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Abstract

We investigate various stochastic bandit problems in the presence of adversarial
corruptions. A seminal work for this problem is the BARBAR [1] algorithm,
which achieves both robustness and efficiency. However, it suffers from a regret
of O(KC'), which does not match the lower bound of 2(C'), where K denotes the
number of arms and C denotes the corruption level. In this paper, we first improve
the BARBAR algorithm by proposing a novel framework called BARBAT, which
eliminates the factor of K to achieve an optimal regret bound up to a logarithmic
factor. We also extend BARBAT to various settings, including multi-agent bandits,
graph bandits, combinatorial semi-bandits and batched bandits. Compared with
the Follow-the-Regularized-Leader framework, our methods are more amenable to
parallelization, making them suitable for multi-agent and batched bandit settings,
and they incur lower computational costs, particularly in semi-bandit problems.
Numerical experiments verify the efficiency of the proposed methods.

1 Introduction

The multi-armed bandit (MAB) problem is one of the most fundamental online learning tasks, and
it has a long and rich history [2| 13]. Recently, as security concerns have grown, many studies
focus on the so-called adversarially corrupted regime where an adversary is allowed to manipulate
reward observations in a stochastic environment. Existing approaches can be broadly categorized
into two classes: the Follow-the-Regularized-Leader (FTRL) family of algorithms [4] |5, |6} [7]
and elimination-based algorithms [8 [1, 9, [10]. FTRL-based methods perform optimally in both
stochastic and adversarial settings and also achieve optimal regret in the adversarially corrupted
setting. However, these methods need to solve an optimization problem in each round, which may
incur high computational costs in many scenarios such as semi-bandits. Also, the FTRL framework
is challenging to extend to parallel settings such as batched bandits and multi-agent bandits. On the
other hand, elimination-based methods such as BARBAR [1] are computationally efficient and easy
to parallelize. However, the BARBAR algorithm suffers from a suboptimal regret of O(K C'), and it
remains an open question how to achieve optimal regret by elimination-based methods.

In this paper, we improve upon the BARBAR [[1] method and propose a novel framework called
BARBAT (Bad Arms get Recourse, Best Arm gets Trust) for stochastic bandits with adversarial
corruptions. Unlike BARBAR, which employs dynamic epoch lengths, BARBAT adopts static epoch
lengths by increasing the probability of selecting the estimated best arm. In addition, BARBAT
utilizes epoch-varying failure probabilities J,,, instead of a global failure probability J used in
BARBAR, allowing us to achieve near-optimal regret bounds. We further demonstrate that our
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BARBAT framework is scalable and parallelizable by extending it to various scenarios, including
cooperative multi-agent multi-armed bandits (CMA2B) [[L1} |9} [12], graph bandits [13} [14], semi-
bandits [[15 (16, [17]] and batched bandits [18} 19, 20]. The regret bounds of our methods along with
comparisons to recent works are summarized in Table[I]

We summarize the contributions of this work as follows:

* BARBAT framework We propose the BARBAT framework for stochastic bandits with adver-
sarial corruptions that achieves a near-optimal regret bound. This result resolves the open problem
raised in [[1]]. Moreover, BARBAT does not require prior knowledge of the time horizon 7.

* Extensions of BARBAT We extend our BARBAT framework to various corrupted bandit settings
including multi-agent bandits, batched bandits, strongly observable graph bandits and d-set semi-
bandits. We show that all resulting algorithms achieve near-optimal regret. To the best of our
knowledge, our work is the first to study a robust algorithm for batched bandits. We also provide a
lower bound for batched bandits with adversarial corruptions.

* Comparison with FTRL  Compared to FTRL-based methods, our framework has advantages
in three ways. First, our methods are more efficient. The FTRL framework requires solving a
constrained convex optimization problem in each round. Such problems generally do not have a
closed-form solution (except for FTRL with Shannon-entropy regularization) and can therefore be
computationally costly, particularly in semi-bandit scenarios. Second, our BARBAT framework is
parallelizable, making it suitable for batched and multi-agent settings, whereas extending FTRL to
these scenarios is quite challenging. Lastly, as shown in the last column of Table[I} our methods do
not require the assumption of a unique optimal action, which is required by FTRL-based methods
in environments other than MAB.

Related work In recent years, the study of stochastic bandits with adversarial corruptions has
garnered significant attention. Existing approaches can be broadly classified into two main categories:
elimination-based algorithms [8} [1, 9l [10] and FTRL-based algorithms [4} 15| 6, [7]]. Elimination-
based methods, with the Active Arm Elimination (AAE) algorithm [21] being a prominent example,
progressively discard suboptimal arms based on empirical reward estimates. By removing poorly
performing arms, these algorithms focus their sampling efforts on a shrinking set of promising
candidates. [8] introduced a multi-layer extension of the AAE algorithm, achieving a regret bound

of O (K cy A0l / Ak). Building on this, [1] proposed the BARBAR algorithm and reduced the

regret to O (KC + > oALS0 1/Ay). On the other hand, FTRL-based methods [221 23124, 25| 4. 5. (6|
7] can achieve optimal regret bounds in the stochastic, adversarial and adversarially corrupted settings.
However, these methods are more computationally expensive than elimination-based methods since
they need to solve an optimization problem in each round.

Stochastic bandits with adversarial corruptions can be extended to graph bandits, semi-bandits, and
batched bandits, each of which benefits from specialized techniques to handle challenges such as
exponential action spaces, partial observability, or limited adaptivity [26} 13| 14,1516, {17, 18,19,
20]. Finally, multi-agent extensions [9} [11} 27, [12]] enable agents to pool information and expedite
the learning process but often encounter larger regret bounds under adversarial corruptions or rely on
group-level performance guarantees rather than individual regrets.

2 Preliminaries

We consider stochastic multi-armed bandits with adversarial corruptions. In this setting, the agent
interacts with the environment over 7" rounds by selecting an arm from a set of K arms, denoted by
[K]. In each round ¢, the environment generates an i.i.d. random reward vector {7 1 } e[k from an
unknown fixed distribution. An adversary, having access to the reward vector, subsequently attacks
these rewards to produce the corrupted reward vector {7 x }re[x]. The agent then selects an arm
I; according to its strategy and observes the corresponding corrupted reward 7 r,. Let p1;, denote
the mean reward of arm &k € [K], and let k* € arg maxy¢|x) f1x be an optimal arm. The corruption

level is defined as C' = Zthl maxye(k] |7tk — Tt,k|. The suboptimality gap for arm £ is defined as
Ay = pg — pue+, and we denote A = mina, >0 Ay, as the smallest positive suboptimality gap.



Setting Algorithm Regret Prop. 1 | Prop.2
BARBAR [T) KC+Yp, 50 5D v v
1 Tsallis-FTRL [4] CHYa, 058 X X
Multi-arm bandits %—Tsallis—FTRL lel ¢+ ZAk >0 loi(kT : X Y
Shannon-FTRL [6][13] C+Ta, 00 25D v v
Algorithm|i C+ T4, 00 D v v
Lower bound [] C + EAk>O loi(kT) - -
CBARAC [9] C + Kl v v
Multi-agent DRAA [12] \ v+ M v v
multi-arm bandits Algorithm 2 % i zAk>0 lo‘%sz) v/ v/
Lower bound* C+y Ap>0 k"/ggc) - -
. CTTH + 7T (
Batched bandits Algorithm 3 ZA]‘ -0 L logk(T) + M) v v
Lower bound (Ours) TYE(K + lel/L) - -
Elise [T0] aC + Y epe D) v v
Shannon-FTRL (T3] C + alog’™ v X
Str;)gilgg:gg;\gble (1 (K)) Tsallis-FTRL{T4] ol min{&,alogA(K)}log(T) X X
Algorithm 4 Ct There 2D v v
Lower bound* C+>her 102(:) - -
HYBRID (15] dC+ a0 58 X X
LBINF [16] dC + ¥ p, 50 BE X X
semiﬁzﬁdits LBINF_LS, LBINE_GD [I7] dC+ 35, 0 58 X X
Algorithm 5 dC+ Y 5, 0 5D v v
Lower bound* dC+ 3 A, >0 loi(kT) - -

Table 1: “Prop. 1" denotes that the algorithm can efficiently compute the sampling probabilities
of the arms, while “Prop. 2” denotes that the assumption of a unique optimal arm is not required.
For graph bandits, « denotes the independence number of graph G and Z* denotes the set of at most
O(aln(£ +1)) arms with the smallest gaps. For batched bandits, L denotes the number of batches.
“t": Elise is restricted to undirected graphs, while the remaining studies address directed graphs.
“1": These lower bounds can be directly achieved by combining the corruption lower bound from [1]]
with the lower bound for the stochastic setting.

Our goal is to minimize the pseudo-regret:

T T T T
R(T) —maxE[an] - E Zrut] :Zuk*met:ZAIt,
kelK] t=1 t=1 t=1 t=1

which is a standard definition in stochastic bandits. Notice that FTRL-based methods ~[26, 13,
14115, 16, 17, 18}, [19, 20] typically adopt a different form of pseudo-regret, denoted as R(T') =
maxy E [ 23:1 (Fe,1, — Tt k)} , which is more appropriate for adversarial settings. However, we argue




that comparing against the true means, rather than the corrupted rewards, is more natural. Theorem 3
in [9] presents the conversion between the two definitions of pseudo-regret in the adversarially

corrupted setting as R(T) = O(R(T) + O(C)).

CMA2B In cooperative multi-agent multi-armed bandits, V' agents collaborate to play the bandit
game. We denote the set of agents by [V]. All agents are allowed to pull any arm from [K]. When
multiple agents pull the same arm, each receives an independent reward drawn from that arm’s
distribution. The adversary is allowed to attack all agents with a total corruption budget C'. We only
consider the centralized setting where each agent can broadcast messages to all other agents without
any delays. For simplicity, we define the total communication cost for each agent v as:

Cost, (T Z Z I{agent v broadcasts a message to other agents in round ¢}.
ve[V] t=1

We aim to minimize the individual pseudo-regret for each agent v over a horizon of 7" rounds:

T

T T
—E [Z 7ﬂv,t(Iv,t)‘| = Z(Nk* - /~L11,,f,) = Z AIU‘f.
t=1 t=1

t=1

R,(T) = lgrelaf)fc]E lz 7ot (

Batched bandits In this case, we suppose the agent can only observe the corrupted rewards from
a batch after it has concluded. The time horizon 7 is divided into L batches, represented by a grid
T =A{t1,ta,...,tp}, where 1 < t; <ty < --- < tr, = T. As in most previous works [19]], the
number of batches L of interest is at most log(7'). Additionally, the grid can be one of two types:

* Static Grid: The grid is fixed and predetermined before any arm sampling occurs.

 Adaptive Grid: The value of ¢; is determined dynamically after observing the rewards up to time
t;—1, which may incorporate external randomness.

Previous works [[18} (19, 28] 20, 129] mainly focus on stochastic batched bandits. To the best of our
knowledge, no existing work studies stochastic batched bandits under adversarial corruptions.

