By log T

which implies
T T
s
Z /Bft <2logT- Z(ﬁ£+1,i — Bii) =2log T - ﬂ/TJrl,i <2logT - fry1-

t=1 1"t t=1
Combining (20) and (21)), and substituting v = log T", we obtain
d

Z Bri1,i

i=1
From this and the definitions of «; and f3;; in (@), we have (7) and (8). In fact, as we have

Rr <6logT-E +d>. (22)

T
1

i =2+ — i < V2 23

Bra, + log T ;at V24 (23)
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from (@), by combining this with (22)), we obtain

d
Rr <6logT - E|> | V2+

(24)

From this and ay; < ag; (€ — mti)Q, which immediately follows from the definition of «; in (EI) we
have

d T
Rp<6-B|> \|logT > ay(lu —my)? | +d* + 9dlogT. (25)

=1 t=1

Further, as we have (£3; — my;)? < 1 and E|ay;|74;] = x4, we have

L — @y : 1 —ay . 1—ay
Elay) < E {(lti min{l, ft }} =E {mln{xti, It }} <2E [mln {xti, xt}] )
YT YTti \ﬁ

(26)
In fact, if min § y;, 1?};} = 1?%“', we have z;; > ﬁ > %, which implies % < 2%
Combining (24) and (26)), substituting v = log T', and applying Jensen’s inequality, we obtain
d T 1— 2
. — Ty 2
Rng.; logTE ;mln{xti,m} +d? 4+ 9dlogT. (27)
A4 Proof of Corollary/l]
We start with showing the following lemma:
Lemma 3. [fm, is given by ), it holds for any {u,}1_, C [0,1]¢ that
T T T
Z api(Ce — my;)? < 2 Z avi (i — ui)® + Z 16]ug; — wrril +1 (28)

t=1 t=1 t=1

foranyi € [d].

Proof. From the definition (5) of m,, we have

Qg (fti - mti)2 — Qi (gti - uti)2 = an‘(%ti — My — uti)(uti - mn‘)

< 2a4i (L — M) (Ui — M)

= 2a4; (i — M) (Myg1,i — Mui) + 205 (Leg — M) (U — Miyg1,:)
1

= §ati(fti — M)+ 8(myy1i — M) (e — Miyv1 )

A

< §ati(fti —mi)? 4+ 4w — mui)® — (we — mag14)?),
where the third inequality follows from 1 ; — my; = iati(én- — my;). We hence have

ai (Ui — mii)? < 2a4i (b — wgi)? + 8((urs — mei)? — (wgs — mig1.4)?).

18



By taking the summation of this for ¢ € [T], we obtain

T T T
Z ari (U — myi)? < 2 Zati(fti —ug)® + 82((1% —mi)? = (uti — miy14)?)

T-1
< 2Z(In (bri — ugi)? + 8 Z (wirrs — mig1i)? — (we — mig10)?) + (ugs — my;)?
=1 =1
T T-1
<2 Z agi (b — ugi)* + 8 Z(UtJrl,i + U — 2mypg1 ) (W1 — ug) + 1
=1 =1
T T+1
< QZati(fti —ug)? + Z 16]wit1,; — ugg| + 1.
=1 =1

O

Note that {u;}7_, in this lemma does not appear in the algorithm and is used only in the analysis.
LemmaE]can be seen as a special case of Theorem 11.4 in [16]].

Proof of Corollary We first show R = O <\/d logTE {Zle @a*} +d? + dlog T). By
substituting u.; = 0 for all ¢ € [T] and ¢ € [d], from (28), we obtain

T

ZET(L,&
t=1 1=1
_2<RT(a*)+E > tlar >+1

t=1

where the first inequality follows from (28) with u;; = 0, the second inequality follows from
¢, € 10,1)% and a; € {0,1}%, and the last equality follows from the definition of Rz (a*) in (T).
Combining this with (23]) and applying Jensen’s inequality, we obtain

d

T
E DY il —my)?

t=1 i=1

<2E 11<2E

d T
Rr(a*)<6-E Z logTZati(Eti*mti)Q +d? +9dlog T

=1 t=1

<6-E|\|dlogT» > ay(ly — my)?| +d* +9dlog T

i=1 t=1

d T
§ § atz Etz mtz

=1 t=1

<6-,|dlogTE +d*+9dlog T

ZW

where the second inequality follows from the Cauchy—Schwarz inequality. By solving the quadratic
inequation (R (a*) — d? — 9dlogT)? < 72dlog T (RT(a*) +E {23:1 étTa*} + 1) in Rr(a*),

we obtain Ry (a*) = O <\/dlogTE [Zthl Ez—a*] +d% + dlogT).

