Multi-Player Bandits — a Musical Chairs Approach

A. Proofs

We will use the following standard concentration bounds:

Let X1, ..., X, be independent random variables such that X; always lies in the interval [0, 1]. Define X

and p = E[X].
Theorem 5. (Chernoff Bound) For any 0 < § < 1,
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a a B[S, X107
Pr ;Xj >(1-0)-E)_X,]| <exp (—92
Theorem 6. (Hoeffding’s Inequality) For any 6 > 0,
Pr(|X —p|>0) <2-exp(—2-m-d?)

A.1. MC algorithm proofs

We prove the following lemmas from which Theorem 1 follows.

Lemma 2. Ve > 0and 0 < § < 1, then after Ty = PGE'QK -In (%)—‘ rounds of random exploration, all players have an

e-correct ranking of the arms wp. > 1 — 0

Lemma 3. Ler § € [0,1]. Fore; = %, if the number of rounds Ty used to estimate N is at least { 02512

> 1— 6 we have that N* = N.

Lemma 4. Denote by R the regret accumulated due to players running the musical chairs subroutine. Conditioned on
the event that all N players learned an e-correct ranking and that N* = N, it holds that the expected value of RY is at
most 2 - exp(2) - N2.

! g<§)-‘, then w.p.

A.1.1. PROOF OF LEMMA 2

At a high level, the proof proceeds as follows: We find the value of the number of observations of each arm, denoted by
C, required for ensuring all players learn an e-correct ranking w.h.p. We use a union bound over all bad events of learning
an inaccurate estimate of the expected reward of each one of the arms, and Hoeffding’s inequality to upper bound the
probability for each estimate to be far from its true mean given that the player has seen at least C' observations of each arm.
We then use a union bound over the N players, bounding the probability of the event that some player did not learn an
e-correct ranking. The last step is finding the value of T{, the number of rounds of random exploration, required to obtain
at least C' observations of each arm for each player w.h.p.

We now turn to the formal proof. Given 6 we define §; := g and §y := g. Note that if for player i it is true that
Vje{l,..,K} |f; — p’| < § then player < must have an e-correct ranking.
We now calculate what is the required number of observations, C', of each arm in order to get

0
Pr (player ¢ doesn’t have an e-correct ranking | player ¢ viewed > C observations of each arm) < Nl

Specifically, we have the following:

Pr (player ¢ does not have an e-correct ranking | player ¢ viewed > C' observations of each arm)

<Pr (Elj st |1 — | > % | player i viewed > C' observations of each arm)

K
Pr (| fij — 1] > % | player ¢ viewed > C' observations of each arm)
=1

<.

<
.
union bound
K

Z Pr (|ﬂj — | > §| # of views = n) Pr ( viewed n|n >= C)

1n=

Q
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Using Hoeffding’s inequality, this is at most

K oo L2
\g/ ZZQ~eXp(< n2e ))Pr(viewednn>—C’)

Hoeffding’s Inequality /="' "=¢

K 2 o)
g;lexp(( CQ ‘ >)TLZ:CPr(Viewedn|n >=(C)

Sz ((752))

Notice that we can apply Hoeffding’s inequality here since each observation of the reward of an arm is sampled independent
of the number of times we view it. This is true since every player is sampling uniformly at random at every round of learning
(and independent of all previous rounds).

In order for this to be < % we need:

62 (51
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exp(C 2)<N
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Now we show that if all players have at least C' > In ( ) . 6% observations of each arm then w.p. > 1 — ¢; all players

have an e-correct ranking:
We start by defining the following events:

A will denote the event that all players have an e-correct ranking (A will denote A complement)

A; will denote the event that player ¢ has an e-correct ranking

B will denote the event that all players have observed each arm at least C' times (B will denote B complement)

B; will denote the event that player ¢ has observed each arm at least C' times

Pr (A|B)

