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Abstract

While classical formulations of multi-armed bandit problems assume that each arm’s reward
is independent and stationary, real-world applications often involve non-stationary environ-
ments and interdependencies between arms. In particular, selecting one arm may influence
the future rewards of other arms, a scenario not adequately captured by existing models such
as rotting bandits or restless bandits. To address this limitation, we propose the influen-
tial bandit problem, which models inter-arm interactions through an unknown, symmetric,
positive semi-definite interaction matriz that governs the dynamics of arm losses. We for-
mally define this problem and establish two regret lower bounds, including a superlinear
Q(T?/log® T) bound for the standard UCB algorithm and an algorithm-independent Q(T)
bound, which highlight the inherent difficulty of the setting. We then introduce a new algo-
rithm based on a lower confidence bound (LCB) estimator tailored to the structure of the
loss dynamics. Under mild assumptions, our algorithm achieves a regret of O(KT logT),
which is nearly optimal in terms of its dependence on the time horizon. The algorithm is
simple to implement and computationally efficient. Empirical evaluations on both synthetic
and real-world datasets demonstrate the presence of inter-arm influence and confirm the
superior performance of our method compared to conventional bandit algorithms.

1 Introduction

The multi-armed bandit problem [7], [I8] and its extensions serve as fundamental models for decision-making
under uncertainty. In such problems, one aims to maximize the cumulative reward while simultaneously
learning the underlying reward model through repeated selection of actions referred to as arms and observa-
tion of the resulting rewards in an environment where the reward distributions are initially unknown. In the
most basic setting, it is assumed that the reward for each arm is independently drawn from an unknown,
time-invariant (i.e., stationary) distribution. A variety of algorithms, including Upper Confidence Bound
(UCB) [2, I7] and Thompson Sampling [T}, 23], have been proposed for this setting, and their effectiveness
has been validated both theoretically and empirically.

In real-world applications, however, rewards are not necessarily stationary and may be influenced by past
actions. For example, in recommender systems, arms correspond to items being recommended, and rewards
represent user feedback or engagement with those items. Recommending the same item repeatedly may lead
to user fatigue, resulting in decreased engagement. Conversely, repeated recommendations could increase a
user’s interest in the item, thereby enhancing their response over time. To model such dynamics, various
models and algorithms have been proposed, including restless bandits [22] [26], rotting bandits [19} 21] and
rising bandits [13]. In these models, the state transitions for each arm are modeled to depend on the arm
selection, and the reward distribution is assumed to vary depending on the state. Other approaches have
also been explored for instance, the blocking bandit framework [0l 6] introduces constraints that prohibit
consecutive selections of the same arm, which can be interpreted as a way to address reward decay.

One of the key limitations of these existing models lies in the strong assumption that the impact of selecting
an arm is confined solely to the reward of that particular arm. Due to this limitation, these models fail to
capture scenarios in which selecting one arm may influence the future rewards of other arms. In real-world



Under review as submission to TMLR

problems, it is rare for the rewards of all arms to be completely independent, making it important to consider
such interdependencies. For instance, in the context of recommender systems, recommending a particular
item (such as a movie or product) and having the user engage with it may reduce their interest in similar
items, or conversely, increase their interest in related items.

To overcome this limitation and address scenarios where interactions between arms exist, as described above,
we initiate the study of the influential bandit problem. We begin by formally defining the influential bandit
problem and deriving a lower bound on the regret, thereby highlighting the inherent difficulty of the problem.
We then propose an algorithm tailored to this setting and provide a theoretical analysis of its performance.
Finally, we validate the proposed model and assess the effectiveness of the algorithm through empirical
experiments using synthetic and real-world data.

1.1 Our contribution

In formulating the influential bandit problem, we introduce an interaction matriz A € RE*X to model the
influence that selecting one arm has on the rewards of other arms, where K denotes the number of arms.
This matrix captures the pairwise interactions between arms, where each element represents the impact of
selecting arm ¢ on the loss of arm j. We assume that the interaction matrix is symmetric and positive semi-
definite. The matrix is initially unknown, and addressing the uncertainty in the environment arising from
this is a critical challenge in this problem. For performance evaluation, we define regret as the difference
between the cumulative loss incurred by the algorithm and the cumulative loss of the optimal sequence of
actions, assuming full knowledge of both the interaction matrix and the initial loss values.

To illustrate the difficulty of this problem, we present two regret lower bounds. First, we show that the
UCB algorithm [2], one of the most standard algorithms for the classical stochastic bandit problem, suffers
a regret of Q(T?/log® T) in the worst case, where T' denotes the time horizon. At first glance, a superlinear
regret in 1" may appear surprising in the context of traditional bandit problems; however, such behavior is
not uncommon under the setting considered in this work. Indeed, since each arm selection can influence
future losses, the per-round loss can grow as large as O(T), leading to a maximum possible regret of O(T?).
Therefore, achieving regret strictly smaller than O(T?) is considered a non-trivial result. As a second lower
bound, we show that any algorithm must incur at least Q(T") regret in the worst case. This implies that,
from the perspective of worst-case analysis (ignoring constant factors), achieving O(T) regret is optimal.

One of the main contributions of this paper is the proposal and validation of a novel algorithm for the
influential bandit problem. The proposed method is based on a new lower confidence bound (LCB) estimator
that accounts for the structure of the loss dynamics. Under a mild assumption that the noise is bounded,
we show that the algorithm achieves a regret of O(KT logT), where K is the number of arms and T is the
time horizon. In comparison with the previously established lower bounds, this result demonstrates that the
proposed method outperforms the standard UCB algorithm and is nearly optimal in terms of its dependence
on T'. Furthermore, the algorithm is easy to implement and computationally efficient, making it practically
useful as well.

The effectiveness of the proposed model and algorithm is also evaluated through numerical experiments.
First, experiments on synthetic data confirm that the proposed algorithm consistently outperforms the
standard UCB algorithm in practice. Next, using a real-world dataset, we verify the presence of inter-arm
interactions as modeled in our framework and investigate the specific nature of these interactions. We further
demonstrate the superiority of the proposed algorithm through empirical evaluation.

