Beyond squared log(T) Regret for Decentralized Bandits in Matching Bandits

A. Sub-Routines used in the Algorithms

Algorithm 3 INDEX-ESTIMATION()

: Index <~ N
cArm< 1
cforl1 <t< N-1 do
Play Arm labeled Arm
if Matched AND Arm == 1 then
Index 4+t
Arm <+ 2
end if
end for
: Return Index

—_

R e A A R

—_
=]

In Algorithm 3, we give a simple algorithm by which every agent in a decentralized fashion, can estimate an unique rank. As
the arms are labeled, the agents agree to the protocol, that at the beginning of the game, they will play arm labeled 1, until it
gets matched for the first time. The index of the agent is the time at which it matches with arm 1. Subsequently, the agent will
play arm 2 in the remaining time. Thus, the id estimated by an agent is its relative rank at arm 1, i.e. Index(j) = rank(j, 1)
which is unique among the agents as for any arm there is no tie in its preference.

Algorithm 4 COMMUNICATION(, O;[i]) for Agent j

1: Input: Phase number ¢ € {1,2,...,}, and max played arm O; ]
2: fort =1to NK —1do

3:  if K(Index(j) — 1) <t < KlIndex(j) — 1 then
4: Play arm P;(t) = (¢t mod K) +1

5: if Collision Occurs then

6: C+ CU{P;(t)}

7: end if

8: else

9: Play arm P;(t) = O,][i]

10:  endif

11: end for

12: Return C

Algorithm 4 allows each agent j to learn the dominated arms — the arms which are most played by at least one agent
j' # j such that 5’ >0, J- We argue that if there exists such an agent j' then C > Oj[i]. Assume an arbitrary such
agent j'. At the time ¢t = (K (Index(j) — 1) + Oj/[i] — 1) the agent j” and j plays arm O [¢], but agent j collides as
7 >0,,[i) J- This ensures C C {0;]1] = ' >0, J}. Also, if there is no j’ such that j’ >0,,[i) J» then there is no collision
during K (Index(j) — 1) < t < Klndex(j) — 1 when C is updated (there can be collision in other times). So we have
C={0i]:j >0, J } which proves the correctness for the Algorithm 4.

Algorithm 5 GALE-SHAPELY at the Agents

—_

: Input: The preference over arms for all agents, the preference over agents for all arms
P; < —1, for all j. {All agents are unmatched to begin with}
while 31 < 57 < N, such that P; = —1, i.e., there exists an un-matched agent do

for 1 < N in parallel do

Agent j proposes to its highest ranked arm that has not yet rejected it.

end for

An agent is matched to its arm if and only if it is the highest ranked agent proposing to the arm at time ¢.
end while
Return C
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In Algorithm 5, first introduced in (Gale & Shapley, 1962), is used as a sub-routine in Algorithm 1.

B. Additional Related Work on Multi-Agent Bandits

A popular line of work in competitive multi-agent bandits (as in this paper) is the colliding bandits model, where if two
or more agents play the same arm in the same round, then all of them get blocked. Such models study spectrum sharing
in wireless networks (Kalathil et al., 2014; Rosenski et al., 2016; Bistritz & Leshem, 2020), and recently sophisticated
centralized and de-centralized algorithms were developed to obtain the right O(log(T')) regret (Boursier & Perchet, 2019;
Mehrabian et al., 2020). Our model fundamentally differs from the colliding bandits, because if multiple agents play the
same arm simultaneously, one of them receives a reward while the others do not. Thus, the developments therin (Boursier &
Perchet, 2019; Mehrabian et al., 2020) are inapplicable to our problem. From an application side, bandits have been used for
resource allocation in networks (Darak & Hanawal, 2019; Larrnaaga et al., 2016; Avner & Mannor, 2016). This line of
work does not fall under our matching bandit model and are mostly centralized systems. Another related line of work is that
of collaborative multi-agent bandits, where agents are not competing for resources, but aim to maximize group reward by
minimal communications (Kolla et al., 2018; Chawla et al., 2020; Sankararaman et al., 2019; Buccapatnam et al., 2015;
Landgren et al., 2021; Dubey & Pentland, 2020). In a recent work, (Dai & Jordan, 2020) consider the problem of preference
learning in decentralized matching markets. In their setup, arms have a noisy preference over the agents and the goal is to
learn this preference via repeated interaction. The authors provide an algorithm that asymptotically converges to a matching
that is stable and fair. Although related, the model and the goal of the problem is significantly different from that considered
in this paper.

C. Proof of Theorem 1

Proof of Theorem 1. We use the Hoeffding’s bound and linearity of expectation to establish this result. We collect some
useful observations from the description of the algorithm.

* The total number of phases until time 7 is at-most [log,(T)] + 1.
. .. (1'71)1"'E .
The total number of explore samples by any agent after the explore part of phase i is at-least “— = —

« Each agent experiences no more than N2 collisions in a phase.

The first point follows from the fact that phase 5 lasts for 2¢ rounds. The second point follows from the fact that in any phase
1. the first ¢ rounds are used for exploration. The last point follows from classical results on Gale-Shapley matching, which
takes at-most N2 rounds.

In any phase 7, denote by the event &; to be the one in which, every agent correctly estimated the ordering of its arms, at the
end of the explore portion of phase ¢. The following two propositions help us prove the regret bound

Proposition 1.

[logs (T)1+1 1
. i 1 T +2 +e
RY < 2P(£8) + K% + (N2 + K)(logy(T) + 2).
=0
Proposition 2.
~_1)1+e A2
Pl < 2N K _(G=bT ) AT . 1
€8 < avien (- (U5 -0) 5) m

Before giving the proofs of these propositions, we show how these aid in bounding the regret. Denote by ia as

. s (7;_1)1-&-8_' A72>
iA :=min< u: Vi > u, T 7 1 >

It is easy to verify that

in < <8>E4lf. @)
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Now, from Propositions 1 and 2, we get the following

' Mog, (T)]+1 . (i—1)l+e _;)a2 1 T 2 1+e
RY <aNK Y 2 (o) +K%+(N2+K>(logzm+z)- 3)
i=0

From the definition of 75, we have

[log, (T)]+1 2((1‘,71)1+E

Sl T\ i>ﬁ<221+2(>

1=0 >0
S LS —— @)
e—2
Substituting Equation (4) into Equation (5), and bounding i with Equation (2), yields the result. O
Proof of Proposition 1.
R(J) Z ]P)
ﬂogz(T 1+1 2f
< Z ZIP’ (max(T,n + 2" — 1) # k],
() ﬂogz( )Hl KU 1+N? 2!
< oo+ Y pEY|,
1=0 n=1 n=K|i¢|+N2+1
[og, (T)1+1 Mogy(T)1+1
< Y (KE+D+NH+ Y 2pef),
i=0 i=0
Mog,(T)1+1 Mogy (T)]+1
< / (Kif + K +N%)+ > 2P[el],
=0 i=0
[log, (T)]+1
1 T 2 1+e .

