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Game™
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Abstract

We study the {0, 1}-loss version of adaptive adversarial multi-armed bandit
problems with /(> 1) lossless arms. For the problem, we show a tight bound
K —a —0(1/T) on the minimax expected number of mistakes (1-losses),
where K is the number of arms and 7" is the number of rounds.

Keywords: computational learning theory, online learning, bandit
problem, mistake bound

1. Introduction

We study a game, which we call the noise-free multi-armed bandit game.
This game is the {0, 1}-loss version of an adversarial multi-armed bandit
problem with a(> 1) lossless arms. It is a T-round game. In each round t,
the adversary sets losses ¢ ;(€ {0, 1}) for each arm ¢, then the player chooses
an arm ¢; from the K arms, and finally, the loss ¢;;, of the chosen arm is
revealed to the player. The player is said to make a mistake if ¢, = 1.
The player’s objective is to minimize the expected number of mistakes over
the T rounds while the adversary’s objective is to maximize the expected
number of mistakes. If the adversary were unconstrained, it could set each
¢ ; to 1, forcing T" mistakes. However, here the adversary must ensure that
at least o arms remain loss free (i.e. at the end of the game there are some
a js such that Zle l,; = 0). We call the situation with this constraint on
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the adversary the noise-free setting. A trivial upper bound on the minimax
number of mistakes is K — a because any clever player will not re-choose an
arm that has been observed to have loss.

There have been many studies on the adversarial multi-armed bandit
problem [2; 3, 4]. To the best of our knowledge, however, the problem in the
noise-free setting has not been studied yet. Many people might wonder if the
noise-free setting is interesting.

In fact, after a little consideration, we can find the minimax strategy in
the case of the full-information (all losses revealed at each trial) and oblivious
adversary settings: in the case with a =1, for T' > K — 1, the minimax ex-
pected number of mistakes in the noise-free setting is Zfig(l/l) = O(log K)
for the full-information version of the problem and (K — 1)/2 for the oblivi-
ous adversary version of the problem. (See the detailed analyses in Sec. 5.1
and Sec. 5.2). Note that a nice adversary’s algorithm [2] for the (noisy)
multi-armed bandit problem is known and can be modified for the noise-free
problem with one lossless arm, but it is an oblivious adversary algorithm, so
the expected number of mistakes forced by that adversary cannot be lower
bounded by any value larger than (K —1)/2. The lower bound of (K —1)/2
for an oblivious adversary leaves a large uncertainty on the minimax expected
number of mistakes in the K-armed bandit game with one lossless arm: it is
far from the trivial upper bound of K — 1. Our analysis significantly closes
this gap, yielding both upper and lower bounds of K — 1 — ©(1/T), and
exactly matching bounds for the two-arm case.

Determining the minimax adaptive adversary strategy in the noise-free
setting is non-trivial. An adaptive adversary does not decide which arms will
be lossless at the beginning, but needs only ensure that at least o arms remain
lossless throughout. Setting 1-losses to some arms restricts the choice of
eventual lossless arm, and there are cases where it is better for the adversary
to maintain flexibility by keeping the number of remaining lossless arms.
For example, in the noise-free 2-armed bandit game with one lossless arm,
consider a player who chooses each arm 7 with equal probability at t = 1,
and continues to choose the same arm ¢ until it makes a mistake. The player
then switches to choosing the other arm, which must be a lossless arm by the
constraint on the adversary. This player has an expected number of mistakes
of 1/2 if the adversary sets any loss to 1 at the first ¢ = 1 trial. But If the
adversary sets both losses to zero at trial ¢ = 1, it can see which arm is
chosen by the player and can force a mistake in trial t = 2.

A natural strategy for the player is choosing an arm uniformly at random



from the arms with no observed 1-loss so far, but this is not the best strategy.
Its expected number of mistakes is 1 —1/27 in a T-round 2-armed game with
one lossless arm when the adversary selects one arm to have loss 1 at every
trial (and the other arm always has loss 0). To reduce the expected number
of mistakes the player can instead adopt a gradually sticking strategy: choose
one arm uniformly at random when ¢ = 1, and at each time ¢ > 1, choose the
same arm as the previous trial with probability ¢/(¢+1) and choose the other
arm with probability 1/(¢ + 1). This gradually sticking strategy reduces the
expected number of mistakes to 1 —1/(7+1) against the above non-adaptive
adversary. Lemma 2 implies that this player’s expected number of mistakes
is also bounded by 1 — 1/(7T" 4 1) when matched against any adversary for
the 2-armed game.

We analyze expected mistake bounds for the T-round K-armed bandit
game with an adaptive adversary in the case with a(> 1) lossless arms. We
design both the player’s and adversary’s algorithms and prove a tight bound
K—a—0(1/T) on the minimax expected number of mistakes by analyzing the
expected number of mistakes for those algorithms. Our algorithms repeatedly
call algorithms for a novel survival game as subroutines. The survival game
G(T, K, k) is a simpler version of a noise-free K-armed bandit game with 7'
rounds and a more restricted adversary. The adversary starts with the all-
zero loss vector, and at any round can set the arms’ losses to any 0-1 vector
with exactly k ones. However, once the adversary changes to a non-zero
vector of losses, it must keep using that loss setting for the remainder of the
trials. The goal of the player is to maximize the probability of never making
a mistake over the T trials, while the adversary’s goal is to maximize the
probability that at least one mistake is made. By analyzing algorithms for the

survival game, we prove an upper bound (K k_ 1) / (T + (l]j) — 1) and a

lower bound (K —k)/(K + (T'—1)k) on the minimax no-mistake probability
K!
= WK R
This paper is organized as follows. In Sec. 2, we explain necessary notions
and notations for describing our algorithms and their analyses and define
the noise-free multi-armed bandit game and the survival game. We first
analyze the no-mistake probability bounds for the survival game in Sec. 3,
then analyze mistake bounds for the noise-free multi-armed bandit game in
Sec. 4. In Sec. 5, we analyze the mistake bounds for the full-information and
oblivious adversary version of the problem, and compare the bounds for our

for the problem, where K is the number of arms and (I]g)



setting (adaptive adversary version of the problem) with those. We conclude
the paper with an open problem in Sec. 6.

2. Problem Setting

For any natural numbers 4, j with ¢ < j, [i..j] denotes the set {i,...,j}
and we let [j] denote [1..5]. For any sequence x1, ..., x,, we let [b..e] denote
its contiguous subsequence x, . . ., z.. We use x[b..b—1] for the null sequence,
that is, the sequence with no element.

The noise-free multi-armed bandit problem we consider here is the {0, 1}-
loss version of an adversarial multi-armed bandit problem with a(> 1) loss-
less arms. It is a T-round game between a player and an adversary. There

are K arms (of slot machines): arm 1,..., arm K. At each timet=1,...,T,
the adversary picks a loss ¢;; € {0,1} for each arm i € [K]. Let £, € {0, 1}
denote the K-dimensional vector (¢;1,...,¢ k). The player, who does not

know #;, chooses arm I; and suffers loss ¢, ;,. We say that the player makes
a mistake at time ¢ when ¢, ;, = 1.