2 Influential Bandits

Let A € REXK be an unobserved interaction matrix, which is positive semi-definite, and l§-1) € R be the
unobserved initial loss for each arm j € [K]. We consider the following online learning problem. An algorithm

repeatedly chooses an arm i(*) € [K] at time ¢, and observes a loss lg(t,?) + &M where £€®) is a random noise
with zero mean and bounded variance. The losses are then updated by

Y =189 4 Ay, forall j € [K. (1)
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The goal is to minimize the regret, which is defined as the difference between the total loss of the algorithm
and the total loss of the best sequence of actions in hindsight. Note that the benchmark is the best sequence of
actions in hindsight, not the best single arm in hindsight. We call this problem the influential bandit problem.
The crux of this problem is the interaction matrix A, which typically represents the similarity between arms.
When we pull an arm, the expected loss of similar arms increases. For example, in the online advertising
problem, repeating the same or similar advertisements may decrease the effectiveness of the advertisements
and thus increase the loss. Some elements can be negative, which models the recovery effect. For example,
repeating horror movies may lead to fatigue, but sandwiching a horror movie between two comedy movies
may recover the effectiveness of the horror movie, i.e., Anorror,horror > 0 but Acomedy, horror < 0. The influential
bandit problem is a generalization of the stochastic bandit problem, where the interaction matrix is the null
matrix.

We first show the following fundamental property of the influential bandit problem.

Proposition 2.1. Let x = Zle e be the total number of times each arm is chosen, where e € R¥ is
the one-hot vector of arm i. The expected total loss is given by

T
1 1
Z ll((tf)) = l(l)TiL' + §£L'TA:B — 5[1411, Aso, ..., AKK]JL (2)

t=1

In particular, the total loss does not depend on the order of the actions.

Proof. The expected loss of arm j at time ¢ is given by

t—1

s=1

for all j € [K]. The expected total loss is then given by

T T T t—1
1
> lﬂt?) = lE(R) + ) Ao (4)
t=1 t=1 t=1 s=1
T t—1
= l(l)TCL' + Z Z Ai(s)l‘(t) (5)
t=1 s=1
@) 1 T T T
i l(l)T:B + 5 (Z Z Ai(s)i(t) — Z Ai(t)i(t)> (6)
s=1t=1 t=1
1 1
:l(l)T.’IJ—‘r imTASC— §[A11,A22,...,AKK]:13, (7)

where (a) follows from the symmetry of A. The last equation shows that the total loss does not depend on
the order of the actions but only on the total number of times each arm is chosen. O

Let b=10 — %[An, Ags, ..., Axk]". Then, the expected total loss is given by
1
L(x)=b"x+ §a:TAa:. (8)

Therefore, the influential bandit problem is equivalent to finding the sequence of actions that minimizes the
quadratic loss in Eq. [§] in contrast to the stochastic bandit problem, where the loss is linear. The challenges
lie in the following facts.

e Neither b nor A is known in advance.

e Choices of actions are not independent. One action affects the future losses of other actions. The
negative effect of an exploratory action may persist over time. We will present an example where
one failure choice causes catastrophic consequences in Proposition [2:3]
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e In particular, we cannot arbitrarily choose & but must sequentially update x < x + e and thus
cannot drastically change the optimization variable x at each time step. This introduces a challenge
from the optimization perspective.

One of the key distinctions between the influential bandit problem and the stochastic bandit problem lies
in the loss scale. Since the influential bandit problem incurs quadratic loss, expecting sublinear regret
is unrealistic but subquadratic regret is a typical objective, whereas in standard linear bandits, achieving
sublinear regret is a typical objective. Indeed, even O(T'?9) regret is non-trivial and the standard lower
confidence bound (LCB) algorithm, which corresponds to the upper confidence bound (UCB) algorithm in
the reward maximization setting, cannot achieve this.

Proposition 2.2. There exists an instance of the influential bandit problem such that the standard LCB
algorithm, which selects

i® = argmin [ f; — 2logt (9)
i€[K] i

and selects the minimum index when there are ties for all t € [T, incurs the regret (102%)7 where fi; is

the empirical mean of the losses of arm i and n; is the number of times arm i is chosen.

We prove the proposition by construction. Notably, the counterexample instance is noiseless. The LCB
algorithm fails even in a noiseless environment in the influential bandit problem.

Proof Sketch. The counter example is K = 2, A = [[1,1],[1,2]],I" = [1,1], and ¢® = 0. There
are no noises, and the process is deterministic. The optimal sequence of actions is i(Y) = 1 for all
t € [T], which incurs the total loss $7(T 4 1). We can prove that the number of times the LCB

algorithm chooses arm 2 is at least 2 (é), which leads to 2 (%) regret. The key intuition

behind the lower bound is as follows. Whenever the LCB algorithm selects the optimal arm (arm
1), the losses for both arm 1 and arm 2 are increased by the environment. However, only the loss of
arm 1 is actually observed, so the LCB algorithm updates the estimated loss only for arm 1, while
the estimate for arm 2 remains unchanged. After pulling arm 1 consecutively for more than about
O(logt) rounds, the LCB score of arm 1 becomes larger than that of arm 2. This guarantees that

arm 2 will be selected at least on the order of Q <$) by the LCB algorithm. The complete proof

is in Appendix [A] O

In addition, there exists a counterexample where the regret must be at least linear in the time horizon.

Proposition 2.3. There exists an instance of the influential bandit problem such that for any algorithm,
the regret is at least Q(T).

Proof. Let K = 2. Since initially an algorithm only knows the number of arms and no further instance-
specific information, its first action cannot depend on the instance. Suppose the first action is i(Y) = 1.