< kLB MED T (N2 g 1og,(T) +2) + 2P (ED).

a l+e =0

In step (a), we use the Gale Shapley property, that if all agents correctly estimate their arm-ranking, then all agents will play
the agent-optimal stable match arm in the exploit part of the phase (after accounting for the at-most N2 rounds needed for
the Gale-Shapley matching to converge). O

Proof of Proposition 2. A sufficient condition for the event &; to hold, is if all agents, learn of all their respective arm-means,
to a resolution of within A /2. This will automatically imply that the empirical rankings of all agents will be identical to the
truth. For notational simplicity, denote by ijk(") to be the empirical mean of arm k, computed by agent j, using all the
explore samples upto and including phase i. We have from definition of &;,

N K ‘ A
> (VN {id - wal < 5 -
j=1k=1
Thus, we have from the union bound that
N K A
PEf <Y S P [|ﬁ§§3 — el > 2] 5)

~(i) . . . i—1)tte L .
Since uglk) is the empirical mean estimated using at-least @ 11425 — ¢ 1.i.d. samples, we have from Hoeffding’s bound

(i A i— 1)\ A?
P{|M§-;3—Mjk|22]§2€><p<—2((1+>5—l> 4>- (6)

The result follows by substituting Equation (6) into Equation (5). O
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D. Proof of Regret Upper Bound Under SPC Condition
D.1. Notation and Definition:

We next set up the notations required for the proof of the main results. We denote by N the set of natural numbers and by R
the set of non-negative real numbers.

Ranks: We define by >, the preference order (a.k.a. rank) of arm k, for any arm k € [K], where if j > j’ then arm k
prefers agent j over agent j . Recall, under the SPC condition we assume the common order (among agents and arms) is
identity without loss of generality, for the ease of exposition.

Phases: Our algorithm works in phases. By S; we denote the starting round for phase 7. We have S1 =R+ 1andfori > 1,
Si=R+ Zz;ll (C+2°7Y = R+ C(i — 1) + 2%, where R is the time required for the Ranking period which runs once
in the beginning, and C' for the communication phase which is used each phase once.

Arm Classification: For each agent j, let the set of dominated arms be D; := {k}, : j' = 1..., j — 1} the stable matching
arm of the agents ranked higher than j in the SPC order. Further, for each arm k ¢ D;, we also define the blocking agents
for arm k and agent j as B, = {j’ : ' > j}, the set of agents preferred by arm & over agent j. We define the arms as
hidden arms H; = {k : k ¢ D;,B;, # 0}.

Gaps: Let the stable matching pair of agent j be arm k7 for any j € [N]. Let Ay, = 5, — fjk> be the gap forarm k € [K].
Let Apin = min;p{Aj;x : k ¢ D; U k';‘} Recall our assumption that, for every agent, no two arm means are the same
implies that A,,,;, > 0, is strictly greater than 0.

Number of Plays and Attempts: For each agent j € [N] and arm k& € [K], denote by N;;(¢) as the number of times
agent j has successfully matched with arm & (i.e., without colliding) up to time ¢ for any ¢. For all ¢ > 1, we denote by
Nji[i] = Njr(Si+1 — 1) to be the same quantity as above at the end of phase . We denote by I;(¢) € [K] U () as the arm
sampled by agent j on round ¢ (here I,(t) = () denotes the agent j collides in time ¢). Let G} [i] denote the set of globally
deleted arms for agent j at the beginning of phase , and L, [i] denote the set of locally deleted arms for agent j at the end of
phase 7. We note that N, I;(t — 1), G;[i], and L;[i] all are random variables adapted to the filtration constructed by the
history of agent j at different points in time.

Critical Phases:

* The phase i for agent j, for some j € [N], is a Good Phase if the following are true:

1. The dominated arms are globally deleted, i.e. G,[i] = D;.

2. Foreacharm k ¢ D; U k} (not globally deleted), in phase ¢ arm k is successfully played (a.k.a. sampled) by agent

j at most 1AOZ ' times.
ik

3. The stable match pair arm k7 is sampled the most number of times in phase i.

The good phase definition is identical to the definition in Sankararaman et al. (Sankararaman et al., 2021).

* We further define a phase ¢ for agent j, for some j € [N] to be a Low Collision Phase if the following are true:

1. Phase ¢ is a good phase for agent 1 to j.
2. Phase i is a good phase for all agent j' € Upcyy, Bji-

For notational ease, let I [, j] be the indicator that phase 7 is a good phase for agent j. Similarly, let I¢[é, j] be the
indicator that phase 4 is a low collision phase for agent j.
1

eti; = — ) f—i— . We define the Freezing phase for each agent j as the phase on and after which a
Let i N1A107’“1Wdﬁ he Fi phase f h ag he ph d after which all

min

phases are good phases for agents 1 to (j — 1).

(G—1)

Fj=max | iy,min [ {i: [] []Teli’,5] =1} U{oc}

§'=1 i'>i
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Further, the Vanishing phase for each agent j as the phase on and after which all phases are low collision phases for agent j

V; = max | iy, min | {i : [[Tecli’, 5] = 1} U {oo}

i'>i

It is easy to see, that F; = max (Fj : 1 < j' < (j — 1)) and V; = max (Fj11, Uren, Ujres,, Fj) from the definition of
low collision phase.

D.2. Proof of main result

We begin the proof with the simple result that arm j and agent j form a stable match pair for any j < N

Proposition 3. If a system satisfies SPC then k% = j for all j € [N]. Furthermore, if a system satisfies a-condition then we
have ki = j forall1 < j < N, and j,, = Ay, andk:j‘j =ajforalll <k,j <N.