Strongly observable graph bandits In this setting, when the agent pulls arm £, it may observe
the rewards of other arms. This reward-feedback structure is represented by a directed graph
G = ([K], E), where pulling arm k; reveals the rewards of each arm k; such that (k;, k;) € E. Each
arm either has a self-loop or receives incoming edges from all other arms [30]. Let « denote the
independence number of G, i.e., the maximum size of an independent set. A vertex set D is called an
out-domination set of G if every vertex in G has an incoming edge from some vertex in D.

d-set semi-bandits The d-set semi-bandits problem is a special case of semi-bandits. Given
d € [K—1], in each round ¢ the agent selects a combinatorial action x; (containing d distinct arms)
from the set X = {x € {0,1}*| S, x(k) = d}, where x(k) = 1 indicates that arm  is selected.
Then the agent can observe the corrupted rewards for each arm in the action (i.e., for each arm &
such that x;(k) = 1). Let py, denote the mean reward of arm k € [K]. Without loss of generality,
we assume i1 > g > - -+ > i and denote Ay, = pug — py for all k& > d. We aim to minimize the
pseudo-regret over a horizon of T" rounds:

LR S T EEL ol DR B SO oD iy

t=1 k:x[k]=1 t=1 k:xy[k]= t=1 k=1 kix¢ (k)=1

3 Stochastic Multi-Armed Bandits Robust to Adversarial Corruptions

Main idea Notice that in the BARBAR [1]] algorithm, the arm k is approximately drawn ny® =
O(1/(A}*1)?) times in expectation during epoch m, where A"~ is the estimated gap computed
in the previous epoch. Thus, each epoch has a length of approximately N,,, ~ O(3_, 1/ (A’,T_l)Q).
Consequently, the adversary can significantly extend the length of an epoch by utilizing all of
the corruption budget in the previous epoch, thereby implicitly increasing the number of pulls for



Algorithm 1 BARBAT: Bad Arms get Recourse, Best Arm gets Trust

1: Initialization: Set the initial round Ty < 0, A < 1, and r < 0 for all k € [K].
2: for epochs m =1,2,--- do

30 Set(y ¢ (m44)2207 ) In(K) and 6, < 1/(K ).

4: Set A, < 281In(4K/6,,) and By, < 61 /K.

5. Setn + Ay (A1) "2 forall k € [K].

6:  Set Ny, < [KX,22m= D] and T}, < Tyt + Ny

70 Setky, < arg maxck; r}cnfl and compute n}" according to (I)).

8 fort=1T,,_1+ 1to T, do

9: Choose arm I; ~ p,,, where p,,, (k) = n}J*/Np,.

10: Observe the corrupted reward 7; 7, and update the total reward ST« ST+ Te 1,
11:  end for

12:  Setr* < min{S}"/n;", 1} and 7" + maxye(x) {TZT - %L{fg””)}.

13:  Set AP <~ max{2™",r" —r'}.

14: end for

suboptimal arms. To address this challenge, our BARBAT algorithm chooses a data-independent
epoch length N,,, ~ O(K?22™~1)), which cannot be affected by the adversary. We still allocate
nf = O(1/(A7~1)2) pulls to each arm k, but assign all remaining pulls to the estimated optimal
arm k,,, resulting in pulling arm k,,, for about N,, — Ek . ny' rounds. On the other hand,
pulling the estimated optimal arm k,,, too many times may lead to additional regret, as arm £,
could be suboptimal. To mitigate this additional regret, we adopt epoch-varying failure probabilities
Sm ~ O(1/(mK2%m)) for epoch m rather than using a global failure probability §. The choice of
0. also eliminates the need to know the time horizon T'.

Algorithm We introduce our BARBAT framework for stochastic bandits with adversarial corrup-
tions in Algorithm In each epoch m, BARBAT sets the failure probability as 6, = 1/(K (),
where (,, is chosen to make §,, < 1/N,,. The algorithm sets the epoch length to be N,, =
[ K )\mQQ(mfl)] >3 kelK] ng'. We denote k,,, as the arm with the maximum empirical reward in
the previous epoch; in case of ties, the arm with the smallest index is chosen. Then the number of
pulls for each arm is set to

ey

ne =

~m __ n;cnv k 7& kmv
N,, — Zk;ékm ny, k=kpny.

During epoch m, the agent pulls arm /; with probability p;, (I;) = n}; /Ny, observes the corrupted
reward 7 j,, and accumulates the total reward S}’:. At the end of each epoch m, BARBAT updates
the estimated reward r* = min{S}*/n}", 1} and computes the estimated suboptimality gap A}".

An example showing how BARBAT avoids paying an O(K C) term Gupta et al. [I]] provide an
example where BARBAR suffers regret (KX C), in which all corruptions happen in an epoch ¢ with
corruption level C' = N, = A(22(c=1) + O(K)). Then the algorithm will lose all information from
the previous epochs so that the length of the next epoch becomes N1 = K\2%¢ = O(KC') and
each arm will be pulled uniformly. In this scenario, BARBAR will pull each arm approximately O(C')
times and generate O((K — 1)C') regret. On the other hand, our BARBAT algorithm fixes the length

of the m-th epoch to be N,,, = K ),,22(™~1)_ If the adversary intends to corrupt an entire epoch ¢,
the required corruption level is C' = N, = K X22(~1)_ which is K times larger than needed to attack
BARBAR. Thus our BARBAT algorithm will only suffer O(C) regret from adversarial corruptions.

Regret Bound BARBAT achieves the following regret bound, with proofs deferred to Appendix
Theorem 1. The expected regret of BARBAT satisfies

R(T) = O(C’—l— Z log(T)iokg(KT) n Klog(l/AA)log(K/A))

AR>0



Algorithm 2 MA-BARBAT
1: Initialization: Set the initial round Tp < 0, A +— 1, and 7 +— 0 forall k € [K].

2: forepochm =1,2,...do
30 Set (o — (m+4)22m ) In(VK) and 6,, + 1/(VK(p).

4 Set A, < 28In(4K/6,,) /V and By, + 61/ (VK).

50 Setn + A\ (A7 "2 forall k € [K].

6:  Set Ny, < [K)X,22m=D7 and Ty, < Tpe1 + Ny

7. Setkpy, < argmax;c g r,’cn_l and compute n}* according to (I)).

8 fort=1T,,_1+1to7,, do

9: Each agent chooses arm I; ~ p,,, where p,,, (k) = n}" /Np,.

10: Each agent observes the corrupted reward 7 7, and compute S}’Z‘ — S}”’Z' + 7,
11:  end for

12:  Each agent v broadcasts the messages {S;’fk} ke[K] to other agents.

13 Setrf? < min{}, g ST/ (VA), 1} and 77— maxye ) {r;n -/ %}
) k

14:  Set A7 <~ max{2~"" r" —ri*}.

15: end for

Remark 1. The regret bound of BARBAT contains an extra term K log®(1/A)/A. Notice that this

2
term is independent of T, making it generally much smaller than the major term Ap>0 logAiT).

Remark 2. Notice that a concurrent work [l12l] also employs static epoch lengths and removes the
Jactor K from the regret bound. However, they adopt a global § across all epochs, resulting in a

regret of O(C' + K log*(T)/A), which is worse than our regret of O (C + Do A>0 1032?)).

4 Extensions

In this section, we extend BARBAT to various corrupted bandit settings and introduce the necessary
modifications to accommodate the specific configurations of these environments.

4.1 Cooperative Multi-Agent Multi-Armed Bandits

We extend BARBAT to the multi-agent setting and propose the MA-BARBAT (Multi-Agent BAR-
BAT) algorithm in Algorithm [2] In each epoch m, all agents pull arms according to the same
probability distribution and broadcast their total rewards {S™, }_, at the end of the epoch. Each
agent then updates the estimated suboptimality gaps A}* using the received messages and its own
observations. We present the regret bound and communication cost of our MA-BARBAT algorithm
in the following theorem, with the proof given in Appendix

Theorem 2. The MA-BARBAT algorithm requires only a communication cost of V' 1og(V'T) over T
rounds. The individual regret of each agent v satisfies:

C 5 log(VT)log(KVT) | Klog(1/A)log (KV/A)>.

Ar>0

Remark 3. The regret bound demonstrates that collaboration reduces each agent’s individual regret
by a factor of V. As summarized in Table I\ our bound is tighter than those of previous works on
CMAZ2B with adversarial corruptions.

Remark 4. Notice that some recent works [11]] on CMA2B achieve a communication cost of only
o(log(T)). However, these methods rely on the assumption of a unique best arm. In the presence of
multiple best arms, it remains unclear whether a communication cost of o(log(T)) is sufficient.

4.2 Batched Bandits

We extend BARBAT to the batched bandit setting and propose the BB-BARBAT (Batched Bandits-
BARBAT) algorithm in Algorithm 3] The BB-BARBAT algorithm sets the epoch lengths IV, to



Algorithm 3 BB-BARBAT

1: Initialization: Set the initial round Tp < 0, A +— 1, and 7 +— 0 forall k € [K].
2: for epochs m =1,2,--- do

3 Seta  TZEF0, (4 (m+ 4)a2"+) In(aK) and 6, < 1/(K ).

4 Set\,, < a®In(4K/8,,) and B, < 0/ K.

50 Setn + A (A1) "2 forall k € [K].

6:  Set N, < [KX\,a®™ D] and Ty, < Trp1 + Npn.

70 Setky, < argmaxc (g 7’2”‘1 and compute 72} according to ().

8: fort=1T,_1+1toT,, do

9: Choose arm I; ~ p,, where p,, (k) = n}"/Np,.

10:  end for

11:  Observe the all corrupted rewards 77, in this batch and compute S7* < ST +77,.
12:  Setr* < min{S}""/n}*, 1} and r} < maxy¢x] {rzn - %ﬁ,ﬁ’")}.

13:  Set A7 <~ max{a ™, 77" — 1"}
14: end for

be approximately O(T%) ensuring that the number of epochs matches the number of batches. In
this way, each epoch serves as a batch, making the BB-BARBAT algorithm almost identical to the
BARBAT algorithm. We present the regret upper bound of BB-BARBAT and the lower bound for
corrupted batched bandits in Theorems [3|and ] respectively. The proofs are deferred to Appendix[B.3]

Theorem 3. For corrupted batched bandits with a static grid, the regret of BB-BARBAT satisfies

R(T) = O(CTL1+3 LT (AZO LlogA(Z(T) N Klog(T) 1og(L1£A) log(K/A)>>.

Theorem 4. For any algorithm, there exists an instance of batched bandits with a static grid such
that
R(T) > Q (T% (K + cl—%)) .

Remark 5. There is still a gap between our upper bound and the lower bound. We believe that our
lower bound is nearly tight. Achieving optimal regret upper bounds for corrupted batched bandits
remains an interesting open question.

4.3 Strongly Observable Graph Bandits

We extend BARBAT to strongly observable graph bandits and propose the SOG-BARBAT (Strongly-
Observable Graph bandits-BARBAT) algorithm, presented in Algorithm [d] Our method adopts
Z™ and H™ to denote the expected pulls and expected observations in epoch m, respectively. G™
denotes the graph used in the m-th epoch. SOG-BARBAT adopts the proposed Algorithm [6 (in
Appendix [A) to compute the out-domination set D™ of G™, whose size is at most (1 + 2 In(K /av)).
Moreover, if G™ is acyclic, we can guarantee that | D™| < «. Then SOG-BARBAT computes "H",
which is the minimal number of additional pulls per out-dominating arm that ensures some vertex
meets its observation requirement. After that, SOG-BARBAT updates Z"* and H™, and removes all
nodes that have now been sufficiently observed from G™. Repeating these steps ensures that by the
end of epoch m, all arms have been observed sufficiently. The regret bound for SOG-BARBAT is
presented as follows, with the proof given in Appendix [B.4]

Theorem 5. For any strongly observable directed graph G = ([K], E) with independence number
q, the expected regret of SOG-BARBAT satisfies

E[R(T)] = O <0+ S~ loa(T)log(KT) |, Klog (1/A)log (K/A)> |

keZ* Ak A

where I* is the set of at most [a(1 + 2In(K/«))| arms with the smallest gaps. Especially, for
directed acyclic graphs and undirected graphs, L* is the set of at most o arms with the smallest gaps.
Remark 6. The regret upper bound of SOG-BARBAT depends on |Z*| = O(aln(K/a + 1)), which
matches the lower bound established by [31]]. When G is an acyclic graph or an undirected graph,
we have |I*| < «, indicating that SOG-BARBAT performs better under this condition.