Let
A= (2 %) and b= (8) (10)

The optimal sequence of actions is i) = 2 for all ¢t € [T], which incurs the total loss %TQ. By contrast, the
best possible sequence of actions after i) =1 is i) = 2 for all t = {2,3,...,T}. This incurs the total loss
1T? + 1T + L. Therefore, the regret is at least 17 + & = Q(T). O

The counterexample above indicates that the influence of an action lasts, and a single failure choice may
cause catastrophic consequences. If an action increases the loss of other actions by a constant, the total
regret increases linearly in the time horizon.
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We will propose an algorithm that achieves near-optimal regret. Before presenting the algorithm, we intro-
duce the following assumption for simplicity.

Assumption 2.4. The maximum absolute value of the interaction matrix A is bounded by 1.
Assumption 2.5. The noise £®) is bounded by 1.

The proposed algorithm is as follows.

Algorithm 1: Influential LCB

W0 forallie (K] // time passed since the last observation

K3

lAEU +— —oo forall i€ [K] // last observed loss
3 fort=1,2,...,7 do
i®) < arg min,e gy li — ¢ // lower confidence bound

Observe loss L) = lgz?) +¢0

vy JLWif i =40

l; <90 ) // update the estimate by the observed loss
l; otherwise
1 if i =i®

CEH_I) <9 0 ) // update the confidence bound
¢;” +1 otherwise

The expected loss of an arm decreases by at most one at each time step by Assumption If we observe
the loss [; of arm ¢ at time (¢ — ¢;), a reasonable lower bound of the loss of arm 4 at time ¢ is {; — ¢; — 1. The
regret of Algorithm [1}is given by the following theorem.

Theorem 2.6. The regret of Algorithm[1] is at most

(5K+3

o+ 2|l(1)oo> T+ (2K +21W] o + 4) TlogT = O(KTlogT) (11)

A failure attempt to prove this would be using the relation ljft)) —cn — 1< lj(tt)) —ciox —1 < l;ft))*, where

i)* is the optimal action at time ¢, summing over ¢, using the relation > ¢ Cio < (K —1)T, and concluding

that the regret >, lgft)) - lf(ft)) is at most (K — 1)T + T = O(KT). This is not valid because lg(%* is the loss
in the very state the algorithm has reached with (V) i ... i~ but there might be a better sequence
iW* §@x (=% that leads a smaller loss at time ¢. The regret is not Do lg(tt)) — lg(tz)* since the choices

are not independent. We need to avoid independently treating states.

Proof. Let i) i) . i(T) be the sequence of actions chosen by Algorithm |1} &®) be the total
number of times each arm is chosen up to time ¢, and L(x®) be the total loss at time . As the
combinatorial problem is cumbersome, we use the continuous solution

xV* = arg min £(x) (12)

rCtA K

as the benchmark, where tAx = {x € RE | > 0,271 =t} is the (K — 1)-dimensional probability
simplex expanded by t. £(z(Y*) is a lower bound of the total loss mingea . nzx L£(x) of the optimal
sequence of actions. Let

1
p* =argmin—p' Ap (13)
PEAK 2
be the optimal distribution of arms that minimizes the quadratic term Lo (p) e ipTAp. Let p® =

# be the empirical distribution of arms. We have

T
p(t+1) . p(t) _ _ p(t) (14)

t+1
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2® 1 e(®)

_ o 1
Pl - (15)
tp(t) + e(i(t)) (t)
_ _ 16
t1 & (18)
1 ()
_ ™) _ <t>)_ 17
t+1 (e p (17)

We then have, by Taylor expansion around p(*),

1 T
Lo(ptD) = Lo(p®) + VL (p®)T (p(t+1> _ p<t>) +5 <p(t+1> _ p<t>) V2L, (p®) (p<t+1> _ p<t>>

(18)
@ Lo(p®) + g7 ( (t+1) _ ) % (p(t+1 t)) A <p(t+1) _p(t)) (19)
Y Lp®) + H%g (e ) t+ ST ; (6 ,p<t>)TA (e ) (20)
(2 Ez( ) + H%g ( @) ) CEE (21)

where we define g = VLy(p) = Ap® in (a), (b) follows from Eq. | and (c) follows from
Assumption ie, ||Allmax = maX” |A;;| <1, and |leC “) —pW; < 2. Let i* = argmin,; g;, or
equivalently, e(") = arg mingea, g Tp, ie., e ) is the direction of the Frank-Wolfe update. From
convexity of Lo,

gT(e(i*) _p(t)) = gT(p _p(t)) (22)
PEAK
o ) 4 o (p— p®)) — £0(p®
min (L") +9" (p—p")) ~ L2(p") (23)
< Lo(p*) — L2(p™). (24)

From the definition of ("), we have for t > (K + 1),

T (") @) ( Apa))T (i) (25)
- ) e -
L9+ 4a0) i) - Lo -

< % (10 + Ax<t>>T G 4 % (28)

_ %z(tw (i) ”l(lz” (29)
L0 4 P (30)

(%) % (i(t)) + C((t)) + 1) ||l(1t)||oo (31)
Q{0 2t — et 1) 4 WD )
<10 42l 42) ¢ WOl @
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1 120l
= <(l(1> + A:c(t)) el 4208 + 2) = (34)
=7 ((Aw(t)) el + 2 + 2) Tt (35)
(1)
_ T o) (t) 2011 || o
g e +t( +2)+7t (36)
= gTel) 4+ 2 () + 1+ 1V)c) (37)

where (a) follows from the definition of g, (b) follows from (l((t)) + cg(t)) + 1) is an upper bound of the

expected loss because it increases at most ci(t) from the previous observation, the noise is bounded

by 1, and lAgt) is set to be the previous observation for ¢ > (K + 1), and (c) follows from the algorithm
chooses i(*) such that lAE(% = CE‘Q) < lAEt) = cz(-t) for all ¢+ € [K]. By combining Egs. and we

have
3(t+1) = Lo(p™Y) — Ls(p") (38)
(a) 1 () 2 N
< 52(p(t)) + mg (e( ) — P(t)> + m — La(p") (39)
(b) 1 ,* 2 2
2 O R R i W () (t) ) _ *
< £26) + 79 (67 =p0) + e + g (0 F 1 1) ~ L2(97)
(40)
< La(p®) + o (£2(p) = £2(P?)) + 7y + s () 1+ 1V ) = La(p")
t+1 E+1)2 " tE+1) \ 3
(41)
= (09 - Lo(p* 2 2 (D 414 1O, 42
_ ¢ 2 2 (. )
_t+16(t)+(t+1)2+t(t+1)(Z(t)+1+||l o) » (43)

where (a) follows from Eq. [2]] . b) follows from Eq. and (c) follows from Eq. By multiplying
t + 1 to both sides and letting 6(t) = td(t), and recursively applying it from ¢t = (K + 1) to T'— 1,