We allow the player to use a randomized strategy, so at each time ¢ the
player’s choice I; is a random variable. Let i; denote a realization of random
variable I;. We call (i, (;;,) a player’s observation at time ¢ and denote it
by o;. Each player’s choice I; can depend only on his/her past observations
o[l..t — 1]. The adversary is allowed to behave adaptively: the adversary’s
decision £; can depend on both the player’s past choices 2[1..t — 1] and the
adversary’s past decisions £[1..t — 1]. We also assume that the adversary has
sufficient power to analyze the algorithm and determine the probabilities of
its possible choices.

The player’s and the adversary’s objectives are minimization and maxi-
mization, respectively, of the player’s expected number of mistakes, E(X:f:1 le1,).
We evaluate the minimax expected number of mistakes for player’s minimiz-
ing and adversary’s maximizing strategy.

We further introduce the following notions and notations for description
of algorithms and analyses. For any set S C [K], define 1g to be the K-
dimensional {0, 1}-vector whose ith component is 1 if and only if i € S,
and let O denote 1p. Then, any loss vector £; can be represented as 1g for
S ={i|t,; =1} We say that arm i is polluted at time t if {;; = 1 for some
s € [1..t — 1], and that arm i is clean at time ¢ otherwise. A polluted arm is
said to be dirty if the loss of the arm has been already revealed to the player.




Note that the adversary can distinguish clean arms from polluted arms but
the player cannot.

We also consider a following simpler variant of the noise-free multi-armed
bandit problem. A survival game G(T, K, k) is a noise-free K-armed bandit
problem with T rounds in which the adversary can change his/her loss vectors
to some 1g with |S| = k only once and must pick zero vectors until then,
where | - | is the number of elements in set ‘>. The game is over when
the player makes a mistake. In this problem, we evaluate the minimax no-
mistake probability, which coincides with one minus the expected number
of mistakes in this case (since the survival game stops when the algorithm
makes a mistake).

We first analyze mistake bounds for the survival game, then prove mistake
bounds for the noise-free multi-armed bandit game making use of the results
on the survival game.

3. No-Mistake Probability Bounds for the Survival Game

In this section, we show upper and lower bounds on the no-mistake prob-
ability for survival game G(T, K, k).

First, we analyze the player’s algorithm GradSticking(T, K, k) (Algo-
rithm 1) to prove a lower bound for the G(T', K, k) survival game. Choosing
an initial arm according to uniform distribution, algorithm GradSticking
gradually increases its probability of repeating the previously chosen arm;
the probability that the arm chosen at time ¢t — 1 is also selected at time ¢,
becomes larger as ¢ becomes larger.

We state the following general facts about the algorithm’s mistake proba-
bilities, which are used not only for analysis of the survival game but also for
that of the noise-free bandit game in the next section. Note that the lemma
holds for a more general adversary than the adversary in the survival game:
the survival game adversary corresponds to using m = 1 and k£ = k in the
lemma.

Lemma 1. Let 0 =ty < t] <ty < -+ <ty < tmi1 =T+ 1. Assume the
adversary’s loss vectors lg, at time t satisfy:

1. So=10

2. if t is not one of the t;’s then S; = S;_1
3. if t is one of the t;’s, then Sy D Sy_1. Let k; = S| — |Si-1]-



Algorithm 1: Player GradSticking(T, K, k)
input  : 7T:the number of rounds, K: number of arms,
k: number of 1s in a changed loss vector
initialize: 75 <+ 1

for timet=1,...,T do

Select i, € [K] as
1 t— 1k
. 1;—1 with probability ﬁ and
j with probablhty m for ] 7£ ?:tfl.
Receive 4;;, € {0,1}.
if 4,;,, =1 then
‘ return /* Game over with a mistake x/

end
end
return /* Game over without a mistake */

Then, for each time t = 1,...,T, if algorithm GradSticking(T, K, k) makes
no mistake at times 1,...,t—1 (i.e. conditioning on Ly, =0 for allt’ <t),
we have for time t

K—-S" k&
2 KLJ_E; when t =t; and
its no-mistake probability +(t—1) ‘
(t—1Dk+ K- Z;—1 k;
= = hen t; <t < ti1.
K+ (t— 1)k when ti < U< tin

(Proof) For t = t;, the adversary can set his/her loss vector to 1g, so that S;
contains the previously chosen arm 7, ;. Since the no-mistake probability is
minimized in this case, it is at least

K — 22:1 kj
K+ (- Dk
For t; < t < t;41, the assumption that GradSticking(7, K, k) makes no mis-

take at time t — 1, means i, 1 € S;_1. Furthermore, S;_; = S; in this case.
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Thus the algorithm’s no-mistake probability is

(t=Dk+K =3k
K+ (t—1)k

O

For this algorithm, we obtain a lower bound on the no-mistake probability
shown in Theorem 1 below.

Theorem 1. In the survival game G(T, K, k), algorithm GradSticking(T, K, k)
K—k

makes no mistake with probability at least m

(Proof) Assume that the adversary changes his/her loss vector to 1g at some
time ¢y. Then, any k-sized set S that contains i;,_; maximizes the probability
that algorithm GradSticking makes a mistake. For such S, the probability
that algorithm GradSticking makes no mistake is (using Lemma 1)

K—k K+ ({t—-1)k K+(T-2k K-k
K+ (ty— 1)k  K+tok K+(T—-0k K+ (T -1k

OJ

Since the no-mistake probability is ((K — k)/K)T when arms are always
chosen according to the uniform distribution and the adversary uses 1g from
the beginning, we know that no-mistake probability is improved significantly
by gradually increasing the probability of repeating the previously chosen
arm. Does Algorithm GradSticking(7', K, k) increase these probabilities in
the best possible way?

Consider a player algorithm that chooses arm j with probability p;;(t) at
time ¢ right after arm ¢ is chosen at time ¢ —1. The arm-selection probabilities
of algorithm GradSticking(7', K, k) satisfies the following two conditions C1
and C2.

C1 The probability p;j;(t) depends on time ¢ and the arm ¢ that is chosen
at time t — 1, but does not depend on the choices before time ¢t — 1.

C2 p1|1(t) :p2‘2<t> = :pK\K(t) > 1/K for all t € {1,2, ce ,T}



The following theorem says that GradSticking(7', K, k) is optimal among
the algorithms using arm-selection probabilities satisfying conditions C1 and
C2, so there is no better schedule for increasing the probability of repeating
the previously chosen arm under the constraint of those conditions.

Theorem 2. For survival game G(T', K, k), any algorithm using arm-selection
probabilities that satisfy conditions C1 and C2, makes no mistake with prob-

ability at most —— = in the worst case.

