Probabilistic Sequential Shrinking: A Best Arm Identification Algorithm for Stochastic Bandits with Corruptions

A. Notations

=

ﬁg (w, L, u)
HQ(UJ)
Bern(a)

set {1,--- ,n} foranyn € N

ground set of size L

reward distribution of item ¢ € [L]

mean reward of item ¢ € [L]

random reward of item ¢ at time step ¢
corruption added on random reward item ¢ at time step ¢
corrupted reward of item ¢ at time step ¢
pulled item at time step ¢

total corruption budget

probability law of the process {W; = (W;(1),..., W,(L))}~,
gap between mean rewards of item 1 and ¢
optimality gap of item

non-anticipatory algorithm

pulled item of algorithm 7 at time step ¢
output of algorithm 7

final recommendation rule of algorithm 7
observation history

bound on Al,iZu’tT

failure probability

parameter in Algorithm 1

amount of phases in Algorithm 1

length of one phase in Algorithm 1

active set in Algorithm 1

probability to pull an active item during phase m in Algorithm 1

expected number of pulls of an active item during phase m in Algorithm 1

corrupted empirical mean of item ¢ during phase m in Algorithm 1
difficulty of the instance {w (i)}~ ; for PSS(u)
intrinsic difficulty of the instance {w (i)} £,
Bernoulli distribution with parameter a € [0, 1]
number of item ¢ with A; ; <

equals to Aj o

parameter in the analysis of corruption strategies
amount of corruptions during phase m

“nice events” in the analysis of Algorithm 1

index of the phase during which item 1 turns from active to inactive

item in A,,,, with the least mean reward
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a; equals to Ay ;/8 forall items 2 <4 < L

B. Useful theorems
Theorem B.1 (Standard multiplicative variant of the Chernoff-Hoeffding bound; Dubhashi & Panconesi (2009), Theorem
1.1). Suppose that X1, ..., X are independent [0, 1]-valued random variables, and let X = Zthl Xy. Then for any € > 0,

2 2
Pr[ X — EX > eEX ] < exp (—Z]EX) , Pr[X —EX < —€éEX ] < exp (—;EX) .

Theorem B.2 (Beygelzimer et al. (2011), Theorem 1; Gupta et al. (2019), Theorem 10). Suppose that X1, ..., X1 is a
martingale difference sequence with respect to a filtration {F; }1_,, and let X = Zthl Xi. Assume that | X| < b for all t,

and define V- = Zthl E[X?|F; 1]. Then for any § > 0,
Pr {X < ‘Z—i—bln(ls] >1-0.

Theorem B.3 (Multiplicative Chernoff Bound (Mitzenmacher & Upfal, 2017; Chen et al., 2016)). Let X;,--- , X,
be Bernoulli random variables taking values in {0,1} such that E[X¢| X1, -, X¢—1] > pforallt < n,andY =
X1+ ...+ Xy Then, forall § € (0,1)

_ Jgnp

Prl <(1—-9d)nu] <e =
C. Proofs of main results
In this section, we provide proofs of Lemmas 5.1 — 5.3, complete the proof of Theorem 4.1, and provide the proofs of
Theorem 4.2 — 4.4.

C.1. Proof of Lemma 5.1
Lemma 5.1. Ir holds that NM < T and |Ay| = 1.

Proof. (i) NM = |[T/M|-M <T/m-M =T.
(i) Since M = [log, L, |An| = [L/u™], we have

L<uM:>|A\<ﬂ—1 L>O:>\A|>1
= Mi= M|~ uM—1 Mi = =

C.2. Proof of Lemma 5.2

Lemma 5.2. Let € denote the complement of any event £. For any fixed m,i € A,,_1 and a € (0, 1),