Algorithm 4 SOG-BARBAT: Strongly Observable Graph-BARBAT
1: Input: A Strongly Observable Directed Graph G.
2: Initialization: Set the initial round T < 0, AY < 1, and rQ < 0 for all k € [K].
3: for epochs m = 1,2, ... do
40 Set(y, < (m+4)22m+t) In(K) and 6,, < 1/(K ().
5: Set A\, < 281n(4K/6,,) and By, < 6,/ K.
6: Setn + A\ (A1) "2 forall k € [K].
7
8

Set Ny, < [KX22m=D] and T}, < Tyt + Npp.
© Setky, < argmaxge (k) 7’2”"1.
9:  Set Z]" +— 0and H]"* < 0 forall arms k € [K], G™ + G.

10:  while H;* > nj* holds for all arms &k € [K| do

11: Compute an out-domination set D™ of G" by Algorithm [f]
12: Compute H'* + mingeg(ny' — H").
13: for each arm k; € D™ do_ | .
14: Update Z;* <— Z;" + H; and H}' <~ H" + H
15: Update H} < H;7* + H"™ for all arms (k;, k;) € E with k; # k;
16: end for
17: Remove all arms which satisfy H;* > n}* from G™.
18:  end while
~ zm k # km N ~
19:  Setapr =<k 7 cand A <= 30 ko yem T

Nm - Zk;ﬁkm Zl’;n k= km
20: fort=1T,,_1+1toT,, do

21: Choose arm I; ~ p,, where p,, (k) = n}*/Np,.
22: Observe the corrupted reward 7 ;, and update the total reward ST« ST+ Tt.I,-
23:  end for

24: Setry < min{Sy"/n}", 1} and 7" + maxe(x) {7"2” — 4 /%}
k

25:  Set AP <~ max{2™",r" — '}
26: end for

Remark 7. Compared to FTRL-based methods [13||14)], whose regret bounds depend on the smallest
suboptimality gap 1/, our bound reveals the relationship between the regret and the suboptimality
gap of all arms. In addition, these works require prior knowledge of the independence number o,
which is NP-hard to compute, whereas SOG-BARBAT does not need such prior knowledge.

Remark 8. Compared with [|10], which adapts BARBAR to graph bandits with undirected graphs,
our SOG-BARBAT method improves the corruption-dependent term from O(aC') to O(C'). Also, our
method can be applied to bandits with directed graphs.

4.4 d-set Semi-bandits

We extend BARBAT to the d-set semi-bandit setting and propose the DS-BARBAT (d-Set BARBAT)
algorithm in Algorithm[5] In this setting, the optimal action is a subset of d distinct arms. Thus,
DS-BARBAT estimates the best action /C,,, as set of d distinct arms with the highest empirical rewards
in the previous epoch. When estimating the suboptimality gap, DS-BARBAT considers the arm with
the d-th largest empirical reward, since the set of the first d arms is the optimal action. The regret
bound for DS-BARBAT is presented as follows, with the proof provided in Appendix

Theorem 6. The regret of DS-BARBAT satisfies

i log(T)log(KT) , dK log (1/A) log (K/A)) .

R(T)=0 <dc + . A

k=d+1

Remark 9. Notice that our DS-BARBAT algorithm can efficiently compute the sampling probability
DPm, While FTRL-based methods [125] |15] |16} [I7|] need to solve a complicated convex optimization
problem in each round, which is rather expensive. The time comparison in Table [3|in Appendix|C.3|
demonstrates that our DS-BARBAT algorithm is significantly faster than these FTRL-based methods.



Algorithm 5 DS-BARBAT: d-Set-BARBAT

1: Initialization: Set the initial round Tp < 0, A +— 1, and 7 +— 0 forall k € [K].
2: for epochs m =1,2,--- do
30 Set(p — (m+4)2207t) In(K), and 6,,, < 1/(K ()

4 Set\,, < 28In(4K/6,,) and B, + 6,/ K.

5 Setn < A\ (A1) "2 for all arms k € [K].

6:  Set Ny, < [KX,22"=V /d] and Ty,  Ti1 + Npp.

7. Set the arm subsets Ky, «— arg maxc (g r}c"_l with |IC,,| = d.
- e k m

8 Setm =4 'k z K

Ny, — Zkgicm np/d kel
9: fort=1T,,_1+1toT,, do

10: Choose action X; ~ p,, Where py, (k) = n}* /Ny,.
11: For each arm k with x, (k) = 1, observe 7 ;, and update the total reward S}* <— ST + T k.
12:  end for

13:  Setr* + min{S}*/ny", 1}.
14: Setr” + Ty ({r’,@” — 4/ %}kem]), where T 4(A) returns the d-th largest value in A.
. k

15:  Set A7 «— max{2~",r" —ri'}.

16: end for
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Figure 1: Comparison between MA-BARBAT, DRAA, IND-BARBAR and IND-FTRL in cooperative
multi-agent multi-armed bandits.

S Experiments

In this section, we present numerical results to demonstrate the robustness and effectiveness of our
framework. All experiments are implemented in Python 3.11 and conducted on a Windows laptop
equipped with 16 GB of memory and an Intel i7-13700H processor. For all experiments, we run 50
independent trials, report the average results and use shaded regions to represent standard deviations.
The detailed experimental settings and time comparisons are deferred to Appendix [C|

5.1 Cooperative Multi-agent Multi-Armed Bandits

We compare our framework with DRAA [12], IND-BARBAR [1]], and IND-FTRL [4] in a multi-agent
setting with V' = 10. Here, IND-BARBAR and IND-FTRL serve as non-cooperative baselines, where
each agent runs the algorithm locally without any communication. We do not compare with [32] since
the baseline DRAA is an improved version of their method. We present the experimental results in
Figure[I] which shows that our BARBAT framework outperforms all baseline methods, reflecting the
advantage of collaboration and verifying our theoretical analysis. In addition, when C' is increased,
the increase in individual regret of our framework is the smallest, which shows that the robustness of
our framework is stronger than that of all baseline methods.

5.2 Strongly Observable Graph Bandits

We compare our SOG-BARBAT algorithm with Shannon-FTRL [13]] and Tsallis-FTRL [14] using
two directed graphs as illustrated in Figure f] in Appendix [C.2] We do not include the Elise [10]
algorithm in the experiment since it only works for undirected graphs. The experimental results
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Figure 2: Comparison between SOG-BARBAT, Shannon-FTRL, and Tsallis-FTRL in strongly
observable graph bandits.
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Figure 3: Comparison between DS-BARBAT, HYBRID, LBINF, LBINF_LS and LBINF_GD in
d-set semi-bandits.

are presented in Figure [2] showing that our SOG-BARBAT algorithm significantly outperforms all
baseline methods and verifying the robustness of our method.

5.3 d-Set Semi-bandits

In d-set semi-bandits, we set d = 3 for K = 12, and d = 4 for K = 16. We compare our framework
with HYBRID [15]), LBINF [16], LBINF_LS [17] and LBINF_GD [17]. As shown in Figure[3] our
DS-BARBAT algorithm significantly outperforms all baseline methods.

6 Conclusion

Building on the BARBAR algorithm [1]], we propose the BARBAT framework by elaborately design-
ing the epoch lengths V,;, and the parameters d,,,. We further extend BARBAT to various corrupted
bandit settings, including multi-agent bandits, batched bandits, strongly observable graph bandits and
d-set semi-bandits. Our theoretical analysis shows that these algorithms achieve near-optimal regret
bounds for adversarially corrupted environments. Compared with FTRL-based approaches, BARBAT
and its extensions are more computationally efficient and do not rely on the assumption of a unique
optimal action. Moreover, since FTRL-based methods are difficult to parallelize, they are unsuitable
for multi-agent and batched settings. These advantages make the BARBAT framework an attrac-
tive alternative to FTRL-based algorithms across a wide range of corrupted bandit problems. One
future direction is to improve the log2 (T') dependence in our regret bound to log (7). Investigating
extensions in other bandit settings such as linear bandits is also an interesting future direction.
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NeurlIPS Paper Checklist

1. Claims

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

Answer: [Yes]
Justification: see section [Il
Guidelines:

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

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

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

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

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: see Section[6l
Guidelines:

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

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

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

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

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

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

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

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

3. Theory assumptions and proofs

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

Answer: [Yes]
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Justification: see Appendix.

Guidelines:

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

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

All assumptions should be clearly stated or referenced in the statement of any theorems.
The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

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

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

4. Experimental result reproducibility

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

Answer: [Yes]

Justification: see the pseudo code of algorithms, Section [5|and Appendix.

Guidelines:

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

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

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

nature of the contribution. For example

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

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

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

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

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?
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Answer: [Yes]
Justification: see supplementary material.
Guidelines:

* The answer NA means that paper does not include experiments requiring code.
* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

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

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

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

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

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

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: see the pseudo code of algorithms, Section [5]and Appendix.
Guidelines:

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

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

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

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

Answer: [Yes]
Justification: see Section[3
Guidelines:

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

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

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

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

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

* It should be clear whether the error bar is the standard deviation or the standard error
of the mean.
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It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CIL, if the hypothesis
of Normality of errors is not verified.

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

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

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

Answer: [Yes]
Justification: see Section[3
Guidelines:

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

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

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

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

. Code of ethics

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

Answer: [Yes]
Justification: I confirm the paper in every respect, with the NeurIPS Code of Ethics.
Guidelines:

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

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

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

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

Answer: [NA]
Justification: this work is a theoretical research
Guidelines:

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

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

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

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
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13.

generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

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

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

Safeguards

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

Answer: [NA]
Justification: the paper poses no such risks.
Guidelines:

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

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

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

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

Licenses for existing assets

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

Answer: [NA]
Justification: the paper does not use existing assets.
Guidelines:
» The answer NA means that the paper does not use existing assets.

* The authors should cite the original paper that produced the code package or dataset.

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

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

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

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

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

New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?
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Answer: [NA]
Justification: the paper does not release new assets.
Guidelines:

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

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

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

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

Crowdsourcing and research with human subjects

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

Answer: [NA]
Justification: the paper does not involve crowdsourcing nor research with human subjects.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

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

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

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

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

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

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

human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

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

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

Declaration of LLM usage

Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used
only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]
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Justification: the core method development in this research does not involve LLMs as any
important, original, or non-standard components.

Guidelines:

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

* Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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A OODS algorithm for strongly observable graph bandits

In this section, we present the OODS algorithm for strongly observable graph bandits. For any graph
G = (V, E), the time complexity of the algorithm is O(|V'|?|E]).

Algorithm 6 OODS: Obtain an out-domination Set
1: Input: a graph G.
2: Output: an out-domination set D.
3: while the graph G is not empty do

4:  if the graph G is an acyclic graph then
5: Find all no-root vertices and add them to the set D.
6: Remove all no-root vertices and their out-degree neighbors from the graph G.
7. else
8: Select the vertex with the largest out-degree in the graph G and add it to the set D.
9: Remove the vertex and its out-degree neighbors from the graph G.
10:  endif

11: end while

A “no-root vertex” is defined as a vertex with no incoming edges other than its self-loop. To ensure
that the rewards for no-root vertices are observed, OODS pulls these vertices directly. However,
in some graphs, there may be no such vertices. In such cases, OODS applies a greedy strategy: it
selects the vertex with the highest out-degree and adds it to D. The procedure proceeds as follows: if
a cycle is detected in G, the greedy strategy is employed; otherwise, all no-root vertices are added to
D. The vertices in D and their out-degree neighbors are then removed from the graph G, and the
process repeats until G is empty, ensuring that D forms an out-domination set covering G.