Proof. We note for the SPC condition, for j = 1 we have ;> pyy for all £ > 1 implying k7 = 1. For j = 2 we see
porg > pog forall k > 2. So k3 € {1,2}. But kj = 1, thus k5 = 2. This logic can be extended to prove that for all
1<j<NEkj=j. O

We now prove that under low collision phase there is no local deletion for agent j in the following lemma.
Lemma 1. Ifa phase i > i1 = min{i : (N — 1) 10'” - < B20=1Y, is a Low Collision phase for agent j, for any j € [N],
then L;[i] = 0.

Proof. As phase ¢ is Low Collision we know phase 7 is good for the agent j. Therefore, the arms k£ € D; are deleted in the
beginning of the phase and no collision is encountered. So Vk € D, k ¢ L;[i].

Further, as phase i is a good phase for all agent j" € Ugey, Bji. (by deﬁnition) for each k € H; the maximum number of
collision (N — 1) 1071 This is true as in a good phase any agent j' € B, plays k at most 10” times as k ¢ Dy U k7,

i

Therefore, for i > i; we have local deletion threshold 520~ > (N — 1)%. Thus, V& € H],k ¢ L;li].

min

Finally, for each arm &k ¢ #; U D;, we have for all agent j' # j, j > j. Therefore, Vk ¢ H,; U D;, there is no collision
experienced by agent j. Therefore, k ¢ L;[i] and we conclude that L;[i] = (). O

Lemma 2. Ifa phase i > iy (i as defined in Lemma 1), is a good phase for all agents 1 to (j — 1), for any j € [N], then
k¥ ¢ L;[i].
J J

Proof. Due to SPC we have j > j' forall j* > j. Therefore, the arm k7 can be locally deleted (k} € L;[i]) in phase i
only if the total collisions from agents 1 to (j — 1) is greater than 7. But the total collisions from agents 1 to (j — 1) is at

most W as phase i is a good phase for all agents 1 to (j — 1). Also, i’ > (N — 1)% for all ¢ > 4;. Therefore, k7
can not be locally deleted in the phase ¢ as mentioned in the lemma. O

We now decompose the regret and provide a regret upper bound.

Lemma 3. The expected regret for agent j can be upper bounded as

E[R;(T)] < E[Sr,] +min(1, 8H; NEISv,] + (K = 1+ |Bjs;

FY Y R (um+ ThouD) + S L (lr) + | FoulD)

kgD, j' By, :k¢D; k¢D; Uk}

) loga(T) + NKEM])

+NK (1 + () + 1)5] )

min



Beyond squared log(T) Regret for Decentralized Bandits in Matching Bandits

Proof. We now decompose the expected regret as follows

E[R;(T)]

\%
SE[Sp]+E | Y Y B2 + (¢jlogy(T) + NKE[F(j41)])
i=(F;+1) k¢D;

+EY D e (Nyk(T) = Nyk(Sy,))
| k¢D; j'€B;:k¢D;

+E Z Ajr(Nji(T) — Njr(SF;))

| kgD, Uk?

< E[Sk,] + min(1, B[H;)E [Sv,] + (¢, logy(T) + NKE[Fij41)])
+ Z Z ,U,k;E [(Nj/k(T) — N]’k(SV7))]

k¢D; j'€Bji:kgD;s
+ D ARE[(Nw(T) = Nji(Sk))]
k¢D; Uk}
< E[SF,] + min(L, B|H;|)E [Sv, ]| + (c; logy(T) + NKE[F(; 1))

+ Z Z Fks (w(’y)A?/k +1+ ﬁ (’y log(T') + /7y log(T) + 1))

k?¢Dj j/EB_jk,Zk¢Dj/

In the first inequality, follows due to the following reasons.

* We upper bound the regret till the end of phase F; by Sr, as regret per round is at most ik < 1.

* Local deletion: Next from phase (F; + 1) upto phase V; (both inclusive), we upper bound the regret due to collision
by Z;Z(Fj-i-l) D ken, (201 as in each round 7 at most 52(“~1) collisions are possible when pulling an arm from the
set |7{;| in phase (F; + 1) to Vj. This is true as all the arms in D; are globally deleted from phase (F; + 1) onwards.

* Communication phase: The best arm for agent j is not played in all but (X — 1) number of steps for each communica-
tion phase after phase F; 1, and other agents j' € B, k: collide at most once after phase Vj (as each of them enter good
phase). Thus, beyond phase V; we have at most (K — 1+ [Bjy: |) regret due to collision, and there are at most log, (7')

)log,(T) + NKVj) .

* Collision: From phase (V} + 1) (inclusive) onwards only an agent j* € B;j, collides with & only if k ¢ D;/, because
(1) agent j’ deletes all arms in D, from (V; + 1) (inclusive) onwards, and (2) all j' ¢ B;x and j' # j, j > 7’ (agent
j is preferred by k over agent j'). This amounts to Zkgpj Zj,ijk:ij/ pies (Nje(T) — Njie(Sv; ) regret.

* Suboptimal play: Finally, from phase (F; + 1) (inclusive) onwards till the last phase agent j incurs regret A, each

time the agent j successfully plays arm k& ¢ D; U k. Thus she incurs total A (N;x(T) — N;x(SF,)) regret for each
such k.

communication phases. This limits the regret due to communicationat ((K —14|B; ks

The validity of the second inequality is easy to see. We now come to the last inequality. We know that (N;/(T) —
Nj(Sv;)) < (Nji(T) — Njk(Sr,, ) (almost surely) as V; > F)js almost surely from the definition of Vj, for all j' € Bj.
Thus, the final inequality follows by substituting the bounds from Lemma 4. O

We now prove the upper bound on the expected number of times a sub-optimal arm is played by an agent j after the Global
deletion freezes.

Lemma 4. Forany j € [N], k ¢ D; Uk, fory > 1,

E [(Njr(T) = Nyu(S5,))] () 53 + 1+ 53 (vlog(T) + /oy log(T) + 1) .
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Proof. We have forany k ¢ D; Uk} ande >0

T
(Njk(T) = Nju(Sg)) = > I(I;(t) = k)
t=Sp;+1
T
< ¥ (H(ujk(t —1) > e — e A () = k) + Dugps (£~ 1) < pjie — e)) )
t=Sp, +1

The inequality is true because phase (F; + 1) onwards (inclusive) the arm k; is neither globally deleted (by definition of
F}) or locally deleted as shown in Lemma 2. Therefore, we have

{Ij(t) =kAt> SFJ} - {Ij(t) = k/\ujk(tf 1) > Hiks — eENT > SFj}U{Ujk;f(tf 1) < Hiks — eENT > SF7}
Note, before the phase (F; + 1) it is not true that any arm %’ better than k, in particular arm k7, survives the global and local
deletion. The rest of the proof of this lemma is fairly standard. However, we present it for completeness.