P [57(,32 (a)] <2exp [— %} , ]P’[Eﬁ,];)i(a)} <2exp {— %} .
Proof. (i) Let Y;(7) be an indicator for item 4 being pulled at time step ¢ and 7,,,(¢) be the number of pulls of item ¢ during
phase m. Recall that W, (4) is the stochastic reward of item i at time step ¢ and ¢, (i) = W (i) — W;(4) is the corruption
added to this item by the adversary at this time step. Note that ¢; () may depend on all the stochastic rewards up to (and
including) time step ¢, and also on all previous choices of the algorithm (though not the choice at step ¢). We denote
En :=[Tm-1+1,...,Ty] as the N many time steps in phase m. Then

(i) = —— 37 V)W) + ()]

M teE,,
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For ease of analysis, let us break the sum above into two, and define

i)=Y Yi(H)Wi(i) and Bp(i)= > Yi(i)e(i

teE,, teE,

(ii) Let us first bound the deviation of A,, (7). Observe that W;() is an independent draw from a [0, 1]-valued r.v. with
mean w(i) and Y;(%) is an independent random variable drawn from {0, 1} with mean g¢,,. Moreover, we have that
E[A,,(7)] = N - [gmw(i)] = npw(i) < n.,. Hence, for any a; ,,,; > 0, a Chernoff-Hoeffding bound (a multiplicative
version thereof) as in Theorem B.1 implies that

Am. a2mi'n Am' azmi'n
P (&) —w(i) > a1m,i } <exp {— w:|7 P[ (@) —w(i) < _al,m,i:| < exp {— 1m}
N, ’ 3 Nim
(iii) Next, we turn to bound the deviation of B,,(i). Consider the sequence of r.v.s Xi,..., X7 defined by X; =

[Y;(7)~Gum] - c¢(q) for all t. Then {X,}Z_; is a martingale difference sequence with respect to the filtration {ft}le, where

= o ({Ys(9) fs<t,ie(r)s {Ws (@) Fo<itricin)s 16s(0) bo<ittier))-

According to the problem setup, the adversary obtains more information than the agent, which results in the difference
between JF; defined in Section 2 and F; here. Since the corruption ct( ) becomes a deterministic value when conditioned on
Fi_1 (as we assume a deterministic adversary), and since E[Y; (4 )|.7-'t 1] = Gm, we have

E[X;|Fi_1] = E[Y;(4)qm|Fi_1] - c:(i) = 0.

Further, we have | X;|, |¢;()| < 1 for all ¢, and we can bound the predictable quadratic variation of this martingale as

V=S EXAF] = Y B[ gul o] - @? < 3 leili)] - B[ [Yi(0) gum]2IFii]
teE,, teEE,, teEE,
= 3 Je@) - Varl¥i (@) = 3 le@)] - - (1= gm) g Y lei).
teE,, teEE,, teEE,

Applying a Freedman-type concentration inequality for martingales (Theorem B.2), we obtain that except with probability
02,m,; (setting b = 1 in Theorem B.2),

B, V+1og(1 62),,” log(1/d2,m.:)
S el / 2§ oy i) + 1280 22m)

teEm teEm

Since ¢, = 1 /N, We have

P

B, (4) S 2 iem, [Ce(d)] n log(1/62,m.s)

2 < 02.m,i-
N, N N,

Similar arguments show that —B,,, (i) /n,, satisfies this bound with probability 2 ,, ;.

(iv) Let
log(1/02,m,i)
Qmi=—"""".
Nim
Altogether, we have
2 Cy(i a?. . -ng,
P [ wm(i) > w(z) + M + a1,m,i + a2m :l < exp l:_ 1,m,§ :l + exp[_alm,i : nm]a

23 e, [C:(0)]

ai . ;-
P l Wi (1) < w(i) — N T mi - a2,m,i:| < exp {— l"”m} + exp[—az,m,i - m]-
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Note that 3, o [c¢(i)] < Cpy. For ay,pm,i = ag,m,i = a € (0,1), we have

2.
P[wm(i) zw(i)+2jcvym+2a} §2€Xp[ a 3””‘},
2 m m
P[ﬁ}m(z)gw(z)—]CV"—Qa}<2eXp[—a 3n }

C.3. Proof of Lemma 5.3

Lemma 5.3. Conditioned on 57(,];)1((11) and 51523 (a;), where a; = Ay ;/8 for each 2 < i < L, we have