< % 2 2
HT) < BT =1+ 7o+ 7 (60 + 1+ 110l (44)
T-1 T—1 ( ) )
5 3 2 )41+ |1
s=K+1 s=K+1

KO
Let ®(1) = 0 and ®(t + 1) = &(t) + £. We show Y07] 2 + L. 30 et < @(¢) for ¢ > 2 by
induction. When ¢t = 2,

t—1 (s)
o) 1

Z i(s) +t_1 Z ®) _ 1(1) + = Z (2) (46)

s=1 5 1€[K] zE (K]
Dot S P (47)

i1€[K]

Y % (48)
= 2(2), (49)
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(1) (1)

where (a) follows from ¢; * = 0, and (b) follows from c¢;

o
hypothesis Z G 4 T ielx] i © < ®(t) holds. Then,

S

: (f)> 1 (t+1) (@) : (<s)> 1 (t+1)
IEERED DELLEDICCHEY (B oY
s=1 ZG[K} s=1 i;éi(t)
fefy 1 (t) (t)
=3 D 1+'Z ¢’ + (K —1)—c)
s=1 1€[K]

t (s) (t)
NG 1 o K _ %o
_Z s 1 Z Gty T

= 1€[K]

)

_Z Z<>Jr Zc(t_i_i

’LE[K

— Ci) 1 w K
<N o 2 (1) , B
,; . +t—1,ZCZ +

(b) K
< o(t) + —

= D(t+1).

(t (®)

where (a) follows from the fact that the algorithm increments c; ) by 1 and resets c; (,)

follows from the induction hypothesis. Since ®(T') = K ZtT 11 1 < K(14logT) and c

o
et f) < K(1 +1ogT). Therefore,

T-1 T-1 (1)
7 & 2 ()+1+||l lloo
3(T) < 6(K +1) + +2 %
m<iry e 3ty 3
s=K+1 s=K+1
<3(K +1)+2logT + 2K (1 +1ogT)+210gT+2||l(”HoologT
< (K +1)+2K + (2K+ 201 +4) log T

= (K + 1)3(K +1) + 2K + (2K + 2|10} oc +4) 1og T

< (K +1) (L") = £L3(0")) +2K + (24 200V +4) log T
)

< (K + 1D La(p ) + 2K + (2K + 210 +4) log T

K+1
_ BT g (K4 oK 4 (2[( + 21V oo + 4) log T

2
K+1

<2F (2K+2||z<1>|\oo +4) log T
5K + 1

_ 2+ + <2K+2||l(1)Hoo +4) log T,

is incremented by 1. Suppose the induction

to 1, and (b)

> 0, we have

where (a) follows from A is positive semi-definite and £5(p*) > 0. Since 6(T) = T6(T),

. 5K +1 log T
L2(p™1)) — La(p*) < ;gp :

2K +2[1W]| . 4)
< 2=+ (2K + 210 +

(66)
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Therefore, the regret is

Lx™) - L(xD*) =bT2™D + %a:(T)TAa:(T) —b ™" %m(T)*TA:c(T)* (67)

1

< §w(T)TAm(T) 3 LT gg(Tn 2716 oo (68)
T2 T2 w(T)*T IB(T)*

=—pMTAp™M — — A 2T
5P p 5 T +27[bl|oo (69)

(&) T2 T2 * *

< 5 p™7 Ap™ — —-p"T Ap” +2T[b o (70)

= T%(Ly(p'™)) — L2(p")) + 2T ||b] (71)
5K 4+ 1)T

< %+ (2K+2||l(1)||oo+4)TlogT+2T||bHoo (72)

®) (5K +1)T 1

< % + (2K +2[1 |0 + 4) TlogT + 2T <|l<1)||oo < 2) (73)

K

- (5 +3 2|l<1>||oo> T + (2K + 216 + 4) Tlog T (74)

=O(KTlogT), (75)

where (a) follows from 2

"T € Ak, and (b) follows from b =11 — L[A}), Ay, ..., Agg]T. O

We believe that this analysis is of independent interest. The gradient of the objective function is VL(z®)) =
b+ Ax® =1 4+ Const. When we apply the Frank-Wolfe algorithm to this problem, the update is the form
of 21 « ax® + ﬁe(igr)ank-wwf), where eliFankwor) = arg ming,e A VL(x®)Tp is the Frank-Wolfe update,
and since the optimization domain is the simplex and the linearized function achieves the minimum at the
corner of the simplex, z'(Ftr)ank_Wolf = arg min, (Vﬁ(m(t)))i = argmin, (b+ A:c(t))i = argmin, (1Y + Const),
is the arm that minimizes the gradient. The key insight is here.

The Frank-Wolfe update on the simplex domain

= Selection of one corner of the simplex

= Selection of one arm.

Therefore, the Frank-Wolf algorithm sequentially chooses the arm that minimizes the gradient (or the current
loss) and inserts it into the current state. This behavior is similar to the influential LCB algorithm. We
exploited this connection and applied the convergence analysis of the Frank-Wolfe algorithm to the influential
LCB algorithm.