We next bound the expectation of the second term in a standard way as follows (c.f. (Lattimore & Szepesvéri, 2020) Theorem
8.1 proof)

T

E[ Y T (t—1) < pjps — o))
t:SFj +1

T
:E[Zﬂ(ujkj(tf 1) S ,ujk.; —€eNt > SFJ)]

t=1
T T
<D0 D Py e+ TRE < s — )
t=1 s=1
T T
<3S o (~31y/Z50 1)
t=1 s=1
T T
<Y T exp(—i5) <v(1)3
t=1 s=1

Here, v() is the Riemann zeta function. Note, the first inequality is valid as

H(ujk; (t — 1) > /,ij;f —eNt > Spj) < H('I.ij]* (t — 1) > /,ij;_‘ — 6) a.s.

Finally, we bound the expectation of the first term also in a standard way ((c.f. (Lattimore & Szepesvdri, 2020) Lemma 8.2))

T

E Z H(ujk(t—l)zujk; —GAlj(t):k)
t:SFjJrl

S

t=1

~ log(t
SE | M(in(t — 1) + ) 7208 > pjps — e AL() = k)]

A
=
[M]=

I(aje( —1) + ?Ji‘ﬁ@) > pykr — e NI(t) = k’)}

(s + /28T > g+ Ay, — 6)]

t=1

IA
S
M=

s=1
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2

gl—&—i(ylog ) + /7y log(T +1)
(Ajr —€)?

We combine the two above bounds and pick e = A j;, /2 (for simplicity, this can be tightened with some effort) we obtain the
following bound for v > 1,

E [(Njn(T) = Nje(S5,))] < w(0) 53 + 1+ 55 (v108(T) + /ey log(T) + 1)
]

We now have to provide an upper bound on the moments of V; and mean of Sr, to complete the proof of the regret bound.
As V; is a function of F}, for j' € [IN] we need to derive bounds for moments and exponent of F;» for all j/. The key idea is
to show that once the Global deletion has settled for agents 1 to (j — 1) (recall the agents are ordered according to the SPC
order) the agent j enters Good phase with high probability.

Lemma 5. For any agent j and any phase i > i* = max{8,i1,i2} and v > 1,
Pllg[i,j] = 0Ai > F; +1] < (K — 1 — |D;]) (1 + 574) 9=ili=1),

where iy = min{i : (N — 1) 35" < 520"V} and iy = min{i : (R -1+ C(i — 1)) < 2"},

m in

Proof. Let us recall that the phase ¢ is a Good phase for agent j if and only if (1) the dominated arms D; are deleted in
global deletion, and (2) each arm k ¢ D; U k} is sampled by agent j at most 10“ tlmes and (3) arm k7 is matched the most

number of times.

Given {7 > (F} + 1)} in phase ¢ condition (1) is satisfied for any ¢ > 1. For ¢ > 41, as in Lemma 1, we can show that
condition (1) and (2) implies condition (3) holds true. So we need to bound the probability that given {7 > F; + 1} the
condition (2) holds. This follows from the properties of UCB as we show below. We have for any j and € > 0,

Pllli,j] =0Ai > (Fj +1)]

<P |Ungm, o {(Njuli] = Njnli = 1)) > W} i > (5 + 1)

< Y BN, <>—mngj(t):kMz(FjH)}

k¢D; Uk
(Sz+1 1)
(1)
< Y Y PN =R At — 1) > (- 1)
kg¢D,;Uk; teS;
(Sit+1—1)
u) .
S PO = R At = 1) = pia; — b U (= 1) < g — )]

kQD Uk:  t€S;

Sit1—1)
Y z [ = L0 gt 1)+ A 1/27115gft)>y]k+Ajke]+

kgD Uk;  tES;

(Sit1—1) t—1

+ Z Z ZP[MM s+\/2710g(t)<uk*—€]

k¢D;Uk; teS; s=1

5 S s o) S (/)

kgzDJuk* tes;

(v)
% 64
< E (Sz+1 Si )2 K (1 + A?k
k}i'D]'Uk?;
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(vi)
S

Inequality (i) relates the event of playing arm £ to the UCB bounds along with the fact that k7 is present after phase
i > (F; + 1). The inequalities (ii) and (iii) follow similar logic as in Lemma 4. Here for inequality (iv) we use large enough

i such that (1 — 4/ %) > 1/2, and for (v) we use small enough € such that ﬁ(% = k) > 1. We also use the

fact S; > 2 for (v). The above are satisfied when € = A, /8 and for all i > max{8,i>}. The latter is true because for
ip =min{i: (R —1+ C(i — 1)) < 2"} we have log(S;11 — 1) <i+2,and fori > 8,1 — /%2 > 1/2. Finally, (vi)
simply uses minimum gap over all arms and agents (for simplicity) and |D;| = (j — 1). O

To complete the proof we need to upper bound of the moments, and exponents of F}; in an inductive manner similar to
Sankararaman et al. (Sankararaman et al., 2021).

Lemma 6. For any j € [N] and m > 1, the following hold with i* as defined in Lemma 5

m . . . . —(v=1)(i* ~2)
B[R] < i+ (= DE)™ + (- DK - 5/2) (1+ 225 ) 220

. . . i . —(y=1)(* ~2)
E[25] <y + (= 127 + (- DK - 5/2) (1+ 24 ) 2005

Proof. Let g : R — R, be any monotonically increasing and continuous (hence invertible) function. We have that Fjy = 3
almost surely by definition (this accounts for the max with ¢; in the definitino of F;). The inductive hypothesis is

Elg(F)] < i1+ (G — Dg(i*) + G = D0 = 3/2) (1+ 28 ) 2t

We calculate the expectation for agent j as

=50
= ;}P[Fj > g ()]

— wz;% (PIF; > g H(z), Fjo1 > g ' ()] + P[F; > g~ ' (2), Fj—1 < g~ ' ()])
< ;)P[Fj—l > g (@) + ;P[FJ > g (), Fjo1 < g7 ()]

<E q“z_lu > PIE; > g7 (@), Bt < g7 (@)

< E[g(Fj-1)] +g(i*) + Zx;; )z i, Fj_1 <]