SCJ},

{leAn_1,1¢ A,,ic A} C {Au < N

Proof. First of all,

{1€eAn_1,1¢An, i€ Apt C{l,i € A1, € Ap, W (1) < W (5) V5 € Ap}
C{l,i€ Apm_1, 0 (1) < (i)}

Assume 57%)1 (a;) and Er(nUZ (a;) hold. We have

20 207'
w(l) — Tm —2a; < W (1) < W (7)) < w(i) + N 49,
In other words, .
) 4
w(l) —w(i) < Tm + 4a;
Note that a; = A17i/8’ we have
4C, Ay 8C,,
Al,z‘<T+ 21’ = A171<T

as desired.

C4. Final steps to prove Theorem 4.1

(i) Assume g(L)yl(ajl) and £V (a;,) hold.

my mi,j1
Case 1: 1 # i,,. Lemma 5.3 implies that for any realization of j1, my,

8C,
s

Alvjl <

Since iout € A, forall1 < m < M, we have io,; € Ay, . In addition, since

j1 :=argminw(i),
i€A7n1

we have Ay ;. < Ay j,. Therefore,

8Cm, _ 8C
N =N

Alyiout S Alajl S

Case 2: 1 = 4y Itis trivial to see Ay ;,,, < 8C/N.
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Hence, when Ey(,l;l)J(ajl) and E(U)j (aj,) hold, we always have A, ; , < 8C/N.

(ii) Altogether, for any realization of m1, j1,

P{ A > %} M =m g = it] < P( €01 (ai) EN, (@5) ) (Yma =m,jr = i}].

In addition, we have

B[(e e N @) ) Yo = s :i}}
<P 57(,%17 a]l ﬂ{m1 m, J1 —Z}] —HP m1 ]1 aj1 ﬂ{ml m, j1 :Z}]

<P[ED (az)(Wu-i 2 [Am-1[}] +P[ED. (a;) (Wi = |Am-r]}]

< dexp| - % 3”?"} u-i> Ay ]}
[ AN .
=4dexp - ]-92|147n—1|:| Hu-i>[Ap|}
<4dexp _f A%"i.N }
- | 192 -min{w -4, L}
<4dexp —~N]
192Hs(w, L, u)

Line (C.2) results from the definitions of j1, A, (1 < m < M), which implying that

_L
jlz|Am1|:[ L }:{ L WZ (=] _ VAl

umi - umi—l U U

Line (C.3) follows from Lemma 5.2. Line (C.4) applies the definitions of a; and n,, for all ¢, v, m:

Ar, N
ai=—LVY2<i<L, and ngp=—-— Y1<m<M.
8 [ A1 |

Lines (C.5) and (C.6) result from the fact that | A,,,| < L for all m and the definition of Hy(w, L, u) in (4.2), i.e.,

_ L
R

(iii) Combining (C.1) and (C.6), we have

[Al > ] Z ZIP[{Al > 8C}ﬂ{m1 m,j1 = i}| < AM(L — 1) exp N

m=1 i=2

We complete the proof of Theorem 4.1 with N = |T/M |, M = [log,, L].

C.5. Proof of Theorem 4.2

(C.1)

(C.2)

(C.3)

(C4)

(C.5)

(C.6)

C192Hs(w, Lw))

Theorem 4.2. Fix A € (0,1) and A € (0,1/2). For any online algorithm, there is a BAI with an adversarial corruption

instance in T steps, corruption budget C = 1+ (1 + X\)2AT, and optimality gap A, such that

P[Alyiout > O] = ]P)[Al)iuut > A] = P[iout 7& 1]

% [1 — exp ( 2)\23AT)] .
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Proof. We fix w = {w(7) }i[z), where 1 > w(1) > w(2) > w(3) > ... > w(L) > 0, and we define A = w(1) — w(2).
We assume w(2) — A > w(3) > 0. We prove the Theorem by a coupling argument between two Bernoulli instances Z, 77,
both on the ground set [L]. Both involve T time steps and corruption budget C' = (1 + A\)2AT.