§6-2&gT< )+ E

) +d* +9dlog T,

Similarly, we can show that Ry = O <\/d logTE [23:1 Zle agi (b — lz)Q} +d* + dlog T) =

O(v@bgTE[zfg|@—€@}+d2+dmgT)bymmmmmgutzémrmuefﬂﬁo@@.
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We can show that Ry = O <\/d logTE [Z "1 — Lol } + d? + dlog T) as well by substi-
tuting u; = ¢, for all t € [T, into (Z8). O

A.5 Proof of Corollary 2]

We provide improved regret upper bounds via the following regret lower bounds:

Lemma 4. Fora* € A, denote I* = {i € [d] | al =1} and J* = [d] \ I'*. In a stochastic regime
with adversarial corruptions, for any algorithm, the regret is bounded from below as

T

A

RT(Q*) > B(A E Z (Z(l - ati) + Z am-) — QCm, 29)

(A = i€l ieJx
where B'(A) > 0 is defined as

2m (general cases)

B'(A) = { 2min{m,d —m} (size-invariant semi-bandits) . (30)
2 (matroid semi-bandits)

Further, for matroid semi-bandits, we have

Z (A S —aw)+ Y A amﬂ —2Cm, (31

t=1 el i€ J*

l\')\)—\

Ry (a™) >

where we define A; = minge A:q,=1 ﬂTa — uTa*.

Proof. Let us recall the conditions in a stochastic regime with adversarial corruptions:

E[(]=p (te]T]), (32)
T
>l =l < C, (33)
a* € argminp ' a, (34)
acA
A = min Ta—pTa*>0. 35
we i M K (35

From these conditions, we have

T
Rr(a®)=E ij(at—a*) =E

T T
Zfﬂ— Q¢ —a* +Z a*)]
t=1 t=1
[ T

T
>E Y pl(ar—a") =) |t = lllocllas — a[h
t=1 t=1

[ T

T
>E (Y nl(a—a")=2mY |t — Ll
t=1 t=1

| S

T

r T
>E ZuT(ata*)] —2Cm > E
Lt=1

Z 1[a; #a ] —2Cm, (36)

where the first, the third and the last inequality follows from (32), (33) and (33)), respectively, and
the second inequality follows from ||a||; < m for all @ € A. As we have ||a; — a*||; < 2m for any
a; € A, we have

o, # '] > 5 lla — o’ ||1—2}n<2<1—au>+zam>. 37

el i€J*
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Combining this with (36), we obtain (29) in which B’(A) = 2m. Similarly for the case of size-
invariant semi-bandits, as we have ||a; — a*||; < 2min{m,d — m} for any a;, we obtain 29) in
which B'(A) = 2min{m,d — m}.

For the matroid case, we have
(a—a* Z Aja; (38)
ieJ*

for any a € A. This can be shown via the symmetric basis-exchange property of matroid bases [10].
Denote I = {i € [d] | a; = 1} and k = |I \ I*|. We consider the following sequence of bases

{1 }§:03
e Setly=1".
e Forj=0,1,...,k—1: choose i; € I; \ I* arbitrarily. From the symmetric basis-exchange
property, there exists 7; € I* \ I; such that both (I; U4’) \ {i;} and (I* Ui;) \ {i’;} are
bases. Let ;1 = (I; Ui}) \ {i;}.

As we have |11\ I*| = |I; \ [*| —1forj € [k — 1], we have |I}; \ I*| = 0, and consequently,
I, = I* holds. Similarly, we can see that {zj _, = I\ I*. The value of 1" (a — a*) can be
expressed as

k k
(a—a” Z,uzj_ﬂi;-)zzAij: Z A; = ZAiai7 (39)
=1

j=1 i€I\I* ieJ*

where the inequality follows from the definition of A; and the fact that (I* U i;) \ {4’} is a base.
From this, A = min;e s~ A;, and the factthat ), ;. a; = >, ;. (1 — a~) we have

A 1 A
T * _
u(a—a)ZEE ai—|—§é Aiai——z g (1—a;)+ g Asa;. (40)
ieJ* ieJ* iel* zeJ*

Combining this with (36), we obtain (31). Further, it follows from A < A, for any ¢ € J* that (29] -
with B’(A) = 2 holds.