< E[g(Fj_1)] + g(i* +§}P’{Ez > i,1gli',j] = 0}, Fj_1 +1 < i

< E[g(Fj—1)] +g(i* +§ZMG [, 4] =0, Fj—1 +1 <]

< Elg(Fj-1)] + 9(i") + Z:(:— i+ VPl j] =0, Fj—1 +1 <]

< Blg(Fy)] +90) + (K =) (14 58-) 3 (=it + 12707

i >5*

. % . . —(v=1)(i*~2)
< (= 2)g(") + (- (K —j/2+1/2) (1+ £ ) 2200

o —(v=1)(i*~2)
() + (K = ) (1+ 28 ) 2ot

min
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. . " . —(v=1)(i*~2)
i+ (- Dg() + (G — DK = 5/2) (1+ 28 ) 2

min

The inequality (i) follows due to Lemma 5, while the rest are standard. O

To finalize the regret upper bound proof we note that the following holds. For the expected rounds upto the end of phase F};
is upper bounded as

E[Sk,] =E[R+ C(F; — 1) + 2"7]
SR+ Clia+ (=i + (G - DK —3/2) (1+ 52-) Zgimnegr — 1)

min

. i* . . —(v=1 (" =2)
(=027 4+ (G- DK - 3/2) (1+ 855 ) i

min

9= (=1 ~2)

= R+C(i = 1)+ C( = Di* + (= 12"+ (C+ 1) = DK = j/2) (14 53~ ) Ztmnra

Let us define Jimax(j) = max(j+1,{j’ : 3k € H;,j’ € Bjr}). Then as F; > Fj almost surely for all j > j' by
definition, we have

Vj = max (Fji1,Uen, Uyren,,, Fyr) = Fr()-

Thus, for to upper bound the regret upto the end of the phase when the local deletion vanishes is given as E[Sy,] <

E[SF, W |. Combining the above two inequalities with the result in Lemma 4 we obtain the final regret bound as

E[R,(T)
<R+ C(in = 1)+ C([ = 1)i* + (= 12" + (C+ 1) = DK (14 53 ) Zgomgr + min(1, B]H;]) x

% (R4 Clis = 1) + Clmax(G) = Di* + (imax(5) = 127 +(C+ 1) Umax() = DK (14 53 ) iz )
sD1ogo(T) + NK (i1 + (7 = 1)i* + (Jmax() = DK (1+ 58 ) 2tnp )

+Y Y 8;‘2”“ (1og( )+ %log(T)> > an (log(T)+ %log(To

kg¢D; j' By :k¢D; k¢D; Uk

+ (K —1+|B;

+ NK <1+(¢<7>+1>A8J)

DY Sg‘k (los(7) + /5 108(T)) + 37 &2 (108(T) + /% log(T))

k¢D; j/ By kgD, k¢D;Uk?

+ (K = 1+ |Bjr; ) logo(T) + O (35 + (min(1, BIH];) Tmax () + 5 = 12" + N2Ki*)

This gives us the following rerget bound under the SPC setting

Theorem 4. For a stable matching instance satisfying a-condition (Definition 3), suppose each agent follows UCB-D4
(Algorithm 2) with v > 1 and 8 € (0,1/K), then the regret for an agent j € [N] is upper bounded by

BRI Y 4% (o) +Tlos@)+ Y Y S (og(D) + /T 1o(D))

kgD;Uk} k¢D; j'€Bjn:kgD;
sub-optimal match collision
K — 1+ |Bx|)1 O (K2 4 (B1H;)J —1
+( + | ik} ) log,(T) + + + (BIH ;| Jmax (7) +J )
communication transient phase, independent of T'

where

i* = max{8, i1, iz}, i1 = min{i : (N —1)z37- < 20D} and iy = min{i: (N — 1+ NK(i — 1)) < 20+1},
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E. Proof of Regret Upper Bound under a-Condition

In this section we prove our main result for the instances satisfying a-condition. We will present a short note on the main
proof idea, while pointing out why the proof in the previous section does not go through. Next we present the necessary
notations before going into the proof of the results. The proof structure, and some parts of the proof remain closely related
to that of the previous section. Therefore, we mainly focus the new parts of the proof, while referring to the parts related to
SPC we present proof sketch.

E.1. Main Proof Idea

The key idea of the proof is similar to SPC condition but now before the global deletion starts to freeze, we need to talk
about vanishing of local deletion for the stable matched arms (note the sub-optimal arms for each agent can still get locally
deleted at this point). So the three important stages are: (1) local deletion vanishes for stable matched arms (from agent
Aj to Ay), (2) freezing of global deletion (from agent 1 to V), (3) vanishing of local deletion of all arms (depending on
when the blocking agents freeze global deletion). We next elaborate more on why (1) should precede (2) under a-condition
whereas under SPC condition we can directly go to (2).

Under SPC for agent 1 there was no risk of local deletion for it’s stable match pair, which is also its best arm, as for this arm
agent 1 is also the best agent. This sets up the inductive freezing of the global deletion as agent 1 quickly identifies arm 1 as
it’s best arm. The vanishing of local deletion is the consequence of the freezing of global deletion of the blocking agents.
But under a-condition it is no longer the case as agent 1 is not the most preferred agent for arm 1. Instead we have that the
agent A, has no risk of local deletion of its stable match pair, a;, which is (possibly) not the best arm for agent A; but for
arm a; we have A; as its best agent. Therefore, agent A; will not delete it’s stable match pair arm a1, but unless global
deletion eliminates better arms it will not converge to this arm. However, A; will stop causing local deletion (which we will
prove) for the stable matched arm for agents in the set {j : Ay >+ j,j € [N]}. This will continue inductively. In particular,
Aj stops local deletion of stable matched arm of agent As which in turn stops local deletion caused by agent A5, so on and
so forth.

Where proof of SPC fails for a-condition? Before going into the proof of a-condition we identify why the proof in
previous section fails. The key step that breaks when we move from SPC to a-condition is that in Lemma 4 the ineuality (7)
does not hold anymore. The issue is we do not have k7 to be dominated only by the agents 1 to (j — 1), i.e. there may exist
agent j' > j such that 5’ >k 7. Similar idea is also exploited in Lemma 5 which also fails to hold for the same reason.