In instance Z, the uncorrupted reward distribution of item ¢ is Bern(w(4)), and the adversary corrupts the rewards of item 1
probabilistically, as detailed in the forthcoming coupling in Algorithm 2. In instance Z’ the uncorrupted reward distribution
of the items are:

* Bern(u(1)), where u(1) = w(2) — A, for item 1,
* Bern(u(z)), where u(i) = w(i), foritem ¢ € [L] \ {1},

but the adversary does not corrupt any of the rewards on instance Z’. The optimal items in instances Z,Z’ are different, and
they are item 1, item 2 respectively. Both instances have optimality gap A, since in instance Z' we have u(2) > u(1) >
u(3) > ...>u(L) > 0.

We denote the original and corrupted rewards of item i at time step ¢ in instance Z as W (i), W, (i) respectively, and the
original and corrupted rewards of item i at time step ¢ in instance Z’ as Uy (i), U (i) respectively. Since there is no corruption
on Z', we have U, (i) = U, (i) for all ¢, always.

Fix a BAI algorithm 7, and considering running 7 on the instances Z, Z'. When 7 is randomized, we assume that 7 has the
same random seed in the two runs, so that 7 recommends the same item in both instances Z, Z' if W;(i) = U, (i) for all ¢, i.
Now, we couple the instances as shown Z, Z’ in Algorithm 2.

Algorithm 2 Coupling on instances Z,Z’

1: Set remaining corruption budget B < C.
2: for timestept =1,...,7T do

3:  Adversary observes {W;(7) }ie[z), Where Wy (i) ~ Bern(w(i)).
4:  Adversary generates G; ~ Bern(2A /w(1)), independent of .
5:  if B > 1 then
6: if W;(1) = 0 then
7: Set W;(1) « 0
8 else if W, (1) = 1, Gy = 1 then
9: Set Wy (1) + 0 (¢, (1) = —1).
10: Update B <~ B — 1.
11: else if W, (1) = 1, G; = 0 then
12: Set W,(1) « 1
13: end if
14: Set W, (i ) < Wi(i) foralld € [L]\ {1}.
15: Set Uy (i) < Wy (i), Uy (i) < Wy (i) forall i € [L].
16: else
17: Set Wy (i) < Wi(i )forallze L] (e () = 0).
18: SetUt(i)<—Wt() 1(i) = Wi (i) forall i € [L] \ {1}.
19: Sample U, (1) = Uy(1) ~ Bern((w(2) — A)) (recall u(1) = w(2) — A).
20:  endif
21: end for

We make two crucial observation on the coupling in Algorithm 2:

1. If the corruption budget C is sufficient, that is if we have B > 1 at the start of time step 7', then W, (i) = U, (i) for all
i, t, so that the algorithm 7 recommends the same item in both instances.

2. The coupling is valid, in the sense that:
(a) The corruption budget is never exceeded,

(b) We always have Wy (i) ~ Bern(w(7)),
(c) We always have U, (i) = U,(i) ~ Bern(u(i)).
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The claims (a, b) are clearly true, and for claim (c), we need to verify that U, (1) = U;(1) ~ Bern(u(1)). Indeed, at a
time step ¢:

* If B < 1, then Line 19 imposes that U;(1) ~ Bern(u(1)).
e If B > 1, then by the if loop in Line 5, we have

P[U:(1) = Us(1) = 1|B > 1 at the start of time step t]

=w(l)- <1 - 2A> =w(l) —2A =w(2) — A =u(l).