Remark (Assumption on the Norm of A). The assumption ||A||max = max;; |A;;| < 1is not necessary
for the influential LCB algorithm and the regret analysis. When we know that || Al|max < B, a lower bound
of the loss is Zi — Bc;, and the influential LCB algorithm chooses the arm that minimizes the lower bound
in Line 4. When we have no prior knowledge of the norm of A, it can be estimated in the initial phase
of the algorithm. If {® = ¢+ = j L = l§»t) + &M and LU+ = l(tH) + £+ = l(t) + Ay + 0D,

Thus, A;; = Cf ey o = Ajj+ f(t"’l) —¢® s a noisy estimate of A;; with at most a constant error.

If i® = §(t+2) = j and D = k A ik def r(t+2) _ 0 _ Ajj =A;;+Aj +£(+2) _ e _ Jj is a noisy
estimate of A;; with at most a constant error. Therefore, with O(K?) samples, we can estimate A with a
constant error. The same analysis as Theorem is valid for these cases.

3 Related Work

The restless bandit [22] 26], rotting bandit [19} 21], and rising bandit problems [I3] are particularly closely
related to this work. In these settings, each arm is associated with a state that evolves depending on whether
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the arm is selected, and the reward distribution varies according to the current state. In the rotting bandit
model, it is assumed that the reward of a selected arm decays over time, whereas in the rising bandit, the
reward increases. The restless bandit further generalizes this setting by allowing the states and hence the
rewards of unselected arms to evolve according to a different dynamic. However, a key distinction from
our model is that in these frameworks, the state of each arm depends only on its own selection history. In
contrast, the influential bandit problem considers interdependencies, where selecting one arm can directly
affect the future losses of other arms. On the other hand, those prior models allow for non-linear reward
dynamics, so our setting is not necessarily more general in all aspects. Notably, the recently proposed graph-
triggered rising bandit problem [8] also models interactions across arms, where selecting one arm can influence
the state of others. While similar in spirit, it differs from our model in assuming monotonic non-decreasing
rewards and restricting interactions based on an underlying graph structure.

Our model can also be interpreted within the framework of a Markov Decision Process (MDP) or a Partially
Observable MDP (POMDP). For example, if we define the system state at each time step as the vector of
selection counts for all arms, then the state transitions deterministically according to the chosen arm, and the
reward can be modeled as a (possibly unknown) stochastic function of the state and selected action. In this
sense, the problem can be viewed as an instance of an MDP. One might therefore consider applying online
learning algorithms designed for MDPs. However, to the best of our knowledge, existing algorithms are not
directly applicable to our setting. Most online MDP algorithms have been developed for the episodic setting,
where learning occurs over finite-horizon episodes that restart from an initial state, such as in [3] 4 [I4], 15, [16].
This setting differs significantly from ours, which operates in a non-episodic, continual learning framework.
Although there are some studies on the infinite-horizon average reward model [2, [10] 24] 25], these typically
rely on assumptions such as bounded state spaces or ergodicity/mixing conditions on the state transitions,
which do not hold in our setting. Online control [9] [12] is also a general framework capable of handling
state transitions and uncertainty; however, approaches in this research area typically focus on continuous
variables and often rely on assumptions such as stabilizability or controllability, making them not directly
applicable to our problem setting.

4 Experiments

We validate the effectiveness of influential bandits through numerical experiments.

4.1 Regret Analysis

We confirm that the regret of Algorithm [1|is near-linear (Theorem while the standard LCB algorithm
incurs a near-quadratic regret (Proposition [2.2)).

We use two settings. The first setting is the same as the counterexample in Proposition ie, K =2 A=
[[1,1],[1,2]),10 = [1,1]7,£® = 0. The optimal sequence of actions is i®*) = 1 for all ¢t € [T], and the total
loss is 2T(T + 1). Figure|l| (a) shows that the growth rate of the regret of the influential LCB algorithm is
near-linear, while the standard LCB algorithm incurs a near-quadratic regret.

The second setting uses random instances with K = 3 arms. We generate random semi-positive definite

matrices A by sampling the entries of B € RX*X from the standard normal distribution and setting
_ B'B

A - max;; ‘BTBlij :

from the standard normal distribution. Since the optimal sequence of actions is unknown, we use the

continuous relaxation L* = mingesa, b'x + %a:TAw as the benchmark, which is a provable lower bound of

the expected total loss. We define the difference between the expected loss Zle lgfz) of algorithm choices

b, ..

1) € RX is sampled from the standard normal distribution. The noise fft) is sampled

i .,iT) and the benchmark score L* as the regret. We run the experiments with 100 seeds and Figure
(b) reports the average regret. The result shows that the growth rate of the regret of the influential
LCB algorithm is kept near-linear, while the standard LCB algorithm incurs a near-quadratic regret even in
random instances.
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Figure 1: Regret Analysis. The x-axis is the time horizon T in log scale, and the y-axis is the regret in log
scale. We fit linear regression lines to the log-log plot. (a) The slope of the fit line is 1.02 for the influential
LCB algorithm and 1.73 for the standard LCB algorithm. The former converges to 1 and the latter converges
to 2 as T increases. This validates that the standard LCB algorithm incurs a near-quadratic regret in the
worst case. (b) The slope of the fit line is 1.14 for the influential LCB algorithm and 1.72 for the standard
LCB algorithm. This case also shows that the rate of the regret of the influential LCB algorithm is kept
near-linear while the standard LCB algorithm can be large even in the average case.

4.2 Model Analysis

We confirm that pulling an arm can indeed change the losses of arms and validate the model of influential
bandits with real data. We use MovieLens-32M dataset [I1]. We view each user as solving a multi-armed
bandit problem, treating each user as an independent instance. A user selects a movie, watches it, and
the user’s preference is revealed as the loss. Since there are too many movies, and each user selects a
movie at most once, we consider a movie genre as an arm rather than an individual movie. Therefore
K = #genres = 20. Since a movie can have multiple genres, we randomly select a genre of a movie and
assign it to the movie. We define the loss as (5 — rating) since the 5-star rating is recorded in this dataset.
The history of genre selections and ratings defines log data of a bandit problem.