E.2. Notations and Definitions:

We setup the notations required for the regret upper bound proof when the system satisfies a-condition. The right-order
in the definition of the «-condition be given as [N], = {A;, As,..., Ay} (a permutation of [N]) for the agents, and
{a1,a1,...,ax} (a permutation of [K]) for the arms. Whereas, the left-order in the definition is [N] and [K]. Also, we

recall that k7 as the stable matched arm for any agent j € [N], and j; as the stable matched agent for the arm , for all

ke [K],k < N.
We now recall that due to a-condition the following statements hold
(1)Vj € [N],Vk > j € [K], 5 > pjn,
(it)Vay € (K], k < N,Vj >k, A; € [N]T,Aj;k >a, Aj,
(tii) VA, € [N]hkzj =a; € [K],,
() V) € [N] K = € [K],

Here, (i) and (ii) follows from the definition of «-stability and (iii) and (iv) follows from the Proposition 3. Let us denote by
Ir the mapping of agents in left order to agents in right order under a-condition, i.e. agent j = A;,(;) forall j € [N].

Arm Classification: For each agent j, the dominated arms (Dj), the blocking agents for arm k and agent j (B;y), the set
of hidden arms (H;) are defined identically to the SPC scenario. Let Ky (j) be the set of arms each of which is a stable
matched arm for some other agent 5, is a sub-optimal arm for j, and j is preferred by that arm than its stable pair j’, i.e.

KW(.]) = {k ke [K]hu]k < /“ijjvzljl #J : (k = k;/mj >k ]/)}

We note that Ky (A4;) < (K — j) as due to a-condition agent k7, ¢ Ky (j) forany j < N.
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Ciritcal Phases: We now define the critical phases when the system satisfies the a-condition

* The phase 1 for agent j, for some j € [N], is a Warmup Phase if the following are true for each arm k € Ky (j),:
. in phase i arm k is matched with agent j at most 12  times,
2. in phase ¢ arm k is not agent j’s most matched arm
* The phase 7 for agent j, for some j € [N], is an a-Good Phase if the following are true:

1. The dominated arms are globally deleted, i.e. G;[i] = D;.

2. The phase 7 is a warmup phase for all agents in £; = {j" : k} € Kw(j')}.
10041

3. For each arm k ¢ D; U k7, in phase ¢ arm k is matched with agent j at most times.

.7
4. The stable match pair arm k7 is matched the most number of times in phase i.

The a-good phase is not identical to good phase as condition (2) is additional in this case.

* A phase i for agent j, for some j € [N] is called a-Low Collision Phase if the following are true:

1. Phase 7 is a a-good phase for agents 1 to j.

2. Phase i is a a-good phase for all agent j' € Urcyy, Bji-
The a-low collision phase is identical to low collision phase (in SPC) except the good phase is replaced with a-good
phase.

We define for agent j, similar to SPC, I¢_[i, j] to be the indicator that phase i is a a-good phase, 11, [¢, j] to be the
indicator that phase i is a a-low collision phase, and Iyy [z, j] to be the indicator that phase i is a warmup phase.

et1; = minqe : - < '~1)}. For eac agent j, the a-Freezing (Fy; ase is the phase on or after whic
Let i in{i: (N —1)ag" 20—} F h ag he a-F (F.;) ph he ph fter which

1n in

the agents 1 to (j — 1) are in a-good phase, and all the j” € £, (henceforth deadlock agents) are in warmup phase.

(3-1)

F,; =max | 41, min [ {7 : H H Ig, [i',5'] H Iw i, 5" | =1} U{cc}

i >i 3" EL;

Also, we define o-Vanishing phase (V,,;) similar to SPC

V,; = max | 41, min | {i: H e, [V, 4] = 1} U {oc}

i>i

Similar to SPC, V,,; = max (Fa(j_l’_l), Uken,; UjreB, Faj/) from the definition of low collision phase.
Finally, for each j < IV, the phase i is the Unlocked phase (U;) if all phases on and after ¢ are warmup phases for all the
agents A; to Aj;.

Ir(j)—1

U; = max | i1, min H HHW , A%l = 1} U {oo}

=1 >4

This will be useful in quantifying the a-freezing phase Faj later on.

E.3. Structural results for a-condition
In this section, we collect the important results that hold due to the combinatorial properties of the stable matching system
that satisfies the a-condition.

Proposition 4. If a system satisfies a-condition then we have ki = j, j,, = Ay, and ijj =aj;foralll <k,j <N.

Proof. That under a-condition £} = j forall 1 < j < N follows identically to Proposition 4. For the final relation we note
that under a-condition we have for k =1 wehave Aj- >,, Ajforall j > 1. Thus j; = A;. We can extend the same logic
to obtain j; = =Apforalll <k <N. O
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We now prove that the arm k7 can be blocked only by agents in £;.

Claim 1. For a stable matching k* and any agent j, we have {j : j' >k JYC Ly ={j":k; € Kw(j")}

Proof. We have the stable matching k*. Let j >+, j’ and ks < Hjk*,» then (j, k;;k,) forms a blocking pair as arm k‘j, and
J v
agent 7 will be both happier switching from their respective partners under k*. Therefore, k* is not a stable matching. Thus,
for a stable matching k* and any two agents 1 < 7, j* < N, agent j satisfies Miks > ke, i § >, j'. Thus, if {5’ >k Jt
J J
then pjix < pijis, s0 k€ Kw (j') soj" € Lj. O

‘We now characterize the set of deadlock agents for each agent j.
Claim 2. Foreachagentj € [N), L; C{A; :j'=1,...,lr(j) —1}.

Proof. From a-condition we know that Vay, € [K],,k < N,Vj > k, A; € [N],, Ajz >a, Aj. Further, from Proposition 4
we know that j;‘k = Ay forall 1 < k < N. Therefore, we can observe for any j, 7’ < N and j < j, A; >’“f4j AjrIn
particular, for any j' > I7(j) we have j = A;,(; >k Aj,. Which means for any j' > Ir(j), we do not have j’ > j and
hence k; ¢ Ky (j'). This proves that for any j' > Ir(j) j' ¢ Lj,ie. £; C{Ay : j'=1,...,0r(j) — 1} O

We recall that Ir(j) is the index of the agent j in the right-order of a-condition. The above characterization connects the
unlock phase with the freezing phase as follows

Claim 3. For each agent j € [N], F,; < max (U(lr(j)_l),max(Fa]—/ 1< <(5—- 1))) wp. 1.