K+ (T-1)k

(Proof) As in the proof of Theorem 1, consider the adversary’s strategy that
changes his/her loss vector to 1g at time ;. The adversary wants to use set
S that minimizes the probability that the player makes no mistake, which is

Z Disglivg—1 (to) Koo X piTliT—l(T)
ity i TES
= Z pitolitofl(t(]) X X Pip_lir—o (T - 1) X Z piT|iT71(T)' (1>

Tty et T—1 €S iTgsS

Under Condition C1, the minimum of probability ZiT ¢5 Dirlir (T") for each
i7—1 € S can be maximized using a probability distribution

1—p(T
i@”(]j = —??%?gij-for j 7éi,
where p(t) is the probability of sticking, p(t) = pi1(t) = -+ = pr(t) for

t =1,...,T. Then, the right-hand side of Eq. (1) is upper bounded by

1—p(T
Z Diglirg1 () X =+ X Pig_yjig_o (T — 1) X (p(T) +(K—k-1) - _(1)>
itgyeiT—1€5

kp(T) + (K — k — 1)

= Z pito‘itofl(t) X X Dig_qlir—a (T - 1) X K —1
ity seesiT 1 €S
= Z pito‘itofl (t) X X Pig_slip_s (T - 2) Z Pip_qlir_2 (T - 1)
ity yemiT—2€S i 1¢S
L Ep(T) + (K k= 1)
K-1

(2)



The minimum of probability >, ¢ Pir_yjis_,(T — 1) for each ir_» ¢ S can
be maximized similarly, and applying the same argument repeatedly, the
right-hand side of Eq. (2) (and thus the probability of no mistake) is upper
bounded by

1 — p(to) H kp(t) + (K —k —1)

(K_k)K K—1

= q(to). (3)

t=to+1

Note that Zitogspitolitofl < (K — k)((1 — p(to))/(K — 1)) even for the
best player’s strategy because the adversary can set S so as to include
arm i;,_1. Let q(tp) denote Expression (3). The player wants to maximize
ming,—1__7q(ty). Only ¢(1) depends on probability p(1), and ¢(1) is maxi-
mized as a function of p(1) € [1/K,1] by setting p(1) = 1/K. Assume that
min{q(1),...,q(¢')} is maximized by setting p(t) = (1+(t—1)k)/(K+(t—1)k)
fort =1,...,t. Consider maximization problem of min{q(1),...,q(t' +1)}.
This problem is equivalent to the maximization problem of

min{min{q(1),...,q(#")}, qt' +1)}.

Probability ¢(t" + 1) does not depend on p(t) for t = 1,...,t, so the max-
imization in terms of p(t) for ¢t = 1,...,¢" affects only the maximization of
min{q(1),...,q(¢')}, which is done by setting p(t) = (1+ (¢t — 1)k)/(K + (t —
1)k) for t =1,...,t from the assumption. Note that, in such setting,

min{q(1),...,q(t)} =q(1) = -+ = q(t))
K—k T kp(t) +K k:—l)
K+ (- 1k,
=t'+1

holds. As a function of p(¢' + 1), min{q(1),...,¢(t")} is increasing but ¢(t' +
1) is decreasing, so min{min{q(1),...,q(t')},q(t' + 1)} is maximized when
min{q(1),...,q(t)} = ¢(t' + 1), that is, in the case with

1 Ep(t' + 1)+ (K —k—1) 1—pt' +1)
K+ (' -1k K—1 - K—-1

By solving this equation, we get p(t' + 1) = (1 + t'k)/(K + t'k). Therefore,
by mathematical induction, we know that min{q(1),...,q(7)} is maximized



by setting p(t) = (1 + (t — 1)k)/(K + (t — 1)k) for t = 1,...,T, and in that
case,
K—k
i ,....q(1T)} = —————

holds. O

Next, we prove an upper bound on the no-mistake probability for the sur-
vival game G(T, K, k) by analyzing an adversary’s algorithm that generates
loss vectors £; adaptively. Algorithm WaiteSticking(T', K, k) (Algorithm 2)
is an adversary algorithm for survival game G(7T', K, k). At each time ¢ € [T],
if the previous loss vector was the waiting loss vector, £;,_; = 0O, then it ex-
amines the algorithm to calculate the best time ¢* € [¢,T] to change the loss
vector. If this best time is the current time (¢* = t), then it sets £; to the loss
vector £, minimizing the no-mistake probability. Here, the best time ¢* to
change the loss vector is that time ¢ € [t, T] where the no-mistake probability
can be minimized by changing to the best (for the adversary) loss vector at
time ¢ and sticking to it from then on.

We use the following function in the statement of the theorem: for three
natural numbers T, K, k, define F(T, K, k) as

K-1
k
I .
(5
Theorem 3. In the survival game G(T, K, k), the WaitesSticking(T, K, k)

adversary forces the no-mistake probability of any player algorithm to be at
most F(T, K, k).

F(T, K, k) =

(Proof) Consider the probability of finishing without a mistake after we fix
the set S of lossy arms during time b. Let R=T—b+1 (soT =b+ R —1)
denote the remaining time, including time b, and

b+R—-1
pos(o[l.b—1], { Z b, =0

for any natural number b, observation sequence o[1..b — 1] € ([K] x {0})*!
and S C [K]. For ¢ € [b.b+ R — 1], let p.(o[1..b — 1], R) denote the value p.

Eb =Ly r—1 = 1g

Lb = 1) = of1.b 1] }

10



Algorithm 2: Adversary Wait&Sticking(T', K, k)

recall that O is the random variable for the loss observations, o is its
realization, #; is the loss vector at time ¢, and I is the sequence of arm

choices.

input : 7: number of rounds, K: number of arms,
k: number of 1s in a changed loss vector

Sy < (; /* best arms to assign loss, initially undecided */

for timet=1,...,7T do
if S, =0 then
pmin:2
forc=t,...,T do
De <

|S[=k

end

end
if ¢ =t then
S,

end
end
Zt ~—1 S,

if /,;,, =1 then

end
end

return /* Game over without a mistake

T
EI[t..T] min P E ES,IS =
S C [K]
s=c

if p. < ppin then
‘ " < C, Pmin <_pc

T
in P{S =0
B oo {Z

Observe the player’s choice i,

£

/* still waiting */

O[l..t —1] =o[l..t — 1],
I[t..c — 1],
by=--=L_,1=0,
b= = b =1

/* stick now */

Oﬂi—ﬂ—oﬂi—ﬂ,}
=0 = 1g

‘ return /* Game over with a mistake */

that is set in Wait&Sticking(b+ R — 1, K, k) at time b, namely,

pe(o[l..,b— 1], R)



O[1.b—1]=o[1.b—1],
jgiice Ib..c—1]
:El[b..bJerl] Sg[?}h%ﬁ:kp tz: gt,It =0 by =---=4,_ 1 =0,

be=- =Ly p1=1g
Then,

pe+(0[1..0], T') = min p.(0[1..0], T)

ce[T)
T
>P {Z g, =0

t=1
holds. We prove that

pe-(0[1..b — 1], R) < F(R, K, k)

holds for any natural number b, observation sequence o[l..b — 1] € ([K] x
{0})>~! and for any natural number R of remaining time. It suffices to prove
the inequality

> mstolto- 1R+ 3 pielo-tm< (F0T)

SCIK]|S|=k e=b+1

WaiteSticking (T, K, k) chooses £, . .. ,ET}

because pe(o[1..b — 1], R) is the minimum of the terms on the left hand side
of the inequality, and the average of these terms is at most

() /(e () 1)
when Ineq. (4) holds.