N
> 1-) Pr(4B;
2 1 E i)
union bound -

01

>1-N-—=1-9¢
> N 1

Now we show that there exists a Tj large enough so that all players have > C observations of each arm w.p. > 1 — Jo.
We define A, ;(t) = I {player i observed arm j at round ¢}.
Note that for any round ¢ and any i, j we have that Pr (4;;(t) =1) = + - (1— %)Nfl

(1-7)""

= E[4;;t)] = % -
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So for any 7, j we have that

Pr (player i has < 3 - Ty - E[A4; ;(t)] observations)

(ZA (1) < 5T -E[Az-,ju)])

To-E[A;5(t)]
)

< exp

~~
Chernoff bound
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|
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Note that we can apply Chernoff bound here since for any i,j, A; ; are i.i.d across t, since all players are employing random
sampling at every round of learning.
Using a union bound we get that:

To
Pr <3i,js.t. ZAM (t) < % T - E [Ai,j(t)]>

t=1

In order for this probability to be upper bounded by d2 we need:

To B
1

S EALO] " (N52K>

We have shown that if T, > m -In (%) then w.p. > 1 — d5 we have Vi, j the number of observations player &

has of arm j, Z?il A,‘J (t), > % . TO -E [Ai,j (t)]
We also need the total number of observations each player has of each arm to be at least C,
ie.

N-K-exp(

= T
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So we have two constraints on 7j, thus we take
_ 1 N-K 2.K-N
TO— "max{mln(ﬁ),Q hl( 5 ) }-‘
We remind the reader that E [A; ;(¢)] = i i) >l 1 forall K > 1.
2.N

K K Z K"
So we take Ty = {max {7 -In ( ( 5 K ) } and the result holds. Using the events A and B as defined
above, we get that

Pr(A) =1-Pr(A)
=1— (Pr(A|B) -Pr(B) + Pr (4B) - Pr (B))
>1— (Pr(A|B) +Pr(B))
>1—(014+062)>1-9§

Notice that letting Ty = [max { K. ln (J\g K ) , 385 In (%) H is only possible if one knows N. If N is unknown,

then one can increase 1 and set it to

To = |ma 5ln K—g Mln 2- K*
0= x 2 52 ’ 62 51 ’
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and the lemma would still hold since we assume that N < K.

Since Vi € [1, K] : p' € [0,1], we get that 2 < 1. In addition, as defined initially: §; = 6 = 3. Thus the second term in
this max expression always dominates the first, thus we get:

16- K 4. K?
e[ ()]

We start by outlining the main points of the proof. We use the empirical estimate of the collision probability, p, generated
by counting the number of collisions occurred during ¢ rounds divided by ¢, in order to extract the empirical estimate of
the number of players, N*. We then show that in order for the estimated number of players to be correct, the difference
between the empirical estimate of the collision probability, p, and the true probability, p, needs to be smaller than some
value, which we denote €;. We then use Hoeffding’s inequality to upper bound the event that p is farther than ¢; from p
after ¢ rounds of exploration, and find the value of ¢ that is ensures this probability is smaller than §. Taking the number of
exploration rounds, 7§, to be greater or equal to this ¢, will give us the correct estimate of the number of players. The last
segment only simplifies the expression of €; to a more readable term.

A.1.2. PROOF OF LEMMA 3

We now turn to the detailed proof. Fix some player ¢, and let C; be the number of collisions observed by the player until
time ¢. Also, let p be the true probability of a collision, when IV players are choosing arms uniformly at random among K
arms. The probability of a player not experiencing a collision is

K
Pr (no collision) = Z Pr (choose arm j) - Pr (no other player chooses arm j)
j=1

Thus the probability of a collision at any round of learningis: p =1 — (1 — ?)N_l. Note that p < 1 for any NV, K > 0.
Inverting this equation, we get

log(1 —
_ log(1-p) Ii) +1.
log (1 - %)
Therefore, if we let p; := % be the empirical estimate of the collision probability after ¢ rounds, it is natural to take the

estimator defined as

-4 t=Cy
N* = round M+1 = round M+l
log (1 - %) log (1— &)

Our goal will be to show that when ¢ is sufficiently large, N* = N with arbitrarily high probability. Specifically, we
t—Cy

will upper bound the probability of the estimator 10‘2217‘1; + 1 being far from the true value N (which also includes the
g\t~ x

unlikely case C; = ¢, in which case the estimator is infinite).