To examine whether the assumption of stationary losses or the assumption of influential bandits is more
appropriate, we evaluate how well each model predicts future losses. We use a leave-one-out validation
approach. Specifically, we sort each user’s history in chronological order and fit the model using all but the
last rating. The final rating is then predicted using the trained model.

Under the assumption of stationary losses, we estimate the mean loss for each genre (arm) based on the
training data and predict the loss of the last chosen genre using this mean value. In contrast, the influential
bandits model assumes that I ~ 1) + Az® and we fit () € RX and A € RE*K to the data. Since A
is positive semi-definite, we rewrite the model as 1Y) ~ 1Y) + BBT () and optimize (V) and B € RE*K a5
parameters. The number of parameters to estimate is thus (K + K?2) = 420. We minimize the squared error
between the observed values and the predicted values using gradient descent with momentum. Finally, we
use the obtained IV and A to predict the loss for the last selection.

To ensure sufficient training data, we consider only users with at least 4096 data points, resulting in n = 73
valid users. We conducted experiments for each user. The mean squared error (MSE) for predicting the
final loss was 0.6156 + 0.9775 under the stationary loss assumption and 0.5720 + 0.8238 under the influential
bandits assumption. The influential bandits model achieved better predictive accuracy, suggesting that losses
are not stationary. It should be noted that the difference is not statistically significant since the ratings are
highly noisy to predict.

To further examine the validity of the assumptions, we analyze the estimated A. First, Figure 2| (a) presents
the distribution of the norms of the estimated A. Each sample corresponds to a single user. The majority
of users have a norm greater than 10™%, and there are 20 users with a norm exceeding 10~3. This indicates

11
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Figure 2: Model Analysis. (a) The distribution of the norm of A. The majority of users have a norm
greater than 10~%, which implies the existence of interaction among arms. However, there are some users
with almost zero norms, which indicates that the positive semi-definite interaction is not valid for these users.
(b) The averaged interaction matrix A as a heatmap. The diagonal elements, such as horror and comedy,
are high, which indicates that consecutively watching similar movies increases fatigue. The off-diagonal
elements, such as those between horror and comedy, are negative, indicating that watching a comedy movie
helps recover from the fatigue caused by watching a horror movie.

that some users exhibit strong interactions. On the other hand, 7 users have norms below 107°, and the
estimated interaction matrix A is almost zero, suggesting that for these users, the assumed positive-definite
interaction, where watching similar movies increases loss (i.e., “fatigue”), is not observed. Instead, there
may even be a “reinforcement” effect where watching similar movies reduces loss. We further discuss this
phenomenon in Section [5.1] These findings suggest that the validity of the influential bandits assumption
depends on the user and the environment, but there are indeed cases where the influential bandits model is
reasonable.

Next, we visualize the averaged interaction matrix Aasa heatmap in Figure (b). Notably, Atorror,Horror and
AComedy,Comedy €xhibit significantly high values. This suggests that watching horror movies consecutively or
comedy movies consecutively leads to increased losses (i.e., decreased ratings). Additionally, AHorror,Comedy
is negative, implying that watching a comedy movie reduces the loss of horror movies, suggesting that
watching a horror movie after a comedy movie enhances enjoyment. Furthermore, we observe weak positive
clusters among {Action, Adventure, Fantasy} and {Mystery, Thriller, Drama, Romance}, indicating that
watching one of these genres increases fatigue toward other similar genres as well. These effects align with
intuitive expectations and support the validity of the influential bandits model.

5 Discussions

5.1 Limitation: Positive Semi-Definite Interaction Matrix

We have assumed that the interaction matrix A is positive semi-definite. This is reasonable because repeating
the same action increases the loss in many scenarios, and we partially validated this assumption in Section
[42] However, this assumption may not always hold as we observed in Section [f.2] We conducted the
experiments with MovieLens-32M dataset without the positive semi-definite constraint on A. Specifically,
we parameterize A as A = M + M where M € RE*K is a free parameter and fit IY) and M to the
data with the same leave-one-out validation approach. The mean squared error (MSE) for predicting the
final loss is 0.5655 + 0.8119, which is slightly better than the positive semi-definite version. Figure [3| (a)

12
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Figure 3: indefinite Version. (a) The distribution of the norms of A when A is not required to be positive
semi-definite. All users have norms greater than 10~%. This suggests that negative eigenvalues are required
to model some users. (b) The distribution of the eigenvalues of A. More than half of the eigenvalues are
positive, which validates our positive semi-definite and “fatigue” assumption, but there are many negative
eigenvalues as well. This suggests that there are “reinforcement” effects where watching similar movies
reduces loss by, e.g., gaining further knowledge and interest in the genre.

shows the distribution of the norms of A. Whereas some users have almost zero norms in the positive
semi-definite version, all users have norms greater than 10~* in the indefinite version. This suggests that
negative eigenvalues are required to model some users. Figure[3|(b) shows the distribution of the eigenvalues
of A. There are #users x K eigenvalues. More than half of the eigenvalues are positive, which validate our
positive semi-definite and “fatigue” assumption, but there are many negative eigenvalues as well. This also
suggests that there are “reinforcement” effects where watching similar movies reduces loss by, e.g., gaining
further knowledge and interest in the genre.

Our framework can be applied to this indefinite version as well. However, the challenge is establishing the
theoretical guarantee. The positive semi-definite version is framed as an online convex minimization problem.
The indefinite version is not convex. The indefinite quadratic optimization problem is NP-hard in general
even in the offline case [20]. Therefore, the online bandit case is intractable in general. It is an interesting
future work to formulate a tractable setting that can capture the reinforcement effect.

5.2 Limitation: Performance in Small Horizons

The primary goal of this paper was to propose a simple algorithm with asymptotically good theoretical
performance. The proposed Algorithm [I] is remarkably simple while achieving near-optimal asymptotic
performance, as shown in Proposition 2.3 and Theorem [2.6] Thanks to the absence of bells and whistles,
it highlights the essence of the proposed influential bandit framework. However, this simplicity may come
at the cost of suboptimal performance in finite-time settings. Indeed, in Figure[l| (b), the proposed method
underperforms the standard LCB algorithm when T < 103.