We prove Ineq. (4) by mathematical induction on R for any fixed b. When
R = 1, for any natural number b and any o[1..b — 1] € ([K] x {0})*71,

pos(o[l.b—1],1) =P {ﬂb,z,, _ 0' O[1.b—1] = o[l..b— 1] }

=P{l, S| O[l.b—1] =o0[l..b—1]}
holds. Thus, Ineq. (4) holds because
b

> mslolb—1,1)+ Y pelo[l.b—1],1)

SCIK],|S|=k e=bt1
— Y P{L,¢S|ONb—1]=o[lb-1]} = (Kk_l).
SCIKTS|=k

12



Here, the last equality holds because there are just (K - 1) size-k subsets

k
of [K]\ {i} for each arm ¢ € [K]|. Assume that Ineq. (4) holds for any
natural number b when there is R time remaining. When there is R 41 time
remaining we have:

b+R
> pes(o[Lb—1,R+1)+ > pe(o[l.b—1],R+1)
SCIKT]|S|=k e=b+1
= Z ZP{[b—Z}pb+1S<( [ 'b_1]7(i70))’R>
K],|S|=k ¢S
+ Z Zp{lb_z}pc [ 'b_1]7(i70))aR)
c=b+1i€[K]|
=Y P{l,=i}x
1€[K]
Z pb+1,5((0[1"b_ 1]7 (270))7R>
i#SCIK],|S|=k
b+R
+ égg%%pbﬂ,s((ou..b —1],(4,0)), R) + Y pe((0[L.b—1],(i,0)), R)
<Y P{I,=i}x
i€[K]
b+R
> perrs((0[Lb—1],(,0), R) + > pe((o[1.b—1],(i,0)), R)
SCIK],|S|=k c=b+2
K—1 K—1
<> P{I, =i} -
Srm=n ()= ("0

holds, where the last inequality is due to the assumption that Ineq. (4) holds
when there is R time remaining. Therefore, Ineq. (4) holds for all natural
numbers b and R. O

Remark 1. By Theorem 1 and 3, the minimazx no-mistake probability P*(T, K, k)

13



for survival game G(T, K, k) can be bounded as

1 . 1
e SPER €
1+—K—k 1+(K];1)+K—k

The upper bound coincides with the lower bound when k = 1; both the values
are (K —1)/(T'+ K —1). However, the difference between the coefficients of
T in the denominators can be significant when K >k > 2 :

k k 1 k!
~ — while

K—& K (K—l)%ﬁ‘
k

4. Mistake Bounds for the Noise-Free Bandit Game

In the survival game G(T, K, k), the adversary is restricted to change
his/her loss vector just once, from the zero vector to a vector with k 1’s.
How much does the no-mistake probability increase when this restriction
is removed? We answer this question for player GradSticking(7', K, 1) in
Lemma 2, which will be used to prove an upper bound on the expected
number of mistakes for the noise-free multi-armed bandit game. The follow-
ing proposition (proven in Appendix A) is necessary for proving the lemma.
Here m represents the number of times that the adversary augments the loss
vector.

Proposition 1. For any integers m > 1, K > m, and T > m,

ﬁ K—3Y" |k 1 K=Y kj+t—1
K+t —1 K+t—1

i=1 t; <t<tjt1
TI2 [(K = S k) TS (K = i by + 6= 1))
_ S )
[lh—r (T + 1)

holds for any integers ky, ..., ky,, > 1 with Y"\"  k; = B < K and any integers
1<t < <t <tmu=T+1.
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For notational convenience, define Q(K, T, ) as

K-1 T
h a—14+h

K.T. o) = —
QK. T, ) hl]O;T—i-h I:IK—lJrh

for any natural numbers K, T and o« < K. Note that asymptotic behavior
of Q(K,T,a) with respect to T is ©(1/T%~?) for fixed K, and that with
respect to K is ©(1/KT) for fixed T.

Lemma 2. Algorithm GradSticking(T, K, 1) makes no mistakes over T' trials
with probability at least Q(K, T, «) in the K arm, T round noise-free multi-
armed bandit game with « lossless arms.

(Proof) Until it makes a mistake, Algorithm GradSticking(7', K, 1) is sym-
metric in its choice of arms: at each time ¢ the previously chosen arm has the
same probability of being re-pulled regardless of which arm was previously
chosen, and each other arm has the same lesser probability of being chosen.
We exploit these symmetries in the following argument.

Consider an arbitrary adversary. Without loss of generality, we assume
that the adversary always sets the loss of polluted arms to 1. Let t; < ty <
... <t be the m times that the adversary pollutes arms (sets an arms loss
to 1 for the first time), and for 1 < i < m let k; be the number of newly-
polluted arms at time ¢;. Although technically m and the ¢; and k; values
may be random variables depending on the adversaries randomization or the
the particular arms chosen previously by the algorithm, we will bound the
probability of no mistake for each realization, and thus the average of any
distribution induced by a particular adversary. A

Since the number of clean arms at time ¢t; + 1 is K — 22:1 ki > «,
by Lemma 1 the probability that the algorithm makes no mistake at time
t;, given that it has not previously made a mistake, is at least %
Similarly, the probability that the algorithm makes no mistake at some time ¢
between ¢; and t;,; (when no arms become polluted) is at least %
Furthermore, the probability that the algorithm makes no mistake at times
before ¢, is 1. Note that we define ¢,,.1 = 17"+ 1 for notational convenience.
Therefore, the probability the algorithm never makes a mistake over all T’
trials is at least

m) (K=Y ky K=Y kj+t-1
11 <m) 11 ( K+t—1 ) ' (6)

i=1 t; <t<tijg1
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Algorithm 3: Player GradStickingSub(b, e, Ap)
input  : b: beginning time, e: ending time, Ap: dirty arm set
output :{¢: game-over time, i;: 1-loss arm
initialize: i,y < 1st arm in [K]\ Ap, K5 + K — |Ap|

for timet=1»,...,e do
Select i; € [K]\ Ap as
1+t—-0
I ith probability ———— and
. ir—1 with pr llyK5+t—b n
1y =
' ith probability ————— for j # 4;_;.
J with pr llyK5+t—b rj i
Receive ¢, ;, € {0,1}.
if /,;,, =1 then
| return (t,i,) /* Game over with a mistake */
end
end
return (e,i.) /* Game over without a mistake */

If Z;n:l k; < K—a, the value of Expression (6) can be decreased by increasing
any of ky,..., k,. Thus, the value is minimized when Z;”Zl kji=K —a. In
that case, by Proposition 1, it is equal to

H;il <(K - Z;:l k]) I;Liz_ll (K - Z;:l k’j + tl — 1 + h))
hea (T4 h) |
Since t; > 1 for all = 1, ..., m, this is lower bounded by

H T+h QK, T, ).
O

Player Algorithm GradStickingSub(b, e, Ap) (Algorithm 3) is a version of
GradSticking(T, K, 1) in which the interface is modified so as to be usable as
a subroutine. In GradStickingSub(b, e, Ap), the set of dirty arms Ap is given
as input, and the algorithm prevents those dirty arms from being chosen.
The following corollary of Lemma 2 holds trivially.
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Algorithm 4: Player RepGradSticking(7T', K)

parameter: 7: number of trials, K: number of arms
initialize : ¢+ 0, Ap + 0

repeat
(t,7) < GradStickingSub(t + 1,7, Ap)
AD — AD U {Z}

until ¢t =T

Corollary 1. In the noise-free K-armed bandit game with o noiseless arms,
let Ap be the set of dirty arms at the beginning of trial b. Then, from time b
to e, Algorithm GradStickingSub(b, e, Ap) makes no mistakes with probability
at least Q(Kp, T, «), where K5 = K —|Ap| is the number of non-dirty arms
and T" = e — b+ 1 is the number of rounds.