Recalling that N = % + 1, and the definition of N*, to ensure that N* = N it is enough to require
og\l7x

log(1—p¢)  log(l—p)
log (1 - %) log(1- %)

for some v < 1/2, which is equivalent to requiring

<7

s (5)

1

< ~.
og(1- )|~
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Let 5 denote the actual difference between p, and p, so that p; = p 4+ 3. Therefore, the above is equivalent to

log (7lfffﬂ)
< —— ) oy
log (1 - %)

1 1—-p— 1
< ~log <1—K) <log (1]ipB> < —vlog (1—K>
1\" 1-p-8 1\
_ < Y "~ _
= (%) =57 (%)

= (1—p)< —;)7<1—p—ﬂ<(1—p) (1—;(>W

— —1+p+(1—p)< —[1(>W<—/3<—1+p+(1—p)<1—;()7
= 1—p—(1—p)< _Il()vgﬁﬁl—p—(l—p)(l_[1(>v

e ) e -6)

Therefore, if we can ensure that |p; — p| < €, where

el mm{ (1-p)- (1 (1;1(>> 1= (; <1fl<))‘}

for some v < 1/2 (say 0.49), we get that N* = N as required. If ¢ is sufficiently large, this can be done using Hoeffding’s
inequality: p; is an average of ¢ i.i.d. random variables with expectation p, hence with probability at least 1 —9, |p; —p| < €;
provided that ¢ > %.

)

We now replace the expression of €; above, which is a bit unwieldy, with a simpler lower bound (where we also take

~v = 0.49). First, plugging in the expression for p, we get
. 1\ V-1 1\ 049 1\ V-1 1049
elmm{ <<1K) ~<1<1K) , <1K) . 1<1K)
1\ V-1 1\ ~049
=—||1-= f1-11-=
(GO CON)

We first lower bound the first expression:
, 1 K—1 , ) 1 —0.49 . 1 , , 1 —0.49
K K ~ exp(1) K

) 1 N-1 ) 1 1 —0.49
K K
We use a Taylor expansion to lower bound (71 + (1 - %)70'49): Considering f(x) = (—1 +(1- x)70'49), the first
derivative is f'(z) = 0.49 - (1 — )~ "* and the second derivative of f(x) is f”(z) = 0.49-1.49 - (1 — )~ >*, which is
non-negative for any € [0, 1]. Therefore, f(z) > f(0) + f'(0) - x = 0.49 - = for any = € [0, 1], and replacing = with
1/K we get that — (1 -(1-% )70'49 > 049

Y

K K
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Similarly, we lower bound the second expression:

(<1;>“-g;1 (%)) = (( 1>”(1<1é>°’”>)
(1) () e (- (-

We use Taylor expansion again to lower bound (1 - (1- %)0‘49). We look at the function: f(z) =1— (1 — z)**°. The

first derivative of f(z)is f'(z) = 0.49-(1 — ) *®" and the second derivative of f(z)is f”(z) = 0.49-0.51-(1 — z) "
Note that Vx € [0,1] : f”(x) > 0. Thus we get: f(z) > f(0) + f'(0) - * = 0.49 - z. Thus the lower bound is again:

(=P (1-0=-9")| 2 228y

Combining the above, we showed that

) 0.49 <
b= exp(l)- K —

01
=

log( &
Taking this value for €1, we get that if we run the learning phase for [ gz(i? )-‘ rounds, then w.p. > 1 — Jo, we have that
N*=N.

A.1.3. PROOF OF LEMMA 4

We begin with stating the main ideas in the proof: We calculate a lower bound on the probability for any player to become
fixed on an arm at any round after the beginning of the musical chairs subroutine. We use this probability to get a bound on
the expected time it takes any player to become fixed. We then calculate the total expected regret accumulated by players
during this time.