At a high level, the OODS algorithm finds an out-domination set D™ such that pulling the arms
k € D™ allows us to observe the rewards of all arms. The loop iteratively removes arms once they
meet the observation requirement. After each removal, the independence number of the remaining
graph may decrease, so the required dominating set becomes smaller—thereby reducing the number
of pulls allocated to suboptimal arms.
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B Proof Details

B.1 Proof of Theorem[Il
B.1.1 Notations

We define CJ"* as the sum of corruptions to arm k in epoch m, and let C,,, £ maxye (k) Cf.

B.1.2 Lemmas for Proving Theorem ]

Lemma 1. For the BARBAT algorithm time horizon T, the number of epochs M is at most logy (T).
In the m-th epoch, the selected arm k,, must satisfy AZ‘m_I = 9—(m=1)

Proof. The length of epoch m is given by N,,, = [K\,,22(m=17 > 22(m=1)_ From the lower bound
of N,,,, we can complete the first statement. Since AZ“I — max{2_(m_1)7 ry — rzl}, there exists
at least one arm that satisfies A7"~! = 27(m~1) and all arms satisfy A7"~! < 2=(m=1_ Since
7";’:1 > r™~1 the equality AZ:l = 2= (m=1) must hold. O

Lemma 2. For any epoch m, the length N, satisfies Ny, > > ke[K] ny'.

Proof. Since A" = max{2~", r" —r{"} > 27™, we can get n}" = )\m(AZ‘_l)—Q <\, 22m=1)
Therefore, we have ZkE[K] np < K\, 22(m=1) < N 0

Lemma 3. For epoch s and m with 1 < s < m, the following inequality holds:
)\m 7 m—s

<[ = .
As — \6

Proof. We first show that the function f(z) = % is strictly decreasing for z > 5.

Notice that the derivative function
(In(4) + 1/z) — ((z 4+ 1.7) In(4) + In(z)) In (%)
()"
is monotonically decreasing and f(5) < 0, thus we have f’(x) < 0 for > 5, which indicates that
f () is strictly decreasing. Since K > 2, we can get

fiz) =

A In(4K? In(K)(
As  In(4K2In(K)(s + 4)22(s+4))
~ In(4K?In(K)) 4 In(m 4 4) + (m + 4) In(4)
~ In(4K2In(K)) +In(s +4) + (s + 4)In(4)
1.7-In(4) + In(m +4) + (m + 4) In(4)
1.7-In(4) + In(s +4) + (s +4) In(4)

)

where we use the monotonicity of f(z) and the fact that K > 2. O

m + 4)22(m+4))

Lemma 4. For any epoch m, the following inequality holds:

i As < 2%(m? + m(10 + 3In(K))).

Proof. Given the function f(z) = 22(1 —1n(2)) —In(z +4) + 7 — 8 In(2). Notice that the derivative
function as f'(x) = 2—21n(2) — %4-4 > 0 forall x > 1, which means that f(z) is strictly increasing
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forz > 1. Since f(x) > f(1) > 0, we can get the inequality as 2z + 7 > 2(z +4) In(2) + In(z + 4)
for all x > 1, then have

i As = i 28(1n(4K2 ln(K)(s + 4)22(s+4)))

<> 2525+ 7+ In(4K?))
=1

= ;g(m2 + 8m + mIn(4K3))
< 28(m? +m(10 + 31In(K))).

Lemma 5. For any fixed k, m and [3,,,, Algorithm|]] satisfies

- Aln(4/By) 20,
Pr l|rk - .uk| > ﬁzn + Nm < Bm

Proof. The proof of Lemma [5| mainly follows the proof of Lemma 4 in [[1]. We only consider the
randomness in epoch m and condition on all random variables before epoch m. In epoch m, the
agent pulls arm k with probability p,, (k) = 7' /Np,.
For ease of analysis, we set an indicator variable Y}, which determines whether the agent updates the
corrupted reward 77, into the total reward Sy at step t. We define the corruption at step ¢ on arm &
as Cf =7t —r}. Let By, == [Ty,—1 + 1,..., T},] represent the N, time-steps for epoch m. Since
ri* = min {S}*/n}*, 1}, we can obtain

Sy 1
< e = = Z Yi(ry, + Cy).

n
kE ek,

_m
T,
We can divide the sum into two components:
mo__ t,.t mo__ t vt
Apt = E Yery, By = E Y, Cy..
tEEm tEEm

For the previous component A}, notice that 7}, is independently drawn from a [0, 1]-valued dis-
tribution with mean y, and Y} is independently drawn from a Bernoulli distribution with mean
g = n}'/Np,. Therefore, we have

E[A}] = NowgiBlri] = 2 . < 7j-

By applying the Chernoff-Hoeffding inequality (Theorem 1.1 in [33]]), we can get

8z [P < e .
ny ny 2

For analyzing the latter component B}, we define a martingale difference sequence X, ..., X7,
where X; = (V! — ¢*)C} for all ¢, with respect to the historical information {F}/_,. Since the

corruption C’,ﬁ is deterministic when conditioned on F;_; and since E[Y,f |Fio1] = qp', we can get

Pr

E[Xt|-7:t—1] = E[th - Q?\ft—l]cli =0.

Additionally, we have | X;| < 1 for all ¢, and the predictable quadratic variation of this martingale
can be bounded as follows:

Y E[(X)?Fia] < ) [ChVar(Y) < gi* > [Chl-

teE, teEE, tEE,
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By Freedman concentration inequality (Theorem 1 in [34]]), with probability at least 1 — j3,,, /4 we
have

By <qi Y Ch+ Y El(X)?|Fema] + n(4/Bm) < 2¢8" Y |Gkl + n(4/Bpm).

t€EEm t€Em teEEm
Since ¢ = 17" /N> > _yep, |CL] < Cpy and nf* > Ay, > 161n(4/3,,), with probability at least
1 — B /4 the following inequality holds:

§7k < 1n(4/~5m) +2Cm.
nyt — 16n;" N,

Similarly, with probability at least 1 — 3,,, /4 the following inequality holds:

B [n(4/8,) | 20,

e =\ T TN,
Thus we have
By In(4/Bm) | 2Cm | _ Bm
Pr ||z & <= 3
nk 16n7 + Ny | = 2 3)
Combine Eq. (2) and Eq. (), we complete the proof. O

We define an event &,,, for epoch m as follows:

= : — < .

Then we can establish a lower bound on the probability of the event &, occurring by the following
lemma.

Lemma 6. For any epoch m, event £, holds with probability at least 1 — §,,. We also have
1/6m > Np.

Proof. By Lemmal[5] we can get

Pr

Aln(4/By) 20, O
|7nk k‘ = ;izl + Nm = 5m K

A union bound over the K arms indicates that the success probability of event &,, is at least 1 — d,,.
Since m > 1 and K > 2, then we can get
N, = K2*m=D),

= K223 In((m 4 4)22m I K2 In(K))

< K220 (In(m 4 4) 4 2(m + 5) In(2) + In(K?))

< K220 ((m 4 4) In(K) + 2(m + 5) In(K) + 31n(K))

< K220m+3) (4m 4 16) In(K)

= K22 ((m 4 4) In(K)) = 1/6,5..

Now we can define the offset level D, for each epoch m:

D — 2C,, when &, occurs
™ \N,, when &y, does not occur’
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Since we always have |r}]" — px| < 1, thus the following inequality always holds, regardless of
whether event £, happens:

A(4/Bn) , D

m— < .
gk px| < e N,
By the definition of D,,,, we have
Pr[D,, =2C,] >1-6,, and Pr[D,, = N,] < .

Next, we will bound the estimated gap A}"*. To start, we define the discounted offset rate as

m

Dy
pmi= D

Then we have the following lemma.

Lemma 7. For all epochs m and arms k, we can have

4A A
7’“7§2 ™ 6pm < AR < 87’“+2 m=1) 4 2p,,.

41n(4/ﬁm) + D

1 m m
Proof. Since |r] — pi| < i ¥, we have

D A B) o D[4 )
Ny, ny =k - N, ny

Additionally, since

D, 41 4 i n(4/Bm Dy,
<max{uk+Nm+\/ n /6 \/ /6 }Suk*+l\hn’

m_mgx{rm ‘“MW}ZW An(/Bn) -y (A 5n)  Din

* k k* = )
np np ni Ny,

r

we can get

e 9 L < << —,
Nm ’ﬁzi = Hke = Nm

According to Algorithm [1|and Lemma 2| we have n* > n}* for all arms k. Then we have the
following inequality for all k € [K]:

\/41n(4/5m) \/41n<4/5m) _apt

m
ny' ny 8

We now establish the upper bound for A}* by induction on m.
For the base case m = 1, the statement is trivial as A}, = 1 for all k € [K].

Assuming the statement is true for the case of m — 1, we have

po=rl ot = e ) + (Mk*— k) + (ke = 1g")
D D 2
m m “Am—1
N, PN, Tt

2D,, 8A
+A 2=(m=2) 4 o,
N, kTt 8( - + +2pm—1
8A

— t2 (m=1) 4 20,5,

Where the second inequality follows from the induction hypothesis.

IN

\ /\

IN
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Next, we provide the lower bound of Aj*. We can get

ko=l =t = = ) (e — ) + (e — i)
Zf%:fiAkm:UrAkf%:fé et
> %Ak — gQ‘m — 6pm-
where the third inequality comes from the upper bound of AZL_l. O

B.1.3 Proof for Theorem[]

We first define the regret R} generated by arm k in epoch m as

Akn};‘ k 75 km

Rm L ALpm — - .
kTS {Akngl k= ki

Then we analyze the regret in following three cases:

Casel: 0< A <64p,_1.
If k # k,,, then we have
v=Agnt < 64py_1ny.
If kK = k,,,, then we have
R = Agng! < 64py 1 Npy,.