Proof of Corollary[2] From and (29), for any A > 0, we have
Rr(a*) = (14+ X\)Rr(a*) — ARr(a®)

d
(1+ ) 92 logTE

+d* +9dlog T

oo )

— 2C’m>

T

—A (B/?A)E [Z <Z(1at¢)+ Zan)

t=1 iel* 1€ J*
AA d
< Z Zﬂfti B(A) E thi
ieJ* = t=1
14 d AA
+3° (90 + Mg D)V E S (1 - av) 5 E > (1)
el* t=1 t=1

+ (L4 N)(d* +9dlogT) + 2ACm

Z 81(1+ \)?B'(A)logT N Z 81(1+ \)?B'(A)/log T
- ANA ANA

ieJ* iel*
+ (14 A\)(d* + 9dlog T) + 2\Cm,
81(1+ N\)?B'(A)logT

— (17 x 2
= (|J |+ |1 |\/W) DA + (1 +N)(d* +9dlogT) + 2X\Cm,
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where the first inequality follows from and (29), the second inequality follows from E[at \xt] =
¢, and the third inequality follows from the inequality a/z — bz = —b(y/z — £)? + % < & ‘l— that

holds for any = > 0, @ > 0, and b > 0. By setting B(A) = 1 (|J*\ + |I¥] > B'(A), we have
81(1+ A\)?B(A)logT

\/logT

Rr(a*) < DA + (1 +A)(d* +9dlog T) + 2AC'm
< 7813(“1) 08T | 4 9dlog T + A <8IB(;ZIOgT 4 d® +9dlogT + Cm) + §7813(;‘210g:ﬁ.

By choosing A = © <\/(B(A)AlogT) / (B(A)AlogT +d? +dlogT + C’m)) , we obtain Ry (a*) =

O (B(A)AlogT + \/B(A)% + d2) . From conditions in (30) and the definition of B(.A), we
can confirm that (9) holds. O
The regret bound in Remark 4] can be similarly shown, by combining and (B1).

A.6  Proof of Theorem

Combining (T0) and Theorem 2] we obtain

T—1
Rr<D-E QZ (b —ug)Tag)? + 8p Z lur — wet1|lq + 8p 41

= t=1

for any {u;}7_, C L. Considering a special case of u; = £ for all t € [T, we have

T T
Rpr<D-E QZ((@—Z)TG:&P*'&?’ <D-E 2Z||€t—l7||3||at\\,%+8p’
t=1 t=1

T
<D-E |23 [t~ 72+ 8p :D-E[«/2Qq+8p’}.

t=1

Similarly, by consi(iering a special case of u; = ¢, for all ¢ € [T'], we obtain

T-1

Rr<D-E|,|8 ZH&*&_HquLSp :D~E[«/8p’Vq+8p’].

Further, if ] a; € [0, 1] for all ¢ € [T, by substituting u; = 0 for all ¢t € [T], we obtain

T
2 Z 0 a; + 8y
t=1

Rr(a*) < D-E QZéTat +8| <D-E

<D-,|2 <RT(a*)+E

T
g 0] ax
t=1

where the second inequality follows from ¢ a; € [0,1] and the second inequality follows the
definition of Rr(a*) and Jensen’s inequality. This implies (Rr(a*))? < D?(2 (Rr(a*) + E[L*]) +
8p’). By solving this quadratic inequation in Ry (a*), we obtain Rr(a*) = O(D - (v/E[L*] +
). H

> +8p =D -\/2(Ry(a*) + E[L*]) + 8p/,

B Regret Bounds for an Existing Method in Corrupted Stochastic Settings

In this section, we see that the algorithm by Zimmert et al. [71] achieves a regret bound of

Rr(a*) =0 <ZL(dlogT +m) + \/Cg‘z (dlog T + m)) 42)

in stochastic regimes with adversarial corruptions.
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B.1 Natation and known results