The proof proceeds as follows: we remind the reader that the musical chairs phase is when a set of IV players who, with
high probability, have learned an e-correct ranking each choose an arm uniformly at random from the best N arms and
stay ’fixed* on that arm until the end of the epoch or game. Thus once a player has ’fixed*, the only case in which she can
contribute regret is if another non-fixed player collides with her.

We will denote by N to be the number of players starting the musical chairs phase. let r be the number of rounds since the
start of the musical chairs phase (i.e. when the musical chairs phase starts, » = 0).

Denote by T’ the time it takes for one player running the musical chairs subroutine to become fixed. We will first bound
Ty.

N,,, will denote the maximum number of players (if the game has a dynamic player setting rather than static).

We start by fixing some player who is running the musical chairs subroutine. We will denote by v, the number of players
that entered late and are not running the musical chairs subroutine, rather they are choosing arms uniformly at random. For
any round ¢ after the musical chairs phase begins the probability for this player to become fixed is at least:

1 X 1\N-1 ' 1 vt> 1 X 1\ N1 X 1\ Nm—N
N N K - N N K

In the above expression the first term is the probability that the player we are considering chooses the specific arm in
the summation. The second term is a lower bound on the probability that all players who are running the musical chairs
subroutine and are unfixed do not choose that specific arm since the actual probability is (1 — %)NT, where N, is the
number of player remaining unfixed, which is greater than or equal to (1 — %)N . The third term is a lower bound on the
probability that all players who entered late in the epoch, who choose arms from all K arms uniformly at random, do not
choose the specified arm. In the static setting this term would be 1.

all unfixed arms

We use the convention that (1 — %)N —! equals 1 when N is 1 since in this case the probability that the specified player

becomes fixed is 1 times the probability that no new player (who is exploring randomly) chooses the last unavailable arm.
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We continue bounding the probability that at any round ¢ some player running the musical chairs subroutine, who has not
fixed already, becomes fixed:

1 1fi N-1 lfi NmfN>i 17i N-1 17i Np—1
N N K =N N Non

In the above inequality we use the fact that NV,,, < K.

Now we use the fact that (1 — 1)1 > ex;(l) for 2 > 1 to get that

LU R S AU U S B |
N N Np, “exp(2) N

Now we have established that for any player running the musical chairs subroutine, who has not become ‘fixed’ yet, the
probability, at any round £, to become fixed in the next round is at least ﬁ . % So for any player, from the moment
they begin running the musical chairs subroutine the expected time it takes to become fixed is at most the expected number

of times flipping a biased coin with probability m - %, which is exp (2) - N.

Thus the expected time it takes any player to fix is at most exp (2) - N.

Notice that after the learning phase in every collision there is at most one fixed player. The regret, at any round after the
learning phase, is bounded by two times the number of unfixed players. Therefore the total regret accumulated due to any
player running the musical chairs subroutine is bounded by two times the time is takes her to ‘fix’. Denote by T} the time
it takes player ¢ to ‘fix’ on an arm. The total expected regret accumulated by players running the musical chairs subroutine

is: <E {Zf\;l 2- T}] Each player running the musical chairs subroutine can only contribute at most 2 to the

Let r; ; be an indicator variable which equals 1 if player ¢ incurred regret at round ¢ and 0 otherwise. We will denote by
F C [N] the set of players who started running the musical chairs subroutine and fixed on an arm and by U C [N] the set
of players who have not fixed yet.

We will now bound the expected regret due to players running the musical chairs subroutine. Notice that we do not include
any regret due to players who entered late and are randomly exploring.