Case2: A, <8-27™andp,_1 < %'
If k # k,,, then we have

16\,
™=l A = A (AT T2A, < ,,220mDA L < A

If k = k,,, since AZ:I =2-0m=1) e can get:

16K\, 16K\,
P Ay, < NuAy, = [KAn22m DA, < 108Am A 108y

m ) Akm A
Case3: Ap>8-27™and py-1 < %.
By Lemma([7] we have

4 3 6 4 3 6
AL > AL — 207 AL > AL 2 — = — — ) > 0.29A;.
L 64" = ’“(7 16 64)_ k

In this case, it is impossible that k = k,,, because A}fm*l =2-(m=1) ©(.20.8.27™ < (0.29A,,.
So we can obtain

A 16\,
<

mo_ ™A :)\mAm—l _2A < m )
k T Sk ( k ) b= 0.292A, — Ay
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We define A™ £ {k € [K]|0 < Ay, < 64p,,,—1 } for epoch m. By combining all three cases, we
can upper bound the regret as

-3 (3w Y ar)

m=1 \ ke A™ kg Am
M 161
-y <64pm1zvm fY e Y 2
m=1 k€A™ k#ky, kg A™ Ap>0
16K\,
+ ( o 1) (0 < Ay, <8- 2-%)

@)
16\,

64pm—1Nm + Y 6dpm_1nf + > A

AR>0 AR>0

S 4 1) I(m < log, (8/A))>

M log,(8/A)
16\, 16 K\,
< E (128pm1Nm + E A > + E ( At 1)

m=1 AR>0 k m=1

INA
NE
N

where the last inequality uses the fact that 3, _n;" < Np. Notice that we can bound the
expectation of the offset level as

E[Dy,] = 2(1 = 6,,)Cr + 0 Ny < 2C,, +1

m=1 m=1 \ s=1

1\/[ m— 1 m—1—s

§4 (4 m— lt;)/\mDs>
m=1 s=1 8 S
M m—1

=4Y [ Syt <7/48>m—1-5>Ds> 5)
m=1 s=1
M—1 M

=4 D, > (7/12)" 7 4 (7/48)" 0
s=1 m=s+1

M—-1 , M—1
<4 ( Dm> (7/12) + (7/48) < 11 Z Dy
Jj= m=1
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Combining Eq. @) and Eq. (5), by Lemma] we can get

M—-1

M log,(8/A)
16\, 16K\,
R(T)gE 1440E[Dm]+§ E A, + E ( A +1)
m=1

m=1Ax>0 m=1

M-1

< 3 1440E[D, ] + 3 2'2(log?(T) + 3log(T) log(30K))
m=1

Ay

AR>0
212K (log?(8/A) + 3log(8/A) log(30K)))
A

+log(8/A)

2 10g(T) 1og(30KT)
Ay

< ) 2880C,, + 1440+ )
=1 AR >0

214K log(8/A)log(240K /A)
* A

0 <C+ S~ log(TIog(KT)  Klog(1/a) 1og(K/A)> |

_|_
M—-1
m

+ log(8/A)

A >0 Ak A

B.2 Proof of Theorem 2]
B.2.1 Notations

We define C}* as the sum of corruptions to arm k in epoch m for all agents v € [V], and let
C,, & maxye(x) Cr

B.2.2 Lemmas for Proving Theorem 2|

Lemma 8. For BARBAT with time horizon T, the number of epochs M is at most log(V'T). In the
m-th epoch, the selected arm k,, must satisfy A;Z:l = 2-(m=1) for all agents v € [V].

Proof. The length of epoch m is given by N,,, = [K\,,,22("=17] > 220m=1) ¥/ From the lower
bound of N,,,, we can complete the first statement. Since A" ™! «+— max{2~(m=1) y™ — ™} there
exists at least one arm that satisfies A7* "' = 27(m~1 and all arms satisfy A"~ < 27"~ Since
rz':n_l > r™~1 the equality A;&L_l = 2-(m=1) must hold. O
Since the length N,,, still satisfies N,,, = [K\,,,22(m= 1] > > kelx] M Lemma still holds for
this setting.

Lemma 9. For epoch s and m with 1 < s < m, the following inequality holds:

)\m 7 m—s
< | = .
As — \6

Proof. We first show that the function f(z) = W%lw is strictly decreasing for z > 5.

Notice that the derivative function

, (In(4) + 1/x) — ((# 4+ 1.7) In(4) + In(z)) In (%)
f (.’E) = TN
(%)
is monotonically decreasing and f’(5) < 0, thus we have f’(x) < 0 for > 5, which indicates that
f(z) is strictly decreasing. Since K > 2 and V' > 1, we can get

Am In(AVK2 In(V K)(m + 4)220m+4)

As  In(AVE2In(VEK)(s + 4)22(s+4))
_ In(4VK?In(VK)) + In(m + 4) + (m + 4) In(4)
 In(4VK2In(VK))+1In(s +4) + (s +4) In(4)
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1.7-In(4) + In(m +4) + (m +4)In(4)
1.7-In(4) + In(s +4) + (s +4)In(4)

) <G

where we use the monotonicity of f(z) and the fact that X > 2and V' > 1. O

Lemma 10. For any epoch m, the following inequality holds:

f: A < 28(m? +m(10 + In(VK))).

s=1

Proof. Given the function f(z) = (1 —In(2)) —In(z+4)+ 7 —81n(2). Notice that the derivative
function as f’(z) = 2—21In(2) — — > Oforall x > 1, which means that f(z) is strictly increasing
) >

forz > 1. Since f(x) > f(1 0 We can get the inequality as 2z + 7 > 2(x +4) In(2) + In(z +4)
for all x > 1, then have

S

98 (In(4V K2 In(VK) (s + 4)22(+9))

Ms uMs

28(2(s +4) In(2) + In(s + 4) + In(4VK? In(VK))

w
Il
—

28(2s + 7+ In(4VZiK?))

INA
mﬁmg

(m? 4+ 8m + mIn(4V2K?))
8(m? + m(10 + 3In(VK))).

IN
[\

Lemma 11. For any fixed k,m and any By, > e~V m/16, Algorithmsatisﬁes

An(4/Bm) | 2Cm

Pr||ry* — pi| > e~ < B
l var | VN, &

Proof. Since in each epoch m, all agents have the same probability p,, (k) of pulling each arm k.
Using the method as Lemma we set an indicator variable Y; > which determines whether the agent

v updates the corrupted reward 7, , into the total reward Sy, at step ¢. We define the corruption at
step ¢ on arm k for agent v as C/, k= rv e — T Let By i= [T,—1 + 1, ..., T, ] represent the N,
time-steps for epoch m. Since r}* = mm{zve[v] S /(Vngr), 1}, we can obtain

S

TZL S V’I’Lm = Vnm Z Z vk + )

vE[V] k teB,, velv

We can divide the sum to two components:

= Z Z Yoxrow Bi= Z Z Y xCy

teEE, ve[V] teEE,, ve[V]

For the previous component A notice that . is dependently drawn from an unknown distribution
with mean 1, and Y}, is dependently drawn from a Bernoullvdistribution with mean g;* := 72} /Np,.
Therefore, we have

E[A}'] = VNual'Elrk] = Vi u, < VAp.

By applying the Chernoff-Hoeffding inequality (Theorem 1.1 in [33]), we can get
‘ ap uk‘ . 31n<4/5m>] < B

Pr||—— — .
: Vng? Vg 2

6)
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For the latter component BY", we need to define a martingale difference sequence X}, ..., XI', where
X! = (Y!, — ¢™)Ct, for all t, with respect to the historical information {F}7_,. Since the

corruption C’f) . becomes a deterministic value when conditioned on F;_; and E[th el Fi—1] = s
we can get

E[X]|Fia] = E[Yyx — a1 Fe-1]Ch ko =

Additionally, we have | X}| < 1 for all ¢ and all v € [V], and the predictable quadratic variation of
this martingale can be bounded as follows:

var= Y Y EXDIFEA S Y Y e var(vE ) <qpt 3 10t
tEEm veE[V] tEE, velV] te By velV]

By applying the concentration inequality for martingales (Theorem 1 in [34]), with probability at
least 1 — '8 ™ we have

By <qp Y > Cly+Var+m(4/8n) <2¢ > Y |CL |+ In(4/Bm).
tEE, vE[V] tEE, vE[V]

Since ¢} = n}"/Np, ZfEE ey |Cokl < Cpoand ni? > Ay, > 161n(4/8,,)/V, with
probability at least 1 — ==, we can get the following inequality:

By _ [m(4/Bm) , 20
vy =\ wevay " vaps

Similarly, —%’?lm also meets this bound with probability 1 — 3/4. Therefore, we have
k

B In(4/B8m) 2C,, B
P k < 7
! ‘ Var 6V | VN.|© 2 @
Combine Eq. [6|and Eq. [7] we complete the proof. O

We also define an event &, for epoch m as follows:

. - A10(4/By) 20
= : — < .
Em {Vk i = el < Var VN,

Lemma 12. For any epoch m, event &, holds with probability at least 1 — 6,,,. And after rigorous
calculation, we have 1/6,, > V N,,.

Proof. By LemmalTI] we can get

A1n(4/By) 20,

0
Pr ll%” — | < —m T —

VK’

var VN, | S 2m=

A union bound over the V' agents and the K arms conclude the proof.
Sincem > 1,V > 1 and K > 2, then we can get

VN,, = KV22m=1)
= K22mF3) In((m + 4)22m IV K2 In(K))
< K223 (In(m + 4) + 2(m + 5) In(2) + In(VK?))
< K220 ((m 4 4) In(VK))
<1/6pm.
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As mentioned before, for each epoch m, to unify the varying bounds depending on the occurrence of
event &,,, we also define the offset level

D _ 2C,, when &, occurs
™ \VN,, whené&,, does not occur’

This way we can always guarantee the following inequality:

4(4/By) . D
Vapy VN,

T — px| <

By the definition of D,,, we have
Pr[D,, =2C,,] >1—6,, and Pr[D,, = Np] < o

Next, we will bound the estimated gap A}"*. To start, we define the discounted offset rate as

m

D,
Prm = ; smfsi%/Ns'

Then we have the following lemma.
Lemma 13. For all epochs m and arms k, we can have

4 3 8A
SAR— D27 6p,, AP < TR p oD o,
7 4 7
Proof. Since |r}]" — | < % + 22—, we have
F ™
D,, A1n(4/8,, D,, A1n(4/B,,
Dy [0GB) e Du | [0/6,)
VN, Vo VN, var

Additionally, since

D,, 41n(4/Bm) 41n(4/Bm) D,
m < « + —
T = X {“’“ VN,, Vn, vnm =HE TN

mmgx{r,; w/ﬂm}zm W /h) |, [5)

= = k ~
* ‘7 m ‘/’ m ‘/' m
nk nk* nk*

r

we can get

VN, Vgl VN,
According to Algorithm [I|and Lemma [2| we have n}* > n;* for all arms k. Then we have the
following inequality for all k € [K]:

\/41n(4/5m) . \/41n(4//3m) oAt

vy Va8
We now establish the upper bound for A7* by induction on m.
For the base case m = 1, the statement is trivial as A}, = 1 forall k € [K].
Assuming the statement is true for the case of m — 1, we have
m

po= it oyt = (0 = ) + (e — ) + (o =)

D D, 1
<2 LA A
SVN, TV, TR

2D 1 /8A,

< G A4 - (=27 oy
_VNer k+8(7+ +2pm—1
§8Ak

— 270" 4 2p,,,
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Where the second inequality follows from the induction hypothesis.

Next, we provide the lower bound of A}*. We can get

po=rl =gt = = ) + (e — ) + (pe — g
> —V’%”; - iAZfil + A - VD—JQ - %A;;H
> %Ak - %27’" — 6pm.-
where the third inequality comes from the upper bound of AZ“I. O

We only introduces a small change into the parameter \,,, by simple calculation, Lemma [3]still holds.

B.2.3 Proof for Theorem

We first define the regret R} generated by arm & in epoch m for agent v as

v = Ay, = Akﬁg o7 :
’ ’ Aknk k= k‘m
Then we analyze the regret in following three cases:

Casel: 0< A <64p;,_1.
If k # k,,, then we have

Ry = Agng' < 64ppm_1ny’
If kK = k,,,, then we have
Rv"?,C = Akﬁ};“m < 64pm—1Np,-

Case2: Ap<8-27™andp,_1 < %.
If k # k,,, then we have

16,
R;r,lk = n;ank = )\m(A;cn_l)_QAk < /\m22(m_1)Ak < AL .