From (4) in the paper [71], the regret for their algorithm is bounded as

T
Rr(a) <} % (f(Bla) + 9(Elar])) +c. 43)

where f, g and c are defined by )
f@) =S Vi g@) =S (= ylog(l —a)(1—z2), c= ?f—m (44)

ieJ* i€l*
and vy € (0, 1] is an input parameter. Note that I* and J* are defined in the same way as in Lemma
Define A, for z € A, r(-), and P(-) in the same way as in the paper by Zimmert et al. [71]]. Similarly,
we further define Cy;, and Cpqq(u) by

Cito 1= aEI[rOl,ao)é]-A (f(a) —r(@), Cuaa(u):= 2 arenAa(i(“) <ﬂf(@) - T(a)> (45)

for any u > 0, where & € R< is defined by a = ZmeA agx. As can be seen from Section A.3 of
[71], Cs0 and C\yqq are bounded as

md m2u?
Csto =0 (A) 5 Cadd(u) =0 <’Y2A> (46)

in general. We note that A in this paper corresponds to A,,;,, in [71]] and that Zimmert et al. [71]] have
provided even better bounds for Cy;, and Cygq(w) in some special cases including problems with
full combinatorial set or m-set. We only consider the case in which Cyt, and Cpq4(u) are bounded
as in (@6) for the sake of simplicity.

B.2 Regret analysis in stochastic regime with adversarial corruptions

In stochastic regimes with adversarial corruptions, the regret is bounded from below as follows:
T
Ry(a*) > ) r(P(Ela])) —2Cm, 47)
t=1

which can be shown in a similar way to Lemma[d] Combining @3) with @7), for any A > 0, we
obtain

RT(CL*) = (1 =+ )\)RT(G*) — )\RT(G*)

<S@+N (D 2% (f(Ela]) + 9(E[ay])) + c> - (ZT(P(E[CHD) - 2Cm>

= (25(14 ) L /50(1+A) A

=3 (i)~ Sr(pEla) ) + 3 (P o(Blad) ~ Gr(Pia)

+ (14 A)e+ 2ACm. (48)

Each term in the right-hand side can be bounded via similar arguments to in the proof of Theorem 1
by Zimmert et al. [71]. In fact, we have

T 25(14+ ) A T 254N R
t:Zl (\/ff(E[at]) - 2T(P(E[at}))) < 2 aglAa&) (ﬂf(a) - QT(O‘))

4 25(14A) , (502(14+ A2 _\ A [502(1+A)2
> (P () -y ()

t=1

IN

T
0%+ %) 4 (14+2)?
"X T Wy V@ ) =0 (S5 Cuoton)
—0((3+5) Cuntont). -
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where the first equality follows from the fact that r is linear and that f(ux) = y/uf(z) holds for any
scalar u > 0, and the second equality follows from (46)). Similarly, we can see that

T /50(1 + \) A A o= [/ 100(1 + \)
———F9(Ela]) — Sr(P(E[as])) | = 5 — = 9(E[as]) — r(P(E[a]))
Z( vi ! 2 ) 2 Z( Wi Y )

t=1

A 100(1 + \) A1+ A\ m? 1\ m?
< =C,q — | = | —= ] — = A+ = ,
_2Cdd< W ) O<2<)\2)’72A 0 +>\ A (50)
where the inequality follows for the definition of C\,44(u) in (@3)) and the second inequality follows

from (@6). Combining (@8)), [@9) and (50), we obtain

m2 m2
+Cm+c) i(C’StologT—k >+c).

Rr(a®) =0 </\ (Csm log T + ——+ A A

. o CiiologT4+m?2/y2A .
By choosing A = \/Cm Tog T4 m? N7 AfCmTe We obtain

m2
Rr(a*) =0 <\/<Cét0 logT + TA + C’m—i—c) <C’bt0 logT + 2A> +c>
m?2 m?2
=0 C’stologT+—A+c+ (Cm+¢) (C’stologTJr A>

2 dm m2
—O<AlogT+A—i—c—l—\/(Cm-i-c)(AlogT—i- A))

where the last equality follows from (@6)). If we set v = 1, we have ¢ = O(m) and hence the regret is
bounded as

2
Ry =0 (Z(dlogT—l-m) + \/CZ (dlogT—i—m)) ,

which means that (2)) holds.
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