N T T
Z Z Tit SE Z Zri’t—'_zrjvt

i=1t=Tp+1 t=To+1i€U jJEF

SE[ S St S 3 2-Zm]

t=To+1icU icU t=To+1 ic€U

<E

<E

<E

T
Z 2-N- Iplayeri not fixed at round t]

T
Z 2 Z Iplayer 1 not fixed at round t] <E
t=To+1

t=Tp+1 ieU
<2.N-Ty

where the third inequality (3 jer Tit <3 scu Ti,t) is due to the fact that > jer Tit is upper bounded by the total number
of collisions at round ¢ (since there can only be one fixed player per collision) and the total number of collisions is upper
bounded by > .y 7 ¢-

In conclusion, we have that the expected regret due to players who run the musical chairs subroutine is < 2 - T - N =
2-exp(2) - N?
A.2. Analysis of DMC algorithm

Let T denote the epoch length, Ty = E[F] < exp (2) - Ny, be the expected time it takes any player to fix on an arm
during the ‘Musical Chairs’ period, C' = Ty + T, and N, be the maximum number of active players at any given round.
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A.2.1. PROOF OF THEOREM 2

At a high level, the proof of this theorem proceeds as follows: We take the bound we get from Lemma 1, and find the
optimal epoch length 77. This optimal value balances the regret due to random exploration that occurs in each new epoch,
and the regret due to entering/leaving players that cause regret during the epoch, before restarting the MC algorithm.

Using lemma 1 we will now compute the optimal epoch length, T4 .

We have that the expected regret is

T
1
T
§?~(K-(To+2-Tf))+e~K(T1—To)+l(T1—To)
1

We differentiate with respect to 77 and set equal to zero to find the optimal value of T} (up to rounding):

T1_{ %LQW and since e + | < x we take T} = W

Note that we require 77 to be greater than 7} (the epoch length must be at least as long as the learning period ) . Thus if
the optimal 77 is less than T}, we set 1 = Tj.

Plugging T} into the regret bounds yields that the expected regret is < O (Tll To+x- T1) where
Th'=0 ( Tloi(T)) and Ty = O (log (T)).
Thus we get that the expected regret is < O <T1T log(T) +x - 4/ Tlog(T))
/ o%(T) x
= T log(T log(T
=0y ton(m) 0D ) 0 (VT by Tt

=0 (\/ Tx) where the O hides logarithmic factors in x, T, and x is an upper bound on the number of players entering

and exiting.

A.2.2. PROOF OF LEMMA 1

We start with an outline of the proof: we sum all sources of regret: regret due to random exploration and fixing stage in
each epoch, regret due to leaving players that might leave high ranking arms unexploited, and regret due to entering players
that explore and cause collisions. We then use the lemmas used in the proof of the MC algorithm, with a slight change in
the probability of error, to account for the fact that we want to be successful in all epochs. This gives us the bound on the
total expected regret.

We now turn to the detailed proof. We start by noting that the number of epochs is at most [Tll], and we compute a bound
on the expected regret per epoch and sum over the epochs using the linearity of expectation.
The regret per epoch is composed of three terms:

e Regret due to learning and fixing on an arm
e Regret due to entering players

e Regret due to leaving players
We will now compute each of these terms.
Regret due to learning and fixing on an arm For each epoch, we have at most IV, players who are learning for

Tp rounds and fixing on an arm, each one taking Ty rounds, in expectation. For every given round of learning or
fixing an upper bound on the expected regret is IV, since the best expected reward minus the worst expected reward is
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less than 1. Also, as shown in lemma 4, the expected regret due to players who run the musical chairs subroutine is at
most 2-exp (2)- N2, = 2-Ty-N,,. This means that the total expected regret for this term, per epoch, is < N, -(Tp + 2 - T).

Regret due to entering players We remind the reader that players cannot enter during the learning period. Since a newly
entered player learns until the end of the epoch she contributes at most 77 — T} regret due to learning. During this time
period the player may also collide with other players who are already fixed or collide with players who have not finished
fixing after the expected time it takes to fix. A newly entering player can collide with at most 1 other fixed player. Since we
already count the regret of a any round of a non-fixed player as regret we only need to add regret added due to collisions
with fixed players. Thus the total regret a single newly entering player can contribute is 2 - (T} — Tp) and the total regret
due to all newly entering players is at most e;-2-(T; — Tp) per epoch, where e; is the number of players who enter at epoch i.