If k = k,,, since AZ‘M*I = 2-(m=1) we can get:

~ 16K\, 16 K\,
Ry =t Ak, < NppAg,, = [KA,227014,, < + Ay, < +1.
s m m m m Akzm m A
Case3: Arp>8-27™andpp_1 < %.
By Lemma([7| we have
4 3 6 4 3 6
ATTE> CAp =227 AL > A= — — — — ] > 0.29A,.
L 64" = "(7 16 64)_09k

In this case, it is impossible that k£ = k,,, because AZL—l =92-(m=1) ©(.29.8.27™ < (.29A,,.
So we can obtain
A 16\,

<

Ry =nit A = A (AP 72A, < 0.297;Ak A
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We define A™ £ {k € [K]|0 < Ay, < 64p,,—1 } for epoch m. By combining all three cases, we
can upper bound the regret for agent v as

-3 (3w Y a)

m=1 \ keAm™ kgAm
M 16
< m m
>~ Z <64pm1Nm + Z 64pm71nk + Z Ak
m=1 k€A™ k#ky, kg A™ AR >0
16K\,
+ ( ot 1) 10 < Aj, <8- 2-%)
M 16X ®
< m m
<y <64pm1Nm D Spmoni+ Y
m=1 AR >0 AR >0
16 K\
+ ( A m —|—1>]I(m§log2 (8/A))>

M log,(8/A)
16\, 16 K\,
< E (128pm1Nm + E A > + E ( At 1)

m=1 AR>0 k m=1

where the last inequality uses the fact that 3, _n;" < Np. Notice that we can bound the
expectation of the offset level as

E[Dy,] = 2(1 = 6,,)Cr + 0 Ny < 2C,, +1

M
and we can bound } | pp—1Np, as

Np,
( {m— 1— sVN)
M

m— 1(4m 1— s+1)>\ b
{m—1— 5\ s

M
Z an—le S
m=1

(]}

<Ie ﬁMg

m=1 s=1
4 M m—1
=72 (Z ((7/12)™ 7% + (7/48)" ) Ds> ©)
m=1 s=1
4 M—-1 M
— V Z Z 7/12 m 1-—s (7/48>m—1—s
) M-1
4 11
< — _
<7 ( > 2::0 (7/12) 4 (7/48)7 <3 2 D
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Combining Eq. (8) and Eq. (9), by Lemma[I0} we can get

10%2(8/A)
16)\ 16K\,
E 1440E[D g 1

m=1 Ag>0 m=1
— 12 2
; Z LB D]+ 3 212(log (VT)+3‘ioAg(VT) log(30V K))
k

1 Ar>0
212K (log?(8/A) + 31og(8/A) log(30VK)))
VA

M-1
Chn 2 1og(VT) log(30VKT)
< 2880 1440
a z—:1 4 i +Az>:o VAk
m= k

214K log(8/A) log(240V K/ A)
VA +log(8/A)

o <C’ Py log(T) log(VKT) Klog(l/A)log(VK/A)) .

+

+ log(8/A)

+

Ao VA VA

So the cumulative regret for all agents as

ci Y log(VT)log(VKT) | Klog(1/A) log(VK/A)>.

R(T) =0 < X S

Ar>0

And each agent only broadcast messages in the end of each epoch, so the communication cost of
MA-BARBAT as follows:

Cost(T) = Y M = O(V log(VT)).
veE[V]
B.3 Proof of Theorem[3|

B.3.1 Notations

We define C}" as the sum of corruptions to arm k in epoch m, and let C,, £ maxye(x) Cp".

B.3.2 Lemmas for Proving Theorem 3]

Lemma 14. For the BB-BARBAT algorithm time horzzon T, the number of epochs M = L. In the
m-th epoch, the selected arm k., must satisfy Am =a ~(m-1 ).

Proof. The length of epoch m is given by N,,, = K \,a?(™~1) > q2(m=1) From the lower bound of
N, and @ = T=TF0, we can complete the first statement. Since A7* ™!+ max{a~ "=V " —pm}
there exists at least one arm that satisfies A?il = o~ (=1 and all arms satisfy A’,?fl < g~ (m=1),
Since r’k’;l_l > r™~1 the equality AZ:n_l = 2-0m=1) must hold. O

Lemma 15. For any epoch m, the length N,, satisfies N, > Zke[K] ng'.

Proof. Since A7 = max{a™™, 7" —r"} > a™™, we can get n* = A\, (A7) 72 < A2,
Therefore, we have Y-, c i 17" < K Apa®™™ 1) = Ny, O

Lemma 16. For epoch s and m with 1 < s < m, the following inequality holds:

Am 7 m—s
<| = .
As T \D




Proof. We first show that the function f(z) = % is strictly decreasing for z > 5, where

a = max{T 2D ,2} > 2. Notice that the derivative function
(In(a?) + 1/x) — (xIn(a®) + In(z))In ()
\T
(%)
is monotonically decreasing and f/(5) < 0, thus we have f/(z) < 0 for z > 5, which indicates that
f(z) is strictly decreasing. Since K > 2, we can get
Am In(4K?In(K)(m + 4)a?m )
s In(4K2In(K)(s + 4)a2(s+4)
_ In(4K?In(K)) 4+ In(m + 4) + (m + 4) In(a?)
~ In(4K2In(K)) +1In(s +4) + (s + 4) In(a?)
In(m +4) + (m + 4) In(a?)
In(s+4) + (s + 4) In(a?)

e () <)

where we use the monotonicity of f(z) and the fact that K > 2. O

f'(x) =

Lemma 17. For any epoch m, the following inequality holds:

> s < 208 In(a)(m® + 3m(2 + In(K))).
Proof. Since a > 2 and K > 2, we can have

i

a®(In(4K? In(aK)(s + 4)a>9))

Ms

w
Il
—_

a®(2(s +4) In(a) + In(s +4) + In(4K? In(aK))

’Dlﬂs

»
Il
—

a®(2(s +4)In(a) + 2(s + 1) In(a) + 6 In(K) In(a))

V)
Il
-

a®In(a)(4s + 10 + 61In(K))

I
N ®
o .

a®In(a)(m? + 3m(2 + In(K))).
O

We can also guarantee Lemma [3]still holds. As mentioned before, given the definition of an event &,

as follows:
41n(4/5m, 2C,,
Em = {Vk1|7"k — | < n(wé )+ }

ny Ny,

Then we can establish a lower bound on the probability of the event £, occurring by the following
lemma.

Lemma 18. For any epoch m, event &, holds with probability at least 1 — 6,,. We also have
1/57n Z Nm

Proof. By Lemmal[3} we can get

A(4/Bn) | 2Cn
nm N,

x5

Pr l|7’?ltk|§ ] < 2By =
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A union bound over the K arms conclude the proof.
Since m > 1, K > 2 and a > 2, then we can get
Npy = KXpa?m=Y

= Ka?>™Mm*3) In(4K?(m + 4)a*> ™ In(aK))

< Ka?™+3)(2(m 4 4) In(a) + In(m + 4) + In(K? In(aK)) + In(4))

< Ka®™3)(2(m + 4) In(aK) + (m + 4) In(aK) + 3In(aK) + 2In(aK))

< Ka* ™3 ((4m + 16) In(aK))

= Ka*>™ ) ((m + 4) In(aK))

=1/6pm.

O

As mentioned before, for each epoch m, to unify the varying bounds depending on the occurrence of
event &,,, we define the offset level

Do_ 2C,, when &, occurs
™\ N,, when&,, dose not occur’

This way we can always guarantee the following inequality:

A4/ Bn) | D

m
‘Tk :uk)‘ — ﬁ;ﬂn Nm
It is worth noting that Pr[D,,, = 2C,,] > 1 — é,, and Pr[D,,, = Np,] < b,

Next, we will bound A}". To start, we define the discounted offset rate as
m 2m=s )
P 1= ; SIN

Lemma 19. For all epochs m and arms k, we can have

a* -8 3 _ a*—2
A Tt TS ArS

Proof. Since |r}" — | < ,/%éﬁ’") + %::, we have

D A/ B) o P[4 B)
Ny, ny =k - N, ny

Ap+a" MY 42,

Additionally, since

m<max{uk+§ +\/41n(jlﬂ<6m>_\/4ln 4/6m)}§uk*+§m7

41 4 ' 41 4 m 4In(4/Bm
r:”max{r,? n( /ﬂ } n( /ﬂ -2 n( /6
K \ n n

we can get

D [ D
m nk* Ny,

According to Algorithm [I|and Lemma [2| we have n}* > n;* for all arms k. Then we have the
following inequality for all k € [K]:

\/41n(4/ﬁm \/41n(4/5m) NG
= m - 4

TLk nk a
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We now establish the upper bound for A}* by induction on m.
For the base case m = 1, the statement is trivial as A}, = 1 for all k € [K].

Assuming the statement is true for the case of m — 1, we have

o=t = = )+ (e — ) + (e — 1)
< %:+Ak+ JZ\)fm +%A,T‘1

Where the second inequality follows from the induction hypothesis.
Next, we provide the lower bound of Aj*. We can get
o=l =gt =l = ) + (e — ) + (e — ")
D, D 2

4 m—1 m m—1

S A R

2D 6 ([ a*Ay
> A - — —(m=2) L 9p,_
= Nm+ K a4<a4_2+a + 2pm—1
S a' -8 3 6

——— A — z5a"" = 6pn,.

=t —27F T 942 p

where the third inequality comes from the upper bound of AZL_l.

B.3.3 Proof for Theorem[3

We first define the regret R} generated by arm £ in epoch m as

Akn}f k 75 k‘m

Rt & At = {Akﬁz‘ k=
- m

Then we analyze the regret in following three cases:

Casel: 0< A <64p,_1.
If k # k,,, then we have

R = Agny' < 64pp,_iny.
If k£ = k,,,, then we have

RZL = Akﬁztn < 64pm—1Nm.

Case2: Ay <4-a (™ Yandp,, ; < %.
If k # k,,, then we have

w=np A = )\m(A};n_l)_2Ak < /\ma2(m_1)Ak < Zl
k
If kK = k,,, since Agl_l =2-(m=1 we can get:
16K\, 16K\,
P Ay, < NpAg, = [KApa2m DA, < 08Am oo 108 Am

k"'b
Case3: A >4-a(m-1 apd Pt < %_
By Lemma([7| we have

138 3 6 6 36
A=l > CTON L mm L PN S A (1 e — 2 - ) > 0.20A,.
RS gt gt T g2t T gtk = ’“( At -2 Sa 64>— g
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In this case, it is impossible that k = k,,, because A’,Z;l =a (M1 <029.-4.a=(m D < 0.20A,.
So we can obtain )

A 16\
=np' Ap = A (A7 H=2A, < m_ < ~.
k =k Sk = ( ) k= 0.292Ak - Ay

We define A™ £ {k € [K]|0 < Aj, < 64p,,,—1} for epoch m. By combining all three cases, we
can upper bound the regret as

-3 (T s )

m=1 \ ke Am kg Am

M= i

S

(64pm1Nm + Z 64pm lnm + Z 16)\m

A
k€A™ ktkm, kgAm Ap>0 T F

4 (16I2>\m + 1) ]I(O < Akm < 4'a(m1))>

M 16)\
m=1 Ar>0 AR>0 (10)
+ <16f§m 4 1) T(m < log,(4/A) + 1>)
M
23 ( 16/\

Ar>0 Ar>0

N <l6fz>\m I 1) I (m < log, (8/A))>

log, (8/4)
16A,, 16K A\
< § : (128pm N+ > > ( +1>

A
AR >0

m=1

where the last inequality uses the fact that > Ap>0 Mk < Np. Notice that we can bound the
expectation of the offset level as

M
and we can bound } . pp,—1 N, as

Y M /ml om—1-sp)
3 pneiNm <Y (Z a4(m—1—)]\7> Ao

m=1 m=1 s=1
M m—1 m—1—s

_ 2 ((2CL ) + 1 m
=a Z <Z aqd(m—1— 9)/\

m=1 s=1

M m—1 m—1—s m—

14 1

_ 2
=a Z ((5&2> + (4> ) Ds)

m=1 s=1 11

M-1 M ( )

—1 o]

] 1
Din Z 5a2 <4

=1 7=0

14 m—1—s 1 m—1—s
2
“3 o3 (5e) *(w)

s=1 m=s+1

M-1 o M—1
SaQ(

22a
5@2—14+ _1> ZDmS ZDm
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Combining Eq. (I0) and Eq. (T1), by Lemma since a = T and M = L, we can get