The key to the proof is that the optimal item in instances Z, Z’ are 1, 2 respectively which are different item. By observation
1, if B > 1 at the start of time 7', then the algorithm 7 cannot identify the optimal item in both instances. Denote events
A; = {moutputs item 1 in Z} and Ay = {r outputs item 2 in Z'}, and denote PP as the probability measure under the
coupling in Algorithm 2 and the algorithm 7. Now,

PlA; N Ay)
< P|[ 7 outputs different items on Z, Z' |
< P[W;(1) # U(1) for some t € [T7] ]
< IP[ At the start of time step 7', we have B < 1]

=P

T-1
S HW(1)=1,G =1} >C - 1]

T
<P [ STHW(1) = 1,Gy =1} > (1 + A)2AT

To this end, note that the random variables in {I{W;(1) = 1, G; = 1}}1_; are i.i.d. with mean

2A

w1 = 2A.

EI{W:(1) =1,Gy = 1}] = E[{W:(1) = 1}] - E[{G: = 1}] = w(1) -

By applying Theorem B.3, we have

T
PlA; N Ag] <P | I{Wi(1) = 1,Gy = 1)} > (14 N)2AT

t=1

< 2)\2AT)
<exp|— 3 .

Finally, we have

202AT
PlA;] + P[As] = P[A; U Ag] + P[A1 N Ag] <1+ exp <— 3 ) ;
so that
1 2\2AT
min {P[A;], P[As]} < 3 {1 + exp (— 3 )} ,
completing the proof of the theorem. O

C.6. Proof of Theorem 4.3

Theorem 4.3. Fix L > 1, A € (0,1) and A € (0,1/4). For the SH algorithm, there is a BAI with adversarial corruption
instance with T time steps, corruption budget C = (1 + X\)2AT/(Llog, L), and optimality gap A, such that if T is
sufficiently large,

PlAL gy > 0] = P[Ar,,, = A] = Pliow # 1] > 1/2.
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Proof. Consider Theorem 4.2’s attack strategy, but applied to SH in phase 1.
We claim that there is a BAI instance Z with 7" time steps, gap A and C' = (1 + A\)2AT/(L log, L), such that
C - Llogy L
Pr(Ay;,>2A)=Pr(A1;, 2 ————x | >1/2
r( 1; out — ) r ( 1, out — 2(1 + A)T) ) — /
when T is sufficiently large. This is a matching lower bound for SH in Table 1.

Consider a Bernoulli instance {w(i)};e[z) with w(1) € [1/2,1] and w(i) = w(1) — A ford € [L]\ {1}. In phase 1, SH
pulls each i € [L] for 7 = [T/(Llog, L)] times, computes the empirical means {11 (i) };c[z], and removes the [L/2]
items with smallest 1 (¢) from consideration.

During phase 1, SH pulls item 1 at fixed time steps {ts}7_;. When the adversary determines {c;, () }ic[z). he knows
{W4, (i) Yierr), and knows that item 1 will be pulled at time t. The adversary attacks by solely corrupting item 1 solely at
times {t5}7_1.

If the corruption budget is not exhausted, set

Pr(W,, (1) = 0[W,, (1) = 1) = o) 1= Pr(W,, (1) = 1{W;,(1) = 1),
Pr(Wy, (1) = 0[W, (1) = 0) = 1,
which implies that
Pr(We, (1) =1) = w(1) - 24,
Pr(c,, (1) = —1) = Pr(Wy, (1) = 0|W,;_ (1) = 1) Pr(W,, (1) = 1) = 2A.
If exhausted, no corruption.
Let X1,..., X, ~Bemn(w(1) — 2A), Y1,...,Y: ~ Bern(2A) be i.i.d. random variables and event

& := {corruption budget not exhausted at end of phase 1}.