The proposed Algorithm [I] adopts a highly conservative assumption that A may decrease the loss by 1. In
reality, A can be estimated with some accuracy using past data. Specifically, as performed in Section [£.2] we
can fit ) and A to the past arm selection history and observed loss data. Using the estimated A, we can
obtain a tighter lower bound on the current loss, which is expected to improve performance in finite-time
settings. To advance real-world applications, studying techniques to improve finite-time performance, in
addition to ensuring asymptotic performance, would be beneficial.

13
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5.3 Sublinear Regret

As shown in Proposition [2.3] achieving sublinear regret is not generally possible. In some tasks, however,
linear regret may not be acceptable. In the counterexample provided in Proposition there exists an arm
whose selection leads to irreversible consequences. However, such arms may not exist in practical settings. In
reality, an arm’s loss may recover over time, making it feasible to select it again. In such cases, the optimal
strategy may exhibit a cycle-like pattern, where all arms are pulled at a certain frequency. This implies even
bad choices can be made up for in a certain frequency and past mistakes may have only a limited long-term
impact, suggesting that sublinear regret might be achievable.

In the experiments on random instances in Section
[41] the influential LCB method typically exhib-
ited approximately linear regret on average, whereas
the standard LCB method suffered approximately
quadratic regret. However, in some instances, in-
fluential LCB achieved regret lower than the linear
rate. We fit a linear regression line to the log-log plot
of each random instance and calculated the slope
of the line. Figure [4] shows the histogram of the
slopes. There are two clusters. The majority of in-
stances (61 out of 100) exhibit a slope close to 1,
but 39 instances exhibit a slope close to zero. This
suggests that there are “easy” instances where the
regret grows sublinearly (e.g., O(logT)). Identify-
ing such cases and designing effective algorithms to
exploit them remains an important open problem.

6 Conclusion

In this paper, we made the following contributions.

Standard LCB Slopes
Influential LCB Slopes

Frequency
= 2NN NN W W DN
o U1 O U1 O Uu1 O

r-
B

-0.5 0.0 0.5 1.0 1.5 2.0
Slope

Figure 4: Histogram of the slopes of the regret in ran-
dom instances.

e We introduced a new problem setting, influential bandits, where the loss of an arm is influenced by
the previous selections of all arms (Section [2)).

o We showed theoretical properties of influential bandits.

— We showed that the regret of the standard LCB algorithm is near-quadratic in the worst case

(Proposition [2.2).

— We showed that there exists an instance where the regret of any algorithm is at least linear

(Proposition [2.3)).

e We proposed a simple algorithm, influential LCB, that achieves near-optimal regret in the worst

case (Algorithm [I] Theorem [2.6)).

e We empirically validated the influential bandits framework and the influential LCB algorithm

through experiments (Sections [4.1]-[4.2).

— We confirmed that the regret of the proposed algorithm is almost linear in the counterexample
and random instances, while the standard LCB algorithm incurs a near-quadratic regret even

in the average case (Section 4.1)).

— We confirmed that the loss of an arm can be influenced by the previous selections, and the
influential bandits model captures this phenomenon reasonably well with real data (Section

132).

We believe that this work introduces a new research direction for handling the influence of past actions in a
theoretically sound manner. We hope that our work will inspire further research in this area.
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A Proof of Proposition [2.2]

Proof. Let K = 2, A = [[1,1],[1,2]],IV) = [1,1], and £€®) = 0. There are no noises, and the process
is deterministic. The optimal sequence of actions is i) = 1 for all ¢ € [T], which incurs the total loss
iT(T +1). Let L(t) = lgft)) be the loss observed at time ¢. Let m;(t) be the number of times arm ¢ is
chosen at the beginning of time ¢. Let I;(t) = {t:(li), téi), e ,tsi)(t)} be the set of times when arm 4 is chosen
up to time ¢t. As the loss of the first arm increases by one, lgt) = t holds. The loss of the second arm is

lét) =14 n1(t) + 2na2(t) = t + na(t). Let S;(t) = Zj;(lt) L(t;i)) be the total loss of arm ¢ at the beginning of
Si(t)
nl(t) :

time ¢. The empirical mean of the losses of arm ¢ is then given by fi; =

fnlt) = 2 8 (76)
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where (a) follows from lgt) =t, and

t—1 na(t)
() = oo (k=3 (59)
k=1 Jj=1
1 t—1 na(t)
> el k:lk - ; (t—k) (90)
1 t—na(t)—1
= kZ:l k (91)
1 (t—na(t)(t—na(t) — 1)
T ona(t) 2 2 2 .
1t =mne(t)m(?)
Tom(t) 2 (93)
~h- ”if“) , (94)
(95)
and thus,
% (1 - "2t(t)> <) < % (1 + ”2t(t) ) : (96)

We prove that t;z) < 20nlogn when n > 19. t(128) = 98 and t%) =105<20-191log19 = 1118.88.... Suppose

that ¢t = tsf) < 20nlogn for some n > 19. Let ¢’ be the largest index such that 7;x = 1 and ' < ¢. Since arm
1 is chosen at time ¢/,

R R 2logt’ 2logt’
! < !
2logt’
<q 1/ Og t (98)
. 2logt’
© fia(t') + 1 (99)
2logt
<i 1
- nl( -1 ( 00)

2logt
< (e )+ g_l (101)

where (a) follows from the fact that arm 1 is chosen at time ¢’ and not chosen from time ¢ + 1 to ¢ and
ni(t) = n1(t’) + 1, and (b) follows from the fact that the losses are monotonic increasing in ¢, and the
empirical means are also monotonic increasing in t. Since i1 (¢') is not updated from time ¢’ + 1 to ¢,

fi(t) = (' + 1) (102)
i
< () + mfgll (105)
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where (a) follows from the fact that the loss is monotone increasing and L(t) > fi2(t), (b) follows from
Eq. and (c) follows from the fact that m (1 <n <t-—3) is minimized when n = 1. Suppose
i) = (+2) — = j(+K) — 1 Then, for k=1,..., K,

ni(t+ k)i (t+ k) + L(t + k)