M-1 M log,(8/A)
16\, 16 K\,
R(T) < > 570a°E[Dy] + > ) AT > ( A +1>
m=1 k

m=1Ar>0 m=1

L1 L logy (8/)
1 16K
=Y 570a°E[D,] + > % + ( GAA"“ T 1)
m=1 k

m=1 A >0 m=1
L—-1
L? + 3L(2 + log(K))
2 2, 95 8
< ) 1140a°Cy, + 5700 + 2°a® In(a) (};0 Ar
k

| K(log®(8/4) + 310§(8/A)(2 * log(K))) +log,(8/A)

B . . Llog(KT) Klog(T)log(1/A)log(K/A)
_O<CT +T (g;o At A ))

m=1

B.3.4 Proof for Theorem [

Proof. In the batched bandit problem, let the static grids be definedas 0 =9 <t < --- <ty =1T.
According to Lemma 2 in [19], the lower bound for stochastic batched bandits with no corruption are
given by:

R(C=0,L)=0 (K-max t]) . (12)

Jje[L] tjfl +1

For adversarial corruptions, we define an adversary who starts attacking at round 0 and continues
until the end of a batch, denoted by ¢ for 0 < s < L. The attack strategy involves setting the rewards
of all arms to zero, forcing any algorithm to pull all arms evenly in round s + 1, which leads to a
regret of approximately ts — t;_1. Therefore, under adversarial corruptions, the lower bound can be
expressed as:

R(C’,L):O(K-maxtj—l—C- max tﬁl_t])

jelLl tj—1 +1 JeL-1  t;
tirg —1;
=O0(Kt; +(K+C . |
(st 009 o 250 ) 13)

O(Kt1+(K+C’) <Z)>

According the formula, we can get the optimal value of t; = Tt (

L—-1

M) . Combine equa-

K+C
tion[I3] we can get

R(C,L) > Q (T% (K + Cl—%)) .

B.4 Proof of Theorem 3
B.4.1 Lemmas for Proving Theorem

By employing the methods described above, we establish that Lemmas [T} 2] 3] and {f] remain valid. In
contrast to the standard multi-armed bandit setting, the feedback structure in our model implies that,
for each arm £, the expected number of observable pulls 7} does not necessarily equal the expected
number of actual pulls 7]".

Lemma 20. For any epoch m, all arms k # k,, must satisfy 0}’ < nj* and ny* > n}’.

Proof. By Algorithm E], we can easily guarantee that the inequality n}* < n}* holds for all arms
k # k.. Recalling the setting of strongly observable graph, for each arm k, either it has a self-loop
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or all other arms have an edge pointing to it. According to Algorithm[d] we can get the guarantee as
follows for each arm k; € [K]:

> AR =g,
(ki k;)EE,kiFk;
So for each arm £ which has a self-loop, we have the following inequality:
ap= ) mpR g >ap
(ki kj)EE, ki#k;
For each arm k which does not have a self-loop, since ﬁ};ﬂ > 27™ > n;” for all arms k # ki, so

we complete the proof. O

Same as the proof in Appendix we only need to change n}* to )" to obtain the following
lemmas.

Lemma 21. For any fixed k, m and f3,,, Algorithm[l|satisfies

4n(4/By)  2Cm
Pr||rm — uy| > < B
' llm el 2 A + N,, <8

We also define an event &,,, for epoch m as follows:

A m 4 ln(4/ﬁm) QCm
= : - < + .
Em {Vk it = el < nm Np,

Lemma 22. For any epoch m, event &, holds with probability at least 1 — 6.,,,. And after rigorous
calculation, we have 1/6,, > Np,.

We can also always guarantee the following inequality:

A4/ Bn) | D

m
‘Tk: :uk ‘ —_ ﬁ}:}n Nqn

It is worth noting that Pr[D,,, = 2C,,] > 1 — d,,, and Pr[D,,, = N,;,] < 6.

Next, we will bound A}*, which is also the turning point of our proof. To start, we define the

discounted offset rate as
m

D,
o= g

s=1

Lemma 23. For all epochs m and arms k # k*, we can have

4 3 8
AR =227 —6py S AP CAR+27 MY 4 2p
7 4 7
and for the optimal arm k*, we have
3 3 1
_A_Z9m_g < m o A 2—(m—1) ) -
7074 Pm S Bge S 70T 2
Proof. Since |r]" — x| < % + %, we have
k m
D [/B) _ D [1n/5)

Non A =N, A

By Lemma 20| we can get 2" > nj* for all arms k # ky,, and 2! > 37, 7;" for arm kyy,. Then
we have the following inequalities:

Vk;é]{;m:\/élln(‘l/ﬁm) <\/41n(4/5m):A21—1,

AMm - m
ny ny 8
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and

(/B [anE/s,) L ap
ng = ktkm ny ktk, 8

Additionally, given that

m D,, 41n(4/Bm) 41n(4/8m) D,
T Sml?'x{”k+]\]-771+\/ ,'CLZL - TALZL Suk*+N7m’
and
41n(4/B,,
r™ = max {Tzn — 7n(w/16 ) }
k ng
. /41n(A4"/l,8m)
nk*
1 m—1 : m—1 Dm
2 M — Z maX{Ak* 7]@1;&1}911 Ak } - N7m
1 m—1 m— Dm
Z,U/k* —ZmaX{Ak* 7A 1}_N7m
It follows that
D, 1 D,,
— g max{ AR AT < = e < g

We now establish the upper bound for A}* using induction on epoch m.
For the base case m = 1, the statement is trivial as A} = 1 forall k € [K].

Assuming the statement is true for m — 1, for arm k # k*, since there are at least two arms: one
optimal arm and one sub-optimal arm, we can obtain

8
. m—1 m—1 m—1 —(m—1
kr;l}cn AT <max{A7L, A 1 < ?A +2( ) 4+ 20m.

Then we have

o=l = = = ) (e — k) + (e — 1g")
Dm Dm 1 m—1 . m—1
Sme+Ak+me+§max{Ak ,kr;rél}criAk }
2D 1 (8max{Ag, A} (i
Ly T i it Rt R S U DTS VA
SN + k+8( - + + 2pm—2
A
e

7

Where the second inequality follows from the induction hypothesis.

For arm k*, we have

e = =g = (0 = ) A+ (e — ) + (e — 7%)

Dm Dm 1 m—1 . m—1
< N7m+N7m+gmaX{Ak* 7kgél}£1 Ak }
2D 1 /8A
<My (=g mh 9,
<3 o +3 < —+ +2p 1)

IN

1
SO+ 2=(m=1) 4 95 .
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Next, we establish the lower bound for A}". Specifically, for arm k& # k* we demonstrate that

po=rl =gt = = )+ (e — ) £ (e — 1Y)
> —%: - %maX{Agﬁ,AH} +Ap — %: - éA};’“l
> —% + A — §<—8maX{7Ak’A} +2772 4 205 1)
> %Ak — 22_7” — 6ppm.

where the third inequality comes from the upper bound of Az%l.

For arm k*, we have

m

AL =1 =1 = (] — p) + (e — g ) + (g — 7%)

D 1 m— — D7 1 m—
E—Nirmn—imaX{Ak* 1,Ak 1}— Nr: —gAk* 1
2D 3 8A
>_Zm S22 4 9(m=2) 4 9,
Z N 8( - T + 2pm-1)
3 3
> —=A—=2""—6py,.
= 2 6pm
This proof is complete. O

Lemma 24. For any strongly observable directed graph G with the independence number «, the
obtained out-domination set D must satisfy |D| < [a(1 + 2In(K/a))] by Algorithm[6] Especially,
when G is an acyclic graph and undirected graphs, we have |D| < .

Proof. If the graph G is undirected, then in each iteration of the Algorithm [ we select a vertex
and remove its neighbors. The selected vertices are therefore pairwise non-adjacent and form an
independent set; hence the resulting out-dominating set D satisfies |D| < «. The remainder of our
analysis focuses on the directed graphs.

Recalling the definition of the no-root vertex, for any strongly observable directed graph G with the
independence number o, we can get that if we remove a no-root vertex k and its out-degree neighbors,
the remaining graph G’ whose independence number is at most & — 1. That’s because no vertex in
graph G’ is connected to the vertex k. By the definition of strongly observable directed acyclic graph,
we can always get the no-root vertex for the remaining graph, which means that |D| < a.

Recalling the pseudo-code in Algorithm [6] we denote the loop index as s and initialize s = 0. In
other words, G5 = ([V;], Es) shows the residual graph obtained after s loops of removing vertices.
Given any graph G, = ([V;], Es) with no no-root vertices, G41 is obtained by removing from G
the vertex i, with the largest out-degree d.. Hence,

[Es| _ Vil

dr > —=
ST | Vs| T 2as

|Vs]
2

>

)

N -
N

by Turan’s theorem (e.g., [35]]), where « is the independence number of G and o > «ag. This shows
that

1
Vo] = V| —df < |Vi|(1— 5o) < IV, |ems/2e,

Iterating, we obtain |V;| < Ke~'/2®, We define the graph G, = ([V4,], Fs, ) with the independence
number «, as the the final residual graph has cycles. We can discuss this in two cases:

Casel: |V, | < a.

We can get a graph G, = (|Vs, |, Es,) with s1 < so, which satisfies |V;,| < a and |V,, 1| > a.
Since Vi, 1 < Ke~(171/(2%) we have s; — 1 < [2aln(K/|V.,_1])] < [2a1n(K/a)]. So we
can get

D] < |Vay | + 2an(K/a)] + 1 < [a(1 + 2n(K/a))].
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Case2: |V |> a.

By Vi, < Ke™%/(2%) we have sy < [2aIn(K/|Vs,|)] < [2aIn(K/a)]. Because Gy, has no
cycles and the independence number a5, < o, we can get

|D| < asy + [2aln(K/a)] < [a(l +2In(K/a))].

The proof is complete. O

B.4.2 Proof for Theorem

Recalling Lemma@ for all arms k # k*, we have

4
A= 32— bpp < AT < DA+ 27V 40y,

We first define the regret R} generated by arm £ in epoch m as

Akn};‘ k 75 km

R & Ayt = {Akﬁ;g =k

Then we analyze the regret in following three cases:

Casel: 0< Ag<64p,_1.
If k # k,,, then we have

R = Agng' < 64pm_1ny.
If £ = k,,, then we have

R;Cn = Akﬁ};nm S 64pm,1Nm.

Case2: Ap <8 -27™andpp,_1 < %.
If k # k,,, then we have

16\,
™=l A = A (ATHT2A, < 0,220 DA L < A
k

If k = k,,, since Aznmfl =2-(m=1) we can get:

16K\, 16 K A\,
<

= Ay, < Ny, = [KA22M7 DA, < + Ay, < +1.
km
Case3: Ap>8-27™and pp_1 < %.
By Lemma[7] we have
4 3 6 4 3 6
ATTE> A =227 - AL > A= — — — — ] >0.29A,.
o= 7T 647" = ’“(7 16 64)09k

In this case, it is impossible that &k = k,,, because AZ:l =92-(m=1) ©(.29.8.27™ < (.29A,,.
So we can obtain

25, < Am < 16)\,,,.