Then

3A
2

1« 3A a (14 \)2AT
= - < - 1. < -
Pr(Tszles_w(l) 2) Pr (;Y < oL )

which exceeds 1 — exp {—%} — exp {—%}. Thus, for all i # 1,

pr (1) < ) - 5 ) 2 pr (100 < i) - Bfe ) prce)

3A TA?
01 (2 — | >1- R —
Pr (wl(z) > w(1) 5 ) >1—exp [ 2Llog2L]

Lastly, by the union bound,

T 1,A%}A2
Pr(Item 1 removed after phase 1) > 1 — (L + 1) exp [ - max{,}]

2Llog, L
We complete the proof by noting that

T max{1, \2} A2

1—(L+1)exp | — 3L 1og, L

}>1/2

for T large enough.
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C.7. Proof of Theorem 4.4
Theorem 4.4. Fixany \,e € (0,1). IfC > L-{1— (1 —X)[1 —w(1)]} - T, Strategy (I)’s attack results in

L 2TL[1 —w(1
PlAy ;. >€>1- f — exp [— /\[w()]]

2

Ifinstead C > L - [1 — (1 — Nw(L)] - T, Strategy (II)’s attack results in

L. N2T Lw(L
P[A 4, > € Zl—f—exp {_Zw()}

Proof. Part (a). Let X1, - - -, X,, be Bernoulli random variables taking values in {0, 1} such that E [X;| X1, , X;—1] < i
forallt <m,andY = X; +...+ X,,. Let X, =1— X forall1 <¢<m,p/ =1—-p, Y = X| + ...+ X]. Then,
Theorem B.3 indicates for all § € (0,1)

PrY’ < (1 —0)ny'] < exp (— 62;M/) = Prln—Y < (1—-98)n(l—u)] <exp {— 52”(12_”)}
= PY >n—(1—6)n(l - )] SeXp[—W].

(i) For all 7 € [L], W,(i) denotes the random reward of item 7 at time step ¢. Fix any A € (0, 1). We can apply the inequality
above with = w(1), n = T'L to get

’;

ﬂnl
t

[M]=
M=

Wi (i) > TL — (1 - NTL[1 — w(l)]] < exp

14

Il
N

W
M=

{W,(i) =1} > TL- {1 — (1 - \)[1 - w(l)]}] < exp

?

Il
-
Il
-

(i) Let
Exg = { ZZH{Wt(i) =1} <TL-{1-(1-N[1- w(l)]}}.

When &, ¢ holds, throughout the whole horizon (T time steps), there are less than T'L - {1 — (1 — A)[1 — w(1)]} random
rewards that equal to 1. If we additionally have

C>TL-{1-(1-N[1—-w(l)]}:=Cro,

the adversary can shift the random reward to 0 whenever it equals to 1, which implies that the agent get a corrupted reward
equals to O at each time step.

Altogether, when £y ¢ holds and C' > C), o, the agent get a corrupted reward equals to 0 at each time step. Therefore, the
observations of random rewards throughout the whole horizon provides no information about the mean reward w(¢) for any
item ¢ € [L]. In this case, the best method for the agent to output an item is to randomly output any ground item with a
uniform probability of 1/L. As a result, for any item ¢,

. . 1
P[{Zout = Z} ﬂ&\,o} < IR
Recall that L, := |[{i € [L] : Aq1; < €}| counts the items with mean reward at most ¢ worse than that of the optimal item,

we have

P{Aie <3 NE0] € S Pl{iow =i} )Ero] < Lf

1€[L],A1,;<e
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(ii1) Therefore,
PlA1,,. <€ =P[{A1,., <€} nf;)\,o] +P[{A1 <€} ﬂﬁ]
N L, A2TL[1 — w(l
< P[{ALiOUt < €}m5>\70] + P[E)\7o } < f + exp { [2()}]7
Lastly,
L 2TL[1 —w(1l
P[Ay;,, >€>1—— —exp [— )\[w()]]

L 2

Part (b). (i) For all ¢ € [L], W;(i) denotes the random reward of item ¢ at time step ¢. Fix any A € (0,1). We can apply
Theorem B.3 with y = w(L), n = TL to get