(t+k+1) = 127
Mt +k+1) n(t+k)+1 (127)
N L(t+k)— ju(t+k)
= t+k)+ 128
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where (a) follows from the fact that the loss is monotone increasing and L(t+k) > fi1 (t+k) and nq (t+1)+1 <
t+ k. At time t + K + 1, the difference of the LCB scores is
LCBi(t+ K +1) — LCBo(t + K +1) (136)
. 2log(t + K + 1) . 2log(t+ K +1)
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- ni (t)(nl (t) + K) ((nl(t) + K) logt — nl(t) log(t + K+ 1))

o)
> nl(t)2+K ((1—1—]:) logt —log(t + K + ))
o2 e

()

1
MmO+ K PrrK+1

t-exp (Llfgt)

ni(t) + K t+K+1
(1+Klogt)
t+K+1
2 t+ Klogt
MmO+ K PTr K41
log t+2K
nt)+ K “t+K+1

VE
=l

v

G
Z
| o

Y

log1

where (a) follows from exp(z) > 14 x and (b) follows from K > 1 and logt > 2. Therefore,

1 no(t)+1 t 2logt
LCBi(t+ K+1)—LCBy(t+ K >K|l-—-  ———— | — 4| — .
K OB K1) = K () = (5 1) -y
Here, we consider two cases.
Case 1: t:t%)<10n()
C(L_ 1wl (N [2lost
3 2 2 t 2n2(t) ng(t)
> t(1 1 ny(t)+1 10n2(t ) 44 2log 10n4(t)
3\2 2 t 2y (t ny(t)
_t (1 1 na(t)+1 210g10+210gn2()
S 3\2 2 t
Sl b _ViFd
O )
JE(L_ 1m0+
3\2 2 t
t(1 1 t—
_t(L L tem®N
3\2 2 t
(a)
Dl 1 tosey
3\2 2
t (43
- (Z) -1
i (7)

20

(146)
(147)
(148)

(149)

(150)
(151)
(152)

(153)

(154)
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(159)
(160)
(161)
(162)
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>0,

2)

where (a) follows from nq(t) > nl(tgg

(165)
(166)

) = 86. Therefore, the LCB algorithm chooses arm 1 at time at most
40

t
tfg)(t)+1 St g+ 1< —na(t) +1.<20(ns(t) + 1) log(na(t) + 1) (167)
Case 2: t= tgi) > 10ny(t).
t 1 1 mo(t)+1 t 2logt
= 419) (= - 4) - 168
(ma ) G- 2%5) - (1) - o Hes)
t 19 1 1 19ne(t) 19 t 2logt
- ok B il \U 4) - 169
) T2 2 w2 (2n2(t) + ) N0 (169)
t 19 1 19na(t) 7 t 2logt
o A L7 N 4) - 170
= oa(t) | 2 ne  20ma(T) ¢ (Qng(t) * ) 7 (0) (170)
t 19 1 19 19 t 2logt
- o 4) - 171
2n2(t) + 2 %) 20 2t (277/2(15) + > ng(t) ( )
t 19 1 1 19 19 t 2logt
o A - 4) - 172
“om@ T2 T2 19 20 2-10 <2n2(t) * ) O (172)
t t 2logt
> +T7- r4) - 173
2n4(t) (2n2(t) ) na(t) )
21
_g_ |28t (174)
na(t)
2log(2 1
>3- 0g(20n2(t) log na (1)) (175)
ny(t)
2log 2 21 2logl
>3- 0g 20 + 2logna(t) + 2loglogna(t) (176)
na(t)
>3- VI+1+1 (177)
> 0. (178)
Therefore, the LCB algorithm chooses arm 1 at time at most
2) t
bostyp1 ST+ ) +19+1 (179)
< 20n4(t) logna(t) + 201og na(t) + 20 (180)
< 20n4(t) log na(t) + 201og na(t) + 20 (181)
= 20(n2(t) + 1) logng + 20 (182)
= 20(ns(t) + 1) log(ng + 1) — 20(na(t) + 1) log(ng + 1) 4+ 20(n2(t) + 1) log ne + 20 (183)
1
= 20(n2(t) + 1) log(ne + 1) — 20(n2(t) + 1) log (1 + n) +20 (184)
2
(a) .
< 20(no(t) + 1) log(nz + 1) — 20(na(t) + 1) (1 +”2<“1 ) +20 (185)
’nz(t)
1
=20 t)+1)1 1) —20 t)+1)———— + 20 186
(nalt) + 1) og(rnz + 1) = 20(nalt) + 1)t (156)
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— 20(na(t) + 1) log(na + 1) — 20 + 20 (187)
= 20(na(t) + 1)log(ng + 1), (188)

where (a) follows from the fact that log(1 +z) > - (Vz > 0).

Therefore, tf) < 20(na(t) + 1) log(ng 4+ 1) holds for both cases, and we have proved that 2 < 20nlogn

2(t)+1 =
when n > 19. Therefore, tg«?) < 20nlogn < 20nlogt§), and thus no(t) > ﬁ The loss of the LCB

gt
algorithm is at lest

“ny ()2 Ay 4 ny(H)na(t) Ars + %m(t)um + 1y (t) <l<1> — ;A11> + na(t) (z<2> - ;Am) (189)
- %nl(t)z + 1 (E)na(t) + nat)? + %nl () (190)
> %nl(t)Q + 1 (t)na(t) + na(t) (191)
2 2
= % (t a 201togt) + (t a 201togt) ' 201togt * (201t0gt> (192)
2 2 2 2 2
- %tz - ZOiogt * SOOtloth + QOiogt a 4()Oziog2t * 4()Oziog2 t (193)
B %tz - 80()ig2 t’ 19y
Since the loss of the optimal action is $¢(t + 1), the regret is Wzg% —3t=Q (btg—;) O
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