Regret due to leaving players We remind the reader that players cannot leave during the learning period.

Every player that leaves can contribute at most 1 regret at each round, since in the worst case this player causes the best

arm to remain unused during the fixed period. This would mean that for every player that leaves, per epoch, we have at
T

most 77 — Ty added regret. Denote by [; the number of players that leave during epoch ¢ (ijl l; = 1). For all players
that leave in epoch ¢, this amounts to having an added regret of I; - (71 — Tp).

Now summing over the all epochs we get that the total expected regret of the DMC algorithm is:

S

< (N - (To + 2T¢) 4+ €; - N, (Th — Top) + 1; (Th — Tp))

=

(N (To +2Tf)) + € - N - (Ty = Tp) + 1 (T — To)

[
SHs

For the regret bound to be correct, we need to ensure that players learn an e-correct ranking and correctly estimate the
number of players at every epoch. By using lemma 2 and lemma 3 with confidence parameters set to 57+ T, and taking the
union bound over all epochs, we ensure that with high probability the players learn the true rankings and estimate the
number of players correctly at each epoch, and thus we get that w.p. > 1 — § we have that the regret bound holds. For this
reason Tj includes a log (T') factor, as stated above.

Notice that letting Ty = {max (16 K . In (%) ,50 - log (

2.T

))-‘ is only possible if one knows N,,. If N,, is

3 ))1 and the lemma holds

. . 2
unknown, then one can increase T} and set it to Ty = [max (16 ln ( 5 ) ,50 - log (1_7
2.-T

since we assume that V,,, < K.

A.3. Analysis of scenarios from section 4
A.3.1. PROOF OF THEOREM 3

We will denote by p; player i for i € {1,2} and the highest ranked arm as a;. In a nutshell, the argument goes as follows:
We show that the probability that ps does not ever learn the ranking of a; in rounds [[%1 , {% +f- T1 |, and that p; stayed
on arm a; during rounds [| T |, [Z]], is at least some constant b, not dependent on 7. As a result, from time [ + f - T'|
onwards, the exploration probability of p will be at least ex (f - T') = % ( this is because p, has played for at
least f - T rounds ) . Thus the expected time for ps to explore a1, given that she does not rank a; highly enough to exploit
it,is > — (fT) = Q(T). So the expected regret willbe > b- Q(T) + (1 —b) - 0= Q(T).

Denote by A the event that p, never learns a4 in rounds [L%J, [% + fT]. Denote by B the event that p; does not leave
a1 inrounds [| £ ], [Z]]. Since Pr (A A\ B) = Pr (A|B) - Pr (B) we will lower bound both of these terms, Pr (A|B) and
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Pr (B). We start by lower bounding Pr (B):

T T
Pr (p1 leaves a, at least once during the rounds LZJ’ (]) <

2
3] 41 ,
K
Z Pr (p1 explores at round t) = Z d2(;( o
t=1%] orr S
[

Thus Pr (B) > 1 — 565

We now compute a lower bound on Pr(A|B), the probability that p, does not learn the ranking of a; in rounds
[[Z],]% + f-T]] given that p; never left a; during the rounds [[ ], [Z]]:

Pr (A|B) = Pr (po learns a; inrounds [[Z], [ + - T1]|B)
< Pr (p has one successful sample of a;|B)

= Pr (py samples a; and p; is absent| B)
< Pr (p1 is absent at some round in HT

7[5+ T]IB)

vl

+
g
!