Player algorithm RepGradSticking (Algorithm 4) repeatedly calls Grad-
StickingSub. Each call to Algorithm GradStickingSub returns at the end
time 7" or the first time ¢(< 7') when a mistake is made. In the latter case,
the arm ¢ that became dirty due to the mistake is added to the dirty arm set
Ap, and GradStickingSub is re-called with the beginning time ¢ + 1 and the
new dirty arm set.

The following theorem shows an upper bound on the expected number of
mistakes for the noise-free multi-armed bandit game.

Theorem 4. The expected number of mistakes made by player algorithm
RepGradSticking(T, K) is at most

min{T,K—a} j

S [0 -QE —i+1,T—i+1,a)

min{7T,K—a}
<min{T,K —a}— Y QK —-j+1,T—j+1a) (7)

=1
in noise-free multi-armed bandit game with « lossless arms.

(Proof) By Corollary 1, algorithm RepGradSticking(7', K') makes a mistake
at least once with probability at most 1—Q(K, T, ) by calling GradStickingSub(1, T', ().
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With the same argument, it further makes a mistake at least once more
with probability at most (1 — Q(K,T,«))(1 —Q(K —1,T — 1,«)) by calling
GradStickingSub the second time. Continuing the same argument, algorithm
RepGradSticking(7', K') makes at most

min{T,K—a} j min{T,K—a}
Yo [[0-QK—i+1, T—it1,0)) <T— Y QK—j+1,T—j+1,a)
j= i= j=1
mistakes. O

Remark 2. Note that the dominant non-constant minus-term of the right-
hand side of Ineq. (7) is Qo+ 1, T — K +a+1,a) =a/(T — K +2a + 1)
when T > K —a, and Q(K —T+1,1,a) = a/(K —T + 1) otherwise. Thus,
the righthand side of Ineq. (7) is asymptotically K —a— Q(a/T) for fired K
and T — Q(a/K) for fized T.

Remark 3. From the way of the proof of Theorem /4, we know that player

algorithm RepGradSticking(T, K) suffers at most k mistakes with probability
k41

at least 1— H (1-Q(K—i4+1,T—i+1,a)) for0 < k < max{T—1, K —a—1}.

Note that the domznant term of this probability lower bound is Q(K — k,T —
ko) = [[AF 7 Hh = O(1/TE=k =) which rapidly converges to 0 when

T — oo for any k < K — «.

Next we give our adversary algorithm for noise-free multi-armed bandit
problem. It is based on the adversary algorithm for the survival game and
uses information about the player through expectations over its arm choices.

Adversary Algorithm Wait&StickingSub(b, e, Ap, k) (Algorithm 5) is a
version of WaiteSticking(T, K, k) that is modified so as to be usable dur-
ing time period [b..e] C [T] in the noise-free K-armed bandit game with T'
rounds. During time period [b..e], Wait&StickingSub changes its loss vector
only once, from 14, to 1a,us, where S, is a k-sized set of clean arms at
time b. For the player, this game is more difficult than the survival game
G(e—b+1, K—|Ap|, k) when there is at least one polluted but non-dirty arm.
However, we obtain the following corollary of Theorem 3 without exploiting

this added difficulty.
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Algorithm 5: Adversary Wait&StickingSub(b, e, Ap, k)

: b: beginning time, e: ending time, Ap: polluted arm set,

: t: game-over time, S,: set of arms whose loss is set to 1

input
k: number of 1s in a changed loss vector
output
initialize: Ac «+ [K]\ Ap
S0
for timet=1»,...,e do
if S, =0 then
Pmin = 2

end

forc=t,...,T do

De <

EI[t..T] SHCIil'l P

IS =k

if p. < ppin then
‘ C* — C, Pmin < Pe
end

end
if ¢* =t then

S, +—

T

arg min P EKSJS:O
SgACu"Sl:k t
s=

end

’et — 1APUS*
Observe the player’s choice i;
if /,;,, =1 then

T

S =0
Ac

s=c

Oll.t—1]=o[l..t —1],
Ift..c — 1],

et:"':‘ecflzlApa
be=--=4Lr=14,05
Ofl.t—1] = ofl.t—1],
:"':ET:]-APUS

| return (,5,) /* Game over with a mistake */
end

end

return (e, S,) /* Game over without a mistake */

Corollary 2. In the the noise-free K-armed bandit game with T' rounds, ad-
versary algorithm WaitesStickingSub(b, e, Ap, k) forces any player algorithm
to have a no-mistake probability during time period [b..e] upper bounded by
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Fle—b+1,K — |Ap|, k).

Algorithm RepeatWeS(K,T) (Algorithm 6) is an adversary algorithm
for the noise-free multi-armed bandit game. First, the algorithm parti-
tions the whole range of times [1..7] into m time periods [1..t; — 1], [t1..ts —
1], ..., [tm-1.-T]. To simplify the indexing, we define ¢ty = 1 and t,,, =T + 1.
The algorithm also allocates a number of arms to each time period by
picking numbers ki,...,k, with >>" k; = K — «. Then, for each pair
([ti—1..t; — 1], k;), the algorithm calls Waite&StickingSub(t;_1,¢; — 1, Ap, k;)
where Ap is the set of arms polluted so far. When WaiteStickingSub returns
back before time t; — 1, RepeatWS updates the set Ap of polluted arms and
uses the loss vector £, = 14, for the remainder of the period.

The solution to the following optimization problem is used by the adver-
sary to obtain a partition of the whole time period [1..T] and a division of
K — 1 that are difficult for any algorithm.

Problem 1. Given two integersT' > 1 and K > 2, find two natural number

sequences to, ..., t, and kq, ..., k, that minimize
m i—1
S Pt —tia, K=Y kik)
i=1 j=1
subject to

1<m< K —aq,
l=ty<ti1<---<tp,=T+1 and
ky+-+k,=K—a. (

8)
9)
0)

=~

The following theorem gives a lower bound on the expected number of
mistakes in the nose-free multi-armed bandit game.

Theorem 5. The adversary algorithm RepeatWeS(K,T') forces the expected
number of mistakes made by any player algorithm to be at least

m i—1
m — ZF<tz — i1, K — ij:ki)
j=1

i=1

for any positive integers m, to, ..., tm, k1, ..., kn satisfying (8),(9) and (10).
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Algorithm 6: Adversary RepeatWeS(K,T')
parameter: K: number of arms, T number of trials

initialize :t,...,%,,, k1,..., Kk, < the solution of Problem 1,
Ap 0
fori=1,...,mdo
(t/, S) <— Wait&StickingSub(ti_l, t; — 1, AP, k’l)
AP — AP us
fort=1t,...,t;—1do
Et — 1AP
Observe the player’s choice i,
end
end

(Proof) By Corollary 2, within each call of Wait&StickingSub(¢;_1,t;—1, Ap, k;),
the expected number of mistakes made by any player algorithm is at least

1—F(ti—tiq, K— Z;;ll kj, k;). Thus the total expected number of mistakes

is at least m — Zzil F(tz — i1, K — Z;_ll k?j, k’z> O

The following corollary says that the upper and lower bounds shown in
this section are equal when a = K — 1.