Proof. Consider an arbitrary sample path. We know by definition on or after phase Ug;,.(j)—1), all agents {A;/ : j' =
1,...,lr(j) — 1} are in warmup phase. We have the set of deadlock agents as £; C {A; : j' =1,...,Ir(j) — 1}. Hence,
all agents in £; are also in warmup phase on or after phase U(;,.(j)—1). Further, the agents 1 to (j — 1) are in a-good phase
from phase max(F,; : 1 < j' < (j — 1)) onwards. Hence, F,,; < max (Ugy(j)—1), max(Fojr : 1 < j' < (j — 1))) with
probability 1. O

Next the following lemma captures a few key properties related to the critical phases.

Lemma 7. Fori > iy = min{i: (N —1)322- < 820D}, any j € [N],
* if phase i and (i — 1) are warmup phases for all j' € L; then k3 ¢ L;[i] U G;[i] almost surely,
* ifphase i > min(U,(j)—1), Faj) + 1 then ki & L;[i] U G,li] almost surely,

* if phase i > V,; + 1 collision phase for agent j then L;[i] = 0 almost surely.

Proof. The following results hold for an arbitrary sample path giving us almost sure inequalities.

Due to Claim 1 all agents j" which can block arm £} are in £;. Also k} € Kyw(j') for any agent j' € £; due to the
definition of £;. Therefore, if all agents in £; are in warmup phase in phase (i — 1) then k} ¢ G[i] because no agent in
L communicates arm k7 to agent j, and the other arms can not communicate the arm £ (due to this arm’s preference).

Furthermore, the total number of times the arm k7 can be deleted is at most (Ir(j) — 1) < 320~ (the local deletion
ik

threshold) for any 4 > 4;. Thus &7 is not locally deleted, i.e. k5 ¢ L;[i]. This proves the first part.

We know that the phase i > Up,(jy—1 + 1 and (i — 1) > Uy,.j)—1 is a warmup phase for all agents in £; = {j’ : k} €

Ky (j')}. This is because we know that £; C {A; : j' =1,...,Ir(j) — 1} due to Claim 2. By definition of F,,; all agents
are in warmup phase for phases i > F,; + 1 and (i—1)> F;. Thus the second result follows due to the first result.

The proof of the third part follows almost identically to the Lemma 1, i.e. by virtue of ¢ > V,,; + 1 being an a-low collision
phase. O
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E.4. Proof of main results

In this section, we proceed with the regret bound where we leverage the structural properties proven in the previous part. We
first state the regret decomposition lemma, which has an identical form to the regret decomposition as in SPC with F,; and
V& in place of F; and V}, respectively.

Lemma 8. The expected regret for agent j can be upper bounded as

E[R;(T)] < E[SF,,] + min(B|H;], E[Sy,

aj e

Y Y T (g + Flom) + Y
kED;

) 4 *
kgD, j' By kgD, Ik D, Uk;

)log,(T) + NKE[V,;

)
AS;Yk (log(T) + w/glog(T))

1+ (K =1+ By

8y
# 8 (14 00) + )5 )
Proof Sketch. The proof of the lemma is closely related to the proof of Lemma 3, except for the use of the a-freezing phase
F,; instead of the freezing phase F}, and a-vanishing phase V,,; instead of vanishing phaes V. The rest of the proof is

identical to the proof of Lemma 3 where Lemma 9 is invoked instead of it’s identical counterpart (for SPC) Lemma4. [

Lemma9. Forany j € [N], k ¢ D; Ukj, fory > 1,

E [(N;r(T) = Njr(SF,))] <9(7) A%k +1+ A%k (*ylog(T) + v/7ylog(T) + 1) .
Proof Sketch. The proof of the lemma follows the proof of Lemma 4, again with a-freezing phase I7,; in place of the
freezing phase F;. Due to Lemma 7 we know that for each phase ¢ > (F,; + 1) the arm k} is available as it is neither
globally deleted, nor locally deleted. Thus once a sub-optimal arm & is played enough times the UCB of arm &7 w.h.p. will
be higher than the UCB of k at any round after I, ;. Using the same standard framework as in Lemma 4 this intuition can be
formalized as a proof of this lemma. O

We first show that for phases ¢ > U;_; + 1, the probability that phase 7 is not a warmup phase for agent A; is low.
Lemma 10. For any j < N and any phase i > i* = max(8,i1,1i2) and v > 1,

Pl [i, As] = 0 Ai > Ujq 4+ 1] < (K = )27070 (14 58 ),

min

where iy = min{i : (N — 1)&8—7_2- < 2=} and iy = min{i : (R— 1+ C(i — 1)) < 2011
Proof. For any arbitrary sample path and any ¢ > U;_; + 1, phase 7 is a warm up phase for all agent A; to A;_;. The

phase ¢ is not a warmup phase for agent A;, if there exists an arm k € Ky (A;) which is played more than A“;“' times in
Ak

phase i. Here, by definition for any k € Ky (A;) we have pa;, < p1a;q, (recall, kj‘j = a; due to Proposition 4) which
makes sure A4 > 0.

The set of agents that can block A; from matching with arm a; when A; plays a; is givenby L4, C {A; : 1 <5 <j—1}
due to Claim 2 and Ir(A;) = j. But then due to the second point in Lemma 7 we know that k%, ¢ G a,[i] U L 4, [i] for
any ¢ > U;_1 + 1. Therefore, the inequality (i) below holds as to play arm & the UCB of arm k7 = a; can not be less than
arm k. The final bound can be obtained identically to the proof of Lemma 5 for ¢ > max(8, i1, i2), with the observation
Kw(j) < (K - j).

Therefore, we obtain the next set of equations
P[Hw[l, AJ] =0A172> (Uj_l + 1)]

<P [UkeKw(Aj){(NAjk[i] = Nai[i —1]) > %} Niz (Uj-1+ 1)}

< > P [Uiigl‘”NAjk(t) = AP ALy, () = R Ai > Uy + 1)}
keKw (Aj) !
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(’L) 1+1 1)

< Z Z |:]\/v,41c _Aliw /\uAk(t—l)>uAaJ(t—1)
keKw(A;) t€S; J

< ‘KW( |2—z('y 1) <1 + A64 )

min

< (K = )27 07 (14 54-)

m in

This completes the proof. O

The proof of this lemma resembles closely that of Lemma 5 while some arguments are common to Lemma 10.

Lemma 11. For any agent j and any phase i > i* = max{8,i1,i2} and v > 1,
Pllg, [i,] = 0Ai > Foj + 1] < (K — )2-0D (1 + %) :
where i1 and 5 is as defined in Lemma 10.