(]

3
Il
[N

Pr (py left ay for the first time at round n, and any number of times afterwards| B)

Denote by A,, the event that p; leaves a; for the first time since round (%] at round n and by B,, the event that p; has not
left a1 from round [Z] until round n — 1.
So we get:
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[5+fT]
Pr (p learns ay inrounds [[Z],[£ + f- TT)|B) < Z Pr(A,|B)
n=r%]
[$+fT]
Z Pr (p; leaves due to exploration at round n|B,,, B)
n=1%
-Pr (B, |B) + Pr (p; leaves due to a collision at round n|B,,, B) - Pr (B,|B)
[E+fT]
< Z Pr (p; leaves due to exploration at round n|B,,, B)
n=1%1
+Pr (p1 leaves due to a collision at round n|B,,, B)

* z i (= (104
rTif:ﬂ i +QL%J<%H'T1 A SN Y
Sy #E=Den i SRR

-9 (:ngf T_:2F>' 2 (;I_(j) §+O‘L4J>
29.22'.[((;3'1];4_9 f-T alt!

g is a constant that when multiplied by (% +f-T- %) ensures that these numbers are whole numbers.
The inequality labeled * is due to the fact that since it is given that p; always exploited arm 1 from rounds L%J to [%] then
she would have a persistence probability > 1 — alTl,
This fact can be seen from the following calculation:
pri=prat(l-—a)=(p-1-a+(l-a))-a+(l-0a)
=p1-d+(L-a)(a+1)=(p2-a+(l—-a) -’ +(1-a)(a+1)
=p2-a®+(1-0a) (®>+a+1)
Which implies that if p; did not leave a; from round | Z | until round [Z] then the persistence parameter of p; at round
[Z] will be przy = p| .aL%J T (1_a) . (1+a+a2+_,_+al%*1) =pz)-alfl 4+ (1-a)- ST

1

Thus we see that the probability that p» does not learn a; in rounds [[%1 , {% + f- T]] given that p; did not leave a; in

rounds [ 5], [$1)is = 1~ (525 + /- T+ alH).

We will now show that this is lower bounded by some constant, not dependent on 7', by showing that:

Pr (p, learns a1 inrounds [[Z], [£ + f- T]) <  and thus:

Pr (pg does not learn a; in rounds H%W , {g +f- TH) > %

We will now show that either the following two statements are true, in which case we have shown that the probability of

p2 not learning a; is greater than some constant, or they are not both true and the MEGA algorithm will have linear regret
due to other reasons, inherent to the algorithm:

cK22.f
* Fr-n =

1
1
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xr
4

o f-T-a71 <

1

1

These two statements depend on the choice of parameters of MEGA: ¢, d, a. For the first statement we show that if these
parameters are chosen in a way which contradicts the inequality, then the MEGA algorithm results in linear regret, thus
satisfying the main claim in any case. The second statement is true by assumption.

We start with the first statement:

K22 f 1
da2-(K—1) <3
2
For this to be true we need: f < %. At the same time we want f large enough such that f - 7" > X for some

2 . . .
constant X > WKA) to ensure that the exploration coefficient for p, will be less than 1 when p; leaves.

2
If we have an f such that: % <f< (K1) then we are done. If we cannot find such an f then we are in the case where:

R ( ) 8-c-K?
d?(K—1 X
FoRT ST .

; e 12 o 8 K2 X T-d* (K-1)
This happens if: d° < ety Or ¢ > —SRrx
We note that on those two cases the regret will be linear due to exploration, since:

2 « 8:cK*X <« T .. — c- K2 > c K2 - _T - T _
Ifd S ®K-DT then V¢ >Sgx ¢ €t E(K—-1)t = ‘?(KS,Cl)KrI?(Kfl)t X1t Z nglx 1.

A2 (K—1) -2
T-d* (K-1) T .. _ __ cK? T KR T _

fe> Fxrex then Vi < g% 6 = i 2 —F (oDt — %% = X I T L.

Thus, in both cases, players will be exploring for at least 8%( rounds, resulting in linear regret.