Corollary 3. The minimax expected number of mistakes for the noise-free
K-armed bandit game with T rounds and o = K — 1 lossless arms is

K—-1
T+K-1

(Proof) By Theorem 4, the minimax expected number of mistakes is upper
bounded by
K-1

T+K-1

forany "> 1 and K > 2 in the (K — 1)-lossless-arm case (o« = K —1). For
a = K — 1, natural numbers m, tq, ..., ty, k1, ..., ky that satisfy (8),(9) and
(10) are uniquely determined: m = 1, ¢, = 1,6, =T + 1, k; = 1. So by
Theorem 5, the minimax expected number of mistakes is lower bounded by

1-Q(K,T,a) =1—

K—-1

1-F(T,K,1)=1— ————.
(T K, 1) T+K-1
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For general K larger than 2, concrete lower bounds on the expected num-
ber of mistakes for the noise-free K-armed bandit game are shown in the
following two corollaries which can be derived from Theorem 5.

Corollary 4. RepeatWeS[K, T] forces any player algorithm to make an ex-
pected number of mistakes at least

(1)) G (1)
K K (5" -1)
whenT' < K —a — 1, and, for each 1 < h < K — «, at least

A2(h)(B(h) + 4h)
2B2(h)

HK_Ha—I—h"’h_

(12)

when T > (h D K — . Here H,, is the nth harmonic number and

23" Vatj-1
B(h) :2T_— 2(K —a)+ (2a+ h + 1)h.

(Proof) For the first bound we have 7' < K —a—1. Let m = T, and consider
positive integers t, ..., t,, satisfying

to—ltl 2t2—3 :T,tm:T—i—l

Then, starting from the expected mistake bound in Theorem 5,

i—1 T i—1
m=3 Ft;—ti, K= kjk) :T—ZF(LK—ZI@ k;)
i j=1 i=1 j
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expected mistakes are forced. By the inequality of arithmetic and geometric
means, we have

T )
K — k. 1/T
_ #ST—T(E)
i=1 K_ijlk] K

with equality if and only if

K_Zjﬂ k] _ (g)l/T (13)

i—1
K->k \K
for all i = 1,...,T. Unfortunately, ki, ..., kr that satisfy (13) are not inte-
gers. As an approximate solution, use ki, ..., kr that satisfy

K- Z ky = [a/T K0T

then
T i
K-S k. i/T o (T=i)/T
T - Z 25:11 - =T - Z [al )/T | (T— H—l;l/
= K- Zj:l k; [ ]
=1 /T g (T—i)/T
ST a't K +1 o'

ai—D/T [((T—i+1)/T o (T-1)/T [(1/T

=1

_ ayry  (5)0
=T (1 - (E) ) - i <(%>1/T B 1)

completing the proof of the first bound.

For the second bound, consider an arbitrary integer h in [1, K — «] and
assume that 7" > (h U4 K—a. We will partition the times into m = K —«
periods where one arm will become polluted in each period and the first
K — h — « periods are length 1. More precisely, let the ¢; period boundaries
be

tl_1+7—;+1 (Z:K—Oé—<h—1),,K—O[)

where the T;’s are non-negative integers to be optimized later subject to

t‘_{ti_1+1 (i=1,...,K —a—h)

Z Tk ay=T—(K—a). (14)
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We define t; = 1 for convenience, and set the arm budgets for each period to
1, i.e k; =1 for i € [m].

Then, from the theorem, the adversary forces every player to have an
expected number of mistakes at least

m i—1
m — ZF(tz —ti_l,K— Zl{?],k’z)
i=1 j=1
K—a—h K—a
=Y (I-FLK-i+11)+h— Y  FO+1LK-i+11)
i=1 i=K—a—(h—1)
K—a—h K—a .
1 K —1
- Z K —i+1 +h— Z K—i+t1+T
i=1 it imKas(n-n v Tt
h .
a+i—1
=Hxg — Hoipn+h— : 15
K h ; oa+1+ TK—a—(i—l) ( )
holds. Let
" a+i—1
Tk a-h-1) Tk o) = ,
J(Tic—a—o-) K-a) ; a+i+ Tk o (i-1)
By solving the problem of maximizing f(Tx_a—(h-1),---,TKk—a) subject to

Constraint (14) using the method of Lagrange multipliers, we obtain

Bh)Wa+i—1

—(a+i)fori=1,.... h. (16)

All the Tx_,_(;—1) are non-negative because
B(h)Va+1i—1

A(h)
:2T—2(K—a)—l—(2a+h—l—1)h

23 Vatji-1

— (a+1)

Va+i—1—(a+1)

2(a+ h)h 1 (i
_22?:1\/m\/04—|—z 1— (a+1)
2+ h)h

vVa+i—1—(a+1)

“hy/2Q2a+h—1)
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_ 2(a+h)XHa+i—1) ,
_\/ datho1 i)
:\/(a+i)2+ (h—){(a+i—2)Ba+t2h+i)+2a+h)]+(a+)i—1)
20+ h —1
—(a+1i) >0
holds for ¢ = 1,..., h. Here, the first inequality holds because T" > @ +

K — «a and the second inequality holds by inequality Z?Zl va+i—-—1<

hy/ 2“+Th_1 Due to the integrality constraints, instead of the (real-valued)

Tk —a—(i—1) defined by Eq. (16), we use a rounded version Tx_o—(;—1) defined
as follows:

. L Bh)atj—1 — Bh)Wa+tj—1
1+ 14+ Tk g (i-1) = {Z A(h) J - { A(h) J )

j=1 j=1

=505 * B0 B0 > BV
A,
_A(h) 2(;(2)+ 4h) an
holds. Here, the first inequality uses
—1

{Z B(h)\/mJ - {i B(h)\/mJ _BUati—1

A(h) A(h)

j:l j:l

and the second inequality uses the fact that

B(h)Wa+i—1— A(h) > B(h) — A(h) > A(h),
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which can be implied from the inequalities

h) < hy/22a+h—1)

and
B(h) =2 {T— (K —a) — @} +2(a + h)h
>2(a+h)h
—hJTE:%tT'<Vj5:7t3;- Al )
2 22a + h—1)
Sh/2@a+h—1)-2 ’“*1>2hvf5512i?r
By Eq. (15) and Ineq. (17), Bound (12) holds in this case. O

Corollary 5. RepeatWeS[K, T | forces the expected number of mistakes made
by any player algorithm to be at least

C(K+a-1)(K —a)’@T + (K + a+3)(K —a))
2T + (K +a—1)(K —«a))?
forT > (K+a—1)(K—«a)/2.