T L 2T Lw
PlZZWt(i) < (1= ANTLw(L)| <exp [_ ATL2(L)]
t=11i=1
Meanwhile,
T L T L
{ D W) < (1- A)TLw(L)} = { YN W) =1} < (1- A)TLw(L)}
T L
= { SO W) =0} >TL— (1= NTLw(L)=TL-[1—(1— )\)w(L)]}
Therefore,
PlZH{Wt(i) =0} >TL-[1—(1- /\)w(L)]] < exp {_ ATL;”(L)}
(ii) Let

L
Exii= { > Z]I{Wt(z‘) =0} <TL-[1—(1- )\)w(L)]}‘

When &, ; holds, throughout the whole horizon (T time steps), there are less than T'L - [1 — (1 — A)w(L)] random rewards
that equal to 0. If we additionally have

C>TL-[1-(1—-XNw(L)]:=Cxy,

the adversary can shift the random reward to 1 whenever it equals to 0, which implies that the agent get a corrupted reward
equals to 1 at each time step.

Altogether, when &) 1 holds and C' > C'y 1, the agent get a corrupted reward equals to 1 at each time step. Therefore, the
observations of random rewards throughout the whole horizon provides no information about the mean reward w(¢) for any
item ¢ € [L]. In this case, the best method for the agent to output an item is to randomly output any ground item with a
uniform probability of 1/L. As a result, for any item 4,

. . 1
P[{Zout = Z}ﬂg)vl} < Z
Recall that L. := |{i € [L] : Ay ; < €}| counts the items with mean reward at most € worse than that of the optimal item,

we have

P{Aie <ol S S Plliow =i} )aa] < Lf

1€[L],A1,;<e
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(iii) Therefore,
P[A1. <€ =P[{A1,., <€} ﬂé’/\’l] +P[{Ay,, <€} mm}
<P[{A1,, < E}QEM} +P[E] < % +exp { /\QTI;w(L)}
Lastly,
P[Ay 4, >€>1—=5—exp { )\2TL2w(L)}

D. Additional numerical results

D.1. Details of Figures 3(a) and 3(b)

Table A.1. Comparison of PSS(u) to Other Algorithms
A w* w' | PSS(2) SH UP

05 04 0.2 76 42 12
05 05 0.2 91 64 13
0.5 05 0.3 74 51 19

09 04 0.2 72 45 9
0.9 05 0.2 83 64 7
0.9 05 0.3 60 40 12

Here, we provide the raw numbers of for Figures 3(a) and 3(b). We see that PSS(2) consistently and clearly outperform the
non-robust BAI algorithms on all instances here.

D.2. Further observations

To further evaluate the impact of 7', L, and A on the success probabilities of PSS(2), SH and UP, we run each algorithm for
1000 times independently with varying sets of parameters, while keeping the MAB instance at w* = 0.4 and w’ = 0.2 fixed.

Recall that according to Theorem 4.3, we set the CPS

C  2A-(1+))
T Llog,L ©.1)

This is the scaling of the CPS that ensures that SH fails with high probability as T" grows. Notice that C'/T grows with )
and decreases with L. We implement the attack strategy as applied in Theorem 4.3 (see Algorithm 2) and vary L and T'.

In each subplot in Figure A.1, we consider different number of items L and use different values of A, resulting in different
CPSes. We let A grows with L, so the identification of the best arm would pose significant difficulty to SH as prescribed by
Eqgn. (D.1). The figures show that as T" grows, the success (BAI) probabilities of PSS(2) demonstrate an increasing trend,
and in the case of L = 32, A = 9 the percentage of successful BAI converges to 100%. In stark contrast, the percentages of
successful BAI for SH are always below 20%. In the case of L = 32, A = 9, the percentage appears to converge to 0 as T’
increases. This implies that SH fails with high probability when T’ is sufficiently large, which corroborates Theorem 4.3.
However, the randomization inherent in PSS(2) ensures that it remains extremely robust to the corruption strategy and it
successfully identifies the best item a large fraction of times as T" — +o0; this corroborates our main result—Theorem 4.1.
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Figure A.1. Percentage of correct BAI of PSS(2), SH and UP. We fix the instance to be w* = 0.4, w’ = 0.2.