0.292A, Ap

=l A = A (A7)
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We define A™ £ {k € [K]|0 < Ay, < 64p,,,—1 } for epoch m. By combining all three cases, we
can upper bound the regret as

R(T)=§: ( > BRI+ Y R?)

m=1 \ keAm kg Am
M
16\,
< <64pm1Nm R SR T SR
m=1 kEA™ ktkm, kgAm Ap>0 T F
16 K\,
+< A’”+1>]1(0<Akmg8-2—m)>

(14)

M 16
<3 <64pm N+ D 6dppni + > A

m=1 AR>0 AR>0

+

<1612)\m I 1) I(m < log, (S/A))>

M 160, 528 r16K0N,,
§Z<128,0m Ny, +Z ) > ( A +1>

1 Ar>0 m=1

where the last inequality uses the fact that > A0k < Np. Notice that we can bound the
expectation of the offset level as

]E[Dm] = 2(1 - 5m)0m + 5mNm S 2O7n + 1

M
and we can bound )| ppm—1 N, as

M m—1
me 1N’m§z_:<z8m 1— SN>N

-1

M:

m—1—s
= ( 48m 1tA1)A DS)
m=1 s=1
m—1
=4 (Z (7/12)m 175 4 (7/48)™ 1 6)D) (15)
s=1

MEﬁM:

Il
S

DS Z (7/12)"175 4 (7/48)m 1

s=1 m=s+1

M—-1

(Z Dm> > (7/12)7 +(7/48) <11 Dy,
7=0 m=1

Recalling the pseudo-code of SOG-BARBAT in Algorithm ] we define the loop (Line 10-16) index
as a. For ease of analysis, if removing multiple arms from H™ in one loop, we also consider this case

as multi loops where the ﬁ is set by zero. According to the above analysis, we have n* < 16)‘

Defining b = K — 24] we can set a parameter 7" = maxXs—1,2,... » |D|. Wlth
loss of generality, for each arm k € A™, we set Ay > Ag > -+ > A, Recalhng the process
of Algorithm @ we only need to pull FZL times for all arms in the out-domination set D", where
we can observe at least FZL times for all arms k£ € [K]. By this way, to maximize the value of
> keam R, we should try to select the larger part of the suboptimal arm from the arms that have
not been removed. In addition, we can have the following inequality:

—Fm 16)\ - Fm - m 16)\m —Fm - Fm 16)\m
H'<npr="TC_TH'-H,< o Hy —H, | < )
1 1 A% 2 1 A% b b—1 Ag
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By this way, we can get the following equation:

sup Z R?—bupZH Z Ay

keAm k€A™ keDm
b—~ s+y™ b
16A,,  16A,, 16A,, 16X,
> ( o) (e n (- (e
s=1 S s—1 — S:b—’Y"LJrQ S s—1 k=s
"
16\, 16,
Sy 3 (o)
k=1 k=ym+1 k k—ym
200 . (16, 16X b 32)
< m m _ m A ) < . < m .
= a2 (& a)ess %
k=~ym+1 k=2ym+1 k=b—ym+1
(16)
In the second inequality, for ease of write, we set 16)‘ = 0. For the above inequalities, we use the

mequallty -+ (
m +k
the first 1nequahty, we have

,_yTrl 2’Ym
162, 16X, 16),
Y om0 A
A (Ai Az > k
k=1 k=ym+

A—i) Aymyp < R n+k holds forall 2 > 81 > By > 1. For example, in

k ,\/Tn
1 1 FAM TN
= 16)\ — A m 4k < m .
Z < <A2m+’€ Ai) i ) k—;-ﬁ-l Ak

Combining Eq. (T4), Eq. (T3) and Eq. (T6), by Lemma[] we can get

M—1 log2(8/A)
1 16K
R(T) < 1440E[D 6/\ > ( 6K Am +1)
A
m=1 Axr>0 m=1

g 3
D

< 3 L440E[D,,) + > 2'2(log?(T) + 3log(T) log(30K))

AR>0 Ak
212K (log?(8/A) + 3log(8/A) log(30K)))
A

3
ﬂ‘

+log(8/A)

g +

|
—

214 10g(T) log(30KT)
Ay

< 2880C,,, + 1440 +
1 Ar>0

L 2K log(8/A)Alog(240K/A)) +log(8/A)

3
Il

M-—1
< 2880C,,, + 1440 + Z
m=1 keI*
214K log(8/A) log(240K/A))
+
A
0 <0+ 5 1og(T)iog(KT) .\ Klogu/AA)log(K/A)) |
k

215 10g(T) log(30KT)
Ap

+log(8/A)

keZ*
where Z* is the set of at most |a(1 + 2In(K/«a))] arms with the smallest gaps. Especially, for

directed acyclic graphs (including undirected graphs), Z* is the set of at most « arms with the smallest
gaps.
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B.5 Proof of Theorem @]

B.5.1 Notations

Following [[15} [14], with loss of generality, we assume 1 > o > - -+ > pux and Ap = g — g for
all arms k > d.

B.5.2 Lemmas for Proving Theorem [6]
By the methods mentioned before, Lemma [I] still holds. For Lemma[2] we need to consider the
impact of changing k,, representing an arm to representing an arm set.

Lemma 25. For any epoch m, the length Ny, satisfies ANy, > 3, e ni'. The actual expected
pulling times ) > " for all arms k € [K].

Proof. Since A} = max{2™™,r]" — i’} > 27, we can get
npt = Am (AP 72 < A, 22070,
Therefore, we have

D g < KAy 220" = dN,,.
ke

Since N,, = K\,,22("=1 /d, so for arm k € K,,,, we have

Mgt =Ny — Y npt/d > 2220070 > g,
kK m

This proof is complete. O

Using the methods mentioned before, all lemmas in Appendix still holds. Maybe Lemma 7] will
be different because we changed the way r}" is assigned. Next we will prove that Lemma (/| still
holds.

4In(4/Bm)
ﬁm

Proof. Since |r] — pi| < + D= we have

D [

=m — ~ T T sm
Nm nk'

N, ny'

Additionally, since

< Ty {uHDM\/MnWﬁm)—\/4ln(4/5m)} Suﬁ%,
ke[K

Ny, R an m

41n(4/B,m, 41n(4/Bm, 41n(4/6,,) D,
e =Ta 7"21—,/711&46 ) >y — 711&46 ) > pa—2 7n(~n/1ﬁ )——,
ny REIK] ny ny Ny,
we can get
QT e < .
N’m ﬁrdn =T f = NnL

According to Algorithm [I|and Lemma [2| we have n}* > n}* for all arms k. Then we have the
following inequality for all k € [K]:

\/4ln(~4/6m) . \/41n(4/6m) _Aart

np ny’ 8

We now establish the upper bound for A}* by induction on m.

For the base case m = 1, the statement is trivial as A}, = 1 for all k € [K].
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Assuming the statement is true for the case of m — 1, we have

po=rt g = = pa) + (pa — ) + (e — ")
D D 1

Zm oA Zm 4 ZAm—1
Nm+ k+Nm+8 k

2Dy, 1 (SAk

Ap+- (=242 m=2 49,
Ner k+8 7 + + 2pm—1

8A
— 42 g,

Where the second inequality follows from the induction hypothesis.

IN

IN

IN

Next, we provide the lower bound of A}*. We can get

m m m

wo=rlt =gt =0 = pa) + (e — ) + (e — i)

D, 1. .4 D
—— — AL Ap — — — A
TN, atk TORTN TRk
2D 3 [ 8A
> _2Dm A 3 (BBk o2 g,
> N, + Ay 3 ( 7 + + 2pm—1
4 3
> A — =27 — 6pp,.
e P
where the third inequality comes from the upper bound of Azn_l. O

B.5.3 Proof for Theorem
Following to the work [[15], we can define the regret R} generated by arm k in epoch m as

Rm, L AL — - .
BT SR {Akn}f’ k€ Ko

Then we analyze the regret in following three cases:

Casel: 0< A <64p;,_1.
If & & KC,,, then we have
R = Agny' < 64pp,_1ny.

If k € IC,,,, then we have
R = Agny < 64py1dNy,.

Case2: AR <8 -27™andp;,_1 < %.
If & & KC,,, then we have
m m m—1\—2 2(m—1) 16)\m

If k € IC,,, since Azlm_l = 2-(m=1) we can get:

16K d\,,
<=y

16 KdA,
A < - m
Ay i

P = Ak, < ANnAk,, = dIKA2 D /) Ay, . s

+d.

m

Case3: Ap>8-27"and p,-1 < %.
By Lemma([7] we have

.4 3., 6 4 3 6
A$12§Ak—§2 —MAszk(——)20.29Ak.

In this case, it is impossible that k € C,,, because AZ:'n_l =92-(m=1) £ (99.8.27™ < (.29A,.
So we can obtain

28, < Am < 16)\m.

0.292A,, Ay

R = n A = A\ (A1)
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We define A™ £ {k € [K]|0 < Ay, < 64p,,,—1 } for epoch m. By combining all three cases, we
can upper bound the regret as

SR+ Y Rm>

keA™ kg Am

16\,
64pm—1dNpm + > Bdpp_ani'+ > A
kEA™ kkyp, kgAm A>0 P

(e <, <o)

M 16\
§ (o E o £
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)

s d) I(m < log, (8/A))>

M log, (8/4)
16X, 16K d\,
<y (128pm1de + > A ) + 0y (A +d)

Ak>0 k m=1

where the last inequality uses the fact that 3, _n;" < Np. Notice that we can bound the
expectation of the offset level as

E[Dy,] = 2(1 = 6,,)Cr + 0 Ny < 2C,, +1

M
and we can bound } | pp—1Np, as
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Combining Eq. (T7) and Eq. (I8), by Lemmafd] we can get
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BARBAT | DRAA | IND-BARBAR | IND-FTRL

K=12 0.13s 0.14 s 0.12s 1.53 s

K=16 0.13 s 0.15s 0.14 s 191s

Table 2: The cost time of each agent for BARBAT and all baseline methods.

() K=12 b)K=16

Figure 4: The feedback structure for the strongly observable graph bandits.

C Experimental Details

C.1 Cooperative Multi-Agent Multi-Armed Bandits

We first consider CMA2B, where the mean rewards {1y } p(x is uniformly distributed in the interval
[0.02,0.96]. For each arm k, we generate the stochastic rewards according to a truncated normal
distribution with support [0, 1], mean i, and variance 0.1. We use a time horizon 7" = 50000, set the
corruption level C' = 2000, 5000 and the number of arms K = 12, 16. Following [10], we set the
two worst arms as target arms and corrupt the target arm’s reward to 1 and the other arms’ rewards to
zero until the corruption level is exhausted.

As seen in Table@ the time cost by BARBAT is much shorter than that of the FTRL, which confirms
that the computational efficiency of the BARBAT framework is much higher than that of the FTRL
framework.

C.2  Strongly Observable Graph Bandits

Following [[10], we adopt the Erdos—Renyi model [36] to generate feedback graph in Figure ] with
the independence number « = 4. Specifically, for each pair of arms (u,v) € [K] x [K] with u = v,
we connect them with a fixed probability 0.5. Blue circles represent vertices without self-loops, while
white circles represent vertices with self-loops.

C.3 d-Set Semi-bandits
In d-set semi-bandits, we set d = 3 for K = 12, and d = 4 for K = 16. Following the recent

works [[15[17], we generate the stochastic rewards according to a Bernoulli distribution, other settings
are the same as cooperative standard MAB.
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BARBAT | HYBRID | LBINF | LBINF_LS | LBINF_GD

K=12 0.36s 14.63 s 10.16 s 10.21 s 9.84 s

K=16 0.37s 18.62 s 12.37 s 12.67 s 12.69 s

Table 3: The cost time of each agent for BARBAT and all baseline methods.

As seen in Table[3] the time cost by BARBAT is much shorter than that of the FTRL, which confirms
that the computational efficiency of the BARBAT framework is much higher than that of the FTRL
framework.
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