T
1

We now consider the second statement, i.e. : f -7 - a7 <

1
4
1

47T
1 as T — oo. Thus for any reasonable choice of «, the expected regret is Q2 (T') and when « is not in this range, i.e.
very close to 1, then p will hardly deviate from py which means that during a collision event both players have the same
chance of not persisting and making an arm unavailable. This will make the unavailability mechanism not functional, and
moreover, it will cause more collisions by forcing the players onto the second arm. For clarity we use a weaker bound on

aa<l-— %;UT). ‘We show that this is weaker:

4
Note that for this to be true, we need: o < M% = a < ( ) " . This value is very close to 1, and approaches

1 T

4fT

4

= exp <1og(4flT) . T> = exp <—log(4fT) : ;) >1—log(4fT) -

S|

Thus, by assumption, the second statement is true as well.
Thus we have shown that Pr (A A B) > 1 - (1 - %) So the expected regret of the MEGA algorithm is (7") w.p.

> % . (1 — %) This is true since it would take €2 (T") rounds, in expectation, for player 2 to learn the true ranking

of arm 1 after player 1 has left the game. The upper bound for the DMC algorithm calculated in the dynamic setting is also
an upper bound for this scenario taking = = 2 which yields an expected regret < O (ﬁ )

A.3.2. PROOF OF THEOREM 4

We will first give a sketch of the proof: we use the scenario described in (Avner & Mannor, 2014), where a player leaves
after the system has ’stabilized’. They provide an upper bound on the added regret caused by the exiting player, on top of
the regret caused by other sources. We use this bound in order to calculate the added regret cause by a stream of exiting
player, each leaving after the system has ’stabilized’. We compare this bound to the bound of the total expected regret of
the DMC algorithm in that scenario.

We now continue with the formal proof. Since one player leaves every X = (2 - r) - [T*] rounds, the rounds at which a

player leaves are: 0 - [T*],2- [T*],4- [T*], ..., ([%1 - 1) - [T*]. (Avner & Mannor, 2014) present a case in which

only one player leaves at round ¢, and causes an added regret of ¢”. They show that for the scenario of one player leaving,
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this is a worst case regret bound. We sum over half the total rounds to avoid concerns of counting regret of the last round.
Using this bound of 7 we get that the total added regret due to all of the players who left is at least:

%(2:;“} 8 %'2-:;0\ 8 %'2,1;»\
@[> Y (2T =128, B
=0 r=0 r=0
1 T
22X 1 1 TB+1
> TP 20 T By = TN 9B . .
=T -2 /r:0 rPdr =T 2 571 PO G
= L CTABABHLI-AB—X _ I p1-0—8)
So we get that:
1 1-(A-B)
Rinega (T) 2 22575 1

(B+1)-26+2

Thus the expected regret of the MEGA algorithm in this scenario is at least min{7, W - T1=(A=5)1 since regret
cannot be larger than linear. Notice that this bound does not include any regret due to learning, collisions, and other sources
of regret.

We will compare this bound with an upper bound of the DMC algorithm for this scenario.

In the analysis of the DMC algorithm in the dynamic setting we calculated regret when at most x players enter or leave. In

this case we have % players leaving or entering. Thus the regret bound is O (\/x ) =0 ( T%) =0 (Tl’%).

B. Supplementary Figures
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Figure 4. A graphical illustration of theorem 4: comparison of regret bound. The red line represents the exponent min{1,1—(A— )} in
the regret upper bound for the MEGA algorithm, as a function of A\, where we use 8 = % the value recommended in (Avner & Mannor,
2014). Note that the dashed red line is a region not covered in the MEGA algorithm analysis, but the regret is trivially at most 7". The
blue line represents the regret exponent 1 — % of the DMC algorithm, as a function of \.
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Figure 5. Static setting: average regret after 50,000 iterations
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Figure 6. Generalized case 1: A generalization of the scenario presented in theorem 3, section 4, for multiple players. The game starts
with one player and every T°-3* rounds another player enters, until the number of players reaches 4. Then after another 7°-3* rounds,
the first player leaves. Rewards are chosen deterministically. There are 10 arms with a gap of 0.7 between the expected reward of the
N and N 4 1*" best arm, and T} was set to 167, 845. The black dashed lines represents players entering and the green dashed line
shows when the first player exits.