K —

(Proof) This corollary can be derived from Bound (12) of Corollary 4 with
h = K — « and the fact that

K—a«a 2 K-«
AQ(K—a):zL( Ma—i—j—l) UK —a) ) (at+j—1)
7j=1

: =2(K +a—1)(K — a).
O

Remark 4. By Theorem 4 and Corollary 5, the minimaz expected number
of mistakes for the noise-free K-armed bandit problem with T rounds is

K-a-o(1).
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5. Comparison with variations on the model

In this section we first examine two variations of the noise-free multi-
armed bandit game and prove minimax expected mistake bounds for them.
The first variation is the full-information setting, where the entire loss vector
L, is revealed to the algorithm each time, so this variation is not a bandit
setting. The second variation is when the adversary is oblivious, and thus
must assign losses to arms independent of the player’s strategy. We close
the section by contrasting these minimax bounds with those from previous
section, and making some concluding remarks.

5.1. Full-information Setting

In the full-information setting the whole £, is revealed at every time ¢t
regardless of which arm is selected by the player. This is not a bandit setting,
so we call it the “noise-free multi-armed full-information game” and call both
bandit and full-information games noise-free multi-armed games. In this case,
the minimax number L*(K, T, «) of mistakes satisfies

L"(K,T,a) = max Z %, (18)

0<hy, o km 4=
i U A D
j=1
which can be proved by induction on 7. For 7' = 1 and any K > 0, the
adversary’s best strategy is to set £; to 1g for the arm set .S consisting of the
K —a arms having the largest probabilities of being selected by the algorithm.
The player’s corresponding minimization strategy is to choose each arm with
equal probability, so the minimax number of mistakes is (K —«)/ K, satisfying
Eq. (18).

Assume that Eq. (18) holds for 7" = T, and any K > 0. Consider the
game with T'= Ty 4+ 1. When the losses of k£ arms are set to 1 at time 1, the
minimax expected number of mistakes from time 2 on is L*(K — k,Tp, «),
and by the inductive assumption,

LYK — k, Ty, o) = max E : -
0< ki, km T i
m=min{Tp, K —k—a} " K —k — k;j
SMmiki=K—k—a —
]:

The minimax number L*(K — k, Ty, o) depends on k, but not on which set
of k-arms is assigned loss at time 1, and the adversary’s best strategy is to
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assign loss at time 1 to the k& arms with highest probability of being selected
at that time by the player. The best counter for this adversary’s strategy is
for the player to select an arm uniformly at random, so

k
L*(K, Ty + 1,a) = max (?%—L*(K—k,To,a))

0<k<K

m
k + k;
= max — g :
0<kki,... km K — i—1
m = min{Ty, K — k — a} = K —k— E k]
E+>M" k=K—«a .
Jj=1
m
k;
= max E —
0<ki,... km — i—
m=min{To +1,K —k1 —a+1} “ K — kj

STk =K —a

We can show

m m
max E —1 = max E 1
0<I€1,---,km = 0<k17 7km -

m=min{To + 1, K — k1 —a+1} =1 K — k. m:min{ToiJ.r.l,Kfa} =1 K — k.
Yitiki=K-a ; 7 Yt ki=K-a ]Zl 7

because min{7y+1, K —k; —a+1} <min{Ty+1, K —a} for k; > 0 and for

m < min{To+1, K —a}, any ki, ..., ky, > 0with Y| k; = K —«, there are

ki,... Kk, > 0 with Sk = K — a such that m < min{T, + 1, K — a}

and

m k- m+1

D = N D= (19)

TRk VK- Z K,
holds. Such k{,... k], ., can be constructed as follows. Since m < K — a,
there is at least one k; that is larger than 1. Divide such k; into £k} > 0
and ki, > 0, that is, kj + kj;, = k;. Then, consider sequence k{,... k),
defined as k] = kl,...,k;_l = ki1, ki, ki ki = Kiy1, ..., k.1 = k. For
sequences ki, ..., ky and k7,... K, ., Ineq. (19) holds because

< +

K-Ky K-Ky K-Ky—k
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holds, where K, = Z;;ll k; = S2'' k!, Thus Eq. (18) holds for 7' = Ty + 1

j=1""
and any K > 0. Therefore, minimax number L*(K, T, ) of mistakes becomes

m K
k; 1 K
[ — R log —
0<l?11,§.i.}?,k Z izl Z l © <Og a>

J=1
for "> K — «, and
m m
kz kl
max g — < max E —
ki, km € [K —a] 4= i ki, km € (0K —a) <= i
m=T = K — kj m="T = K — k’j
Shik=K—-«a - Shik=K—-a -
J=1 J=1

a\1/T
(1 (3)
(- ()")
for T' < K — a, where the right-hand side of the inequality is maximized

among (kq, . .., kp) of m-dimensional space of real numbers instead of natural
numbers. (The last equality holds when k; = K (1 — (a/ K)Y7)(a/ K)—D/T )

5.2. Oblivious Adversary Game

Oblivious adversary strategies cannot depend on the past choices of a
randomized player. In effect, this means that the adversary might as well
(randomly) pick which arms will remain lossless at the start of the game.
The safest strategy is to select v lossless arms, which we call af, ..., a}, from
the uniform distribution over the K arms. The adversary can maximize the
loss of the best players by always setting the loss of each other arm to 1, so
at each time t € [T], €, = 1g where S = [K] \ {a},...,a’}. For this best
adversary, the player’s best strategy is to repeatedly choose a non-dirty arm
uniformly at random, and keep playing that arm until the player makes a
mistake. Analyzing the interaction of these best strategies, the probability
of making exactly m mistakes is

K—aXK—a—lx XK—oz—7n+1>< a o« K—m-—i
K K—-1 K—-m+1 K—m_Ki:1 K —i
when m < min{7T, K — a} and

K-a K-a-1_ XK—a—m—l—l_ﬁK—m—i

K K—1 K-m+1 {3 K—i



when m = min{7, K — a}. Let my = min{7, K — a}. Then, the minimax
expected number of mistakes, L*(K, T, «), for the oblivious adversary is

aSm P [0S (K = m — i) + mo [0y (K — mg — i)
[T (K — i)
i m (I (K —m =) =TT (K = m — i) + mo [ T35 (K —mo — 1)
[T (K — i)

2_: ﬂ(K—m—i)—(mo—1)H(K—mo—|—1—i)—i—moﬂ(K—mO—i)

[T (K — i)
o (I (K = m— i) = T (K —m — 1)) + [Ty (K —mo — i)
N [Ty (K — i)
L (TN (K =1 =) = [T (K = mo + 1 —4)) + Ty (K — mo — i)
N [T (K — i)

BT (K — i) — e L T (K — mo — i) + [Ty (K —mo — 4)

[T (K =)
A I (K — ) — e T (K — o — )
1 (K =)

K-« K—aHK—mo—@'

Ta+1 a+1 K —i

1=0

K — « K —mg—i
= 1— - 0 -
a—l—l( H K —1 )

K—a(L_aK—T—i
_ a+1 K —1
K-«

a—+1

1=0

) (when T' < K — «)

(when T' > K — «).

5.8. Comparison

In the case with a large T', the above shows that the minimax expected
number of mistakes is O (log(K/a)) for the full-information setting and
(K — «)/(av + 1) for the oblivious adversary setting in the K-armed game.
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Table 1: Comparison of L*(K,T,«), the minimax expected number of mistakes , for
variants of the noise-free multi-armed game with K arms and T rounds

Full-information

<7(1-("") (T < K —a)
L*(K,T,a)
=3 o t=0(gk) (IT>K-a)

i=a+1 g

Bandit with an oblivious adversary
o K-T—i
a—i—l (1 - Hi:O K—i ) (T'< K —a)

Ko (T > K — a).

a+1

LYK, T,q) =

Bandit with an adaptive adversary

(T <K ~a) T(1-(3)"") - —f((()))>

(K+a—1)(K—a) (K4+a—1)(K—a)?(2T+(K+a+3)(K—a))
(T 2 2 > K—a- T +(K+a—1)(K—a))?

min{7T,K—a}
LYK, T,o) <min{T, K —a} = > QK —j+1,T—j+1,0),

(virar-a-o(l))

where Q(K, T, a) = Hh Y T+h Hh | =t 111};1 For o = K — 1,

K—-1

L'(K,T,a) =1— ——.
( Y ’a) T+K_1

Therefore the K — o — ©(1/T) expected number of mistakes forced by the
adaptive adversary case is large in comparison, which indicates the power
of an adaptive adversary. Table 1 gives a more detailed comparison of the
bounds for the three different settings and includes the T' < K — « case.
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5.4. Bounds from the Noisy Bandit Problem
In the general (noisy) bandit problem, the pseudo-regret [4]

is the most popular evaluation measure. In the noise-free case, the pseudo-
regret coincides with the expected loss E [Zthl Uy It:| , hence it coincides with

the expected number of mistakes in the case of {0, 1}-loss. For the noisy ban-
dit problem, a pseudo-regret lower bound min{y/KT,T}/20 can be proved
for the [0, 1]-loss-version of the multi-armed bandit problem by a slight mod-
ification of the proof [2] for its [0, 1]-reward-version. This lower bound is
known to be optimal unless computational efficiency is not required [5].

The adversary with the pseudo-regret v/ KT /20 used in the proof [2] is an
oblivious adversary who generates losses ¢; ; for ¢ € K according to a Bernoulli
distribution with parameter 1/2, except a best arm i, selected according to
the uniform distribution whose loss is generated according to a Bernoulli
distribution with parameter 1/2 — € for some ¢ > 0. To achieve the pseudo-
regret v/ KT /20, ¢ must be set to /K /T /4, which means that the adversary
is very noisy; the parameter of the Bernoulli distribution for the best arm
is almost 1/2 when T is large enough compared to K. Setting € to 1/2
corresponds to ensuring that there is a noise-free arm. Unfortunately, using
this setting of € in the e-dependent bound of [2] leads to a trivial (negative)
lower bound on the pseudo-regret. On the other hand, the optimal oblivious
adversary for the (a = 1) noise-free setting forces any player to have pseudo-
regret at least (K —1)/2.

6. Concluding Remarks

The simple oblivious adversary analysis provides a (K —«)/(a+1) lower
bound on the minimax expected number of mistakes in the K-armed ban-
dit game with an adaptive adversary in the case with a(> 1) lossless arms.
Conversely, any sensible player will make at most one mistake on each arm,
giving a trivial K —a upper bound on the minimax expected number of mis-
takes. Our analysis of the noise-free multi-armed bandit game goes through
a simpler “survival game”, where the goals of the adversary/player are to
maximize /minimize the probability of making any mistake (rather than the
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expected number of mistakes). This analysis provides nearly matching up-
per and lower bounds on the minimax expected number of mistakes, showing
that it is K —a—©(1/T") for the noise-free multi-armed bandit game, and we
obtain the exact minimax value of 1 — % when a« = K — 1. However, for
larger K there is still a small gap between the upper and the lower bounds.
This gap on our bounds exists even in our bounds on the simpler survival
game. We conjecture that our lower bound of the survival game is tight,
but the correctness of this conjecture remains an open problem. Our player
algorithm does not make use of the number « of lossless arms. Whether o
can be used by the player to reduce the expected number of mistakes, is also
an open problem.
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Appendix A. Proof of Proposition 1

Recall that Proposition 1 states:
For any integers m > 1, K > m, and T' > m,

o K-S ks K- kj+t—1

1 (m)ﬂ ( Kii-1 )
= §<t<tiq1

I [(K - k) hA<K‘§3ﬂ%+“—1+hﬂ (A1)

N Hh k(T +h) '

holds for any integers ki, ..., ky, > 1 with > k; = f < K and any integers
1<ty <- - <ty <tpmu1=T+1.

(Proof) We prove Eq. (A.1) by mathematical induction on m. When
m = 1, then k; = 3, so the lefthand-side of Eq. (A.1) is equal to

K-8 K—-pB+t K—-B+T-1
Ktti—1 . K+t N TKyT-1
(K =B)(K - B+T—1I/(K— B+t —1)
N (K+T—1D/(K +t —2)!
(K =B K+t =2/ (K- B+t —1)!
T (K+T-1DY(K—-B+T-1)
(KDL (K =B+t —14h)

[T x_s(T + 1)

which is the righthand-side of Eq. (A.1) for m = 1 and k; = . Thus,
Eq. (A.1) holds for any 1 < k; = f < K and any 1 <t; <ty =T + 1 when
m = 1.

Assume now that the proposition holds when m = mg > 1, and consider
the case when m = my + 1 > 2. Fix arbitrary K, T, ky, ..., kpny+1, and
1 <t <0 < tmgtr < tmgr2 = T + 1 satisfying the conditions of the
proposition. The lefthand-side of Eq. (A.1) can be factored into three terms:

ﬁ K — Zn H K=" k+t—1
K+t —1 K+t-1
=1 t;<t<tijg1

K —Fk K—-—Fk+t—1
K—l—tl—l) H ( K+t—-1 ) (A-2)
ti<t<ts
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(K k) +t—1) A3)
[T, (K + 1)

o (K = k) = Yok (K — k) =Yy kj+t—1
XH( K — k) +t—1> H ( (K —Fk)+t—1 >

ti<t<tii1
(A.4)
Then, each term can be calculated as follows.
(A2) :(K — k) (K —ky+to —2)1/(K — ky +t; — 1)!
(K +1ty —2)1/(K + 1t —2)!
(K =ER)(K A+t = 2) /(K =k +t — 1)
(K +t—2)V(K =k +ta —2)!
(K= k)TN — ki +t — 1+ h)
B (K+tz—2)!/(K ki +ty —2)!
(A.3) :(K—kl +T - DK =k +ty —2)!
(K+T—-1)/(K+ty—2)!

(K +ty —2)l/(K — k1 + to — 2)!
T(K+T-V)(K -k +T—1)!
(Kt = 2)l /(K — Ky + 1y — 2)!

et (T + 1)

mo+1 i

II (K ki) — Zk) H (K—kl)—ijnLti—lnLh)

=2 h=1 =2

(A4) = T ’
1T (T + h)

h=(K—k1)—(8—k1)

Note that the last equality uses the m = mg inductive assumption. Thus,

I (K = X k) “%K—z;h+

tz—1+h)

(A2) x (A3) x (A4) = [l s (T +h)

proving the proposition when m = mg + 1 and completing the induction. [
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