Proof. The phase i is a a-good phase for agent j if (1) the dominated arms are deleted G;[i] = D;, (2) phase 7 is a warmup
phase for all agents in £; = {j" : k} € Kw(j")}, (3) for each arm k ¢ D; U k7, in phase i arm k is matched with agent j
at most 100” times, and (4) the stable match pair arm k7 is matched the most number of times in phase ;. We see that (1) and

2) holds when 1 > Fy; + 1. Also, (4) holds when (1), (2) and (3) holds for any i > ;.

Therefore, we will now show (3) holds. In particular, we have the following series of inequalities
Pll,[i,j] =0Ai > (Fuoj +1)]

< P [Ungm, o {(Njuli] = Neli = 1)) > W} i > (Foy + 1)

< Y Pl TING® = EAL®) = kA > (Foy + 1)

2y Yoe [N (8) = 2 Mgt = 1) > e (¢ = 1)

k¢D,;Uk:  teS;

We know that for all arms k ¢ D; U k7 we have Ay > 0 by definition of D;. Also, inequality (i) holds as due to Lemma 7,
we know that after i > (Fi,; + 1) the arm k7 is not globally or locally deleted. The rest again follows similar to Lemma 5
for ¢ > max{8,1i1,i2}. O

Let us define lryax(j) = max(lr(j’) : 1 < j' < j), and Fj = max (U(l,«mx(j), 1) max(Fj :1<j < (j— 1))) for

each j. It is easy to see that Fj > Fy; due to Claim 3 for any j and the fact that U, (;)-1) = Uqr(j)—1) due to the
definition of U} (all agents from A; to A; all are in warmup phase till the end). We now present the the following lemma that
bounds the probability that a phase ¢ is not an a-good phase when ¢ > F); + 1. We now bound the moments and exponents
of Fj .

Lemma 12. For any j € [N] and m > 1, the following hold with i* as defined in Lemma 11

~ . . . ok —(y=1)(*~2)
E[ij] <201 + (Irmax(J) +J — 2) ((2 )"+ K( + A?“m) 2(2(’v—1)_1)2 )

E[27] < 201 + (Irmax(7) +5 = 2) (27 + K (14 235 ) Ztmnoa)

Proof. We again inductively bound the expectation of an arbitrary monotonically increasing and continuous (hence invertible)
function g : R — R,.. We have that F{y = 4 almost surely by definition (this accounts for the max with ¢; in the definition
of F).

J
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We calculate the expectation for agent j as

Elg(Fy)] =Y Plg(Fy) > 2] <) PF; > g7 ()

x>0 x>0
<Y P > 07 (@), Ul (-1 = 9 @)+ P > g7 (@), U ()-1) < 97 ' (@)
x>0 x>0
< PUrc(—1) = 9 @)+ Y PIE > g7 (@), Utrpn()-1) < 97 (@)]
z>0 x>0
< E[9(Utrman()-1)] + ZP[FJ‘ > g7 @), Utrpan()—-1) < 97 ()]
x>0

) ) e . ) —(y=1)(i* —2)
<1+ (rmax () = 1)g(7") + (Irmax(5) — (K — Irmax(4)/2) (1 + A%:) 2(2(“{71)_1)2

. ) e ) ) — (1) (*—2)
i (= gl + (- DK - 5/2) (1+ 535 ) e
S 2Z.1 + (lrmax(j) +] - 2)9(2*)
. . . . L. —(v=1)(i* -2)
+ ((Irmax(4) +7 = 2)K = (Irmax () (Irmax(4) — 1) +3(7 — 1))/2) (1 + A%:) 2(2(“r—1)_1)2

. . . % —(y=1) (% ~2)
S 221 + (lrmax(]) +.7 - 2) (g<7’ ) + K (1 + A%in) 2(2(:—1)_1)2 ) .

The last inequality is loose, and we use it for simplicity. For the second last inequality we use the following bounds on
E[g(U(rpae(j)—1))] and P[F; > g~ (), Ugy,,..(j)—1) < 9~ *(2)] which we will prove momentarily.

9= (v=1)(* ~2)

Blg(Uy)] < i1 + (= Dgli*) + (= DK = j/2) (1+ 255 ) 202000

min

~ _ _ ) . . ) . — (=1 (" —2)
Z]P)[Fj > g Yz), Ullrmax(7)=1) < 9 "@)] <iv+ (G —Dgli*) + (- 1)(K —j/2) (1 + A%fm) 2(2(%1),1)2 .

Case 1: The base case Uy = 41 holds almost surely by definition. We have

Elg(U;)] = ) Plg(U;) = ] < Elg(Uj—1)] +9(*) + Y P[U; 2 4,Uj—1 <]

20 >0

<E[g(Fj-1)]+9(") + > P > i, Twli', j] = 0}, Uj1 +1 <]

i>i

@) . . ) . (=1 (% —2)
<+ (G- D) + G = DK = j/2) (1+ 2 ) Tt

min

Here, for (i) we use the inequality in Lemma 10, and take summations over ¢ (similar to Lemma 6).

Case 2: We again proceed inductively. For any j € [N], we introduce the notation

Fi=> PlF; > g7 (@), Urpun()-1) < 9 ' (@)]-
x>0

In the base case, as F{y = i, we have F, < i;. Proceeding with the inductive approach

ZP[Fj > g7 MN@), Urpan(5)—1) < 9~ ' (2)]
x>0

< ZP[Fj > g @), Fj—1 > 971 @), Ut -1)-1) < 9~ " ()]
x>0

+ ZP[F]‘ > gil(x)vﬁ‘j—l <g (), Ultrmax (i—1)—1) < g ' (2)]

x>0

(4) -
< Z]P’[Fj—1 > 97 1®), Uty (i-1)-1) < 9~ ' (2)]
x>0
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+ ) P32 g7 (2), L[, ] = 0}, Fagiy < ¢ (2)]

x>0
< Fii+ Y P3¢ 2 g7 (@), Ie, [, 4] = 0}, Fayo1) < 9~ (x)]
x>0
< Fjo1+g( JrZIP’{HZ >ZHG[7j]:O}’Fa(j—1)<i]
i>0*
< Fjoi+g@®) + D0 D BUS >4 Ie, 7] = 04,0 > Fagor) +1]
i>1* 1 >0
< Fjoi+g@) + (@ =i+ P > i*, Ie, i, ] = 0}, > Faggo) + 1]
i >ix

S Fjoi+g(@) + Y (1 =it + DP3 20", Ig, [, j] = 0},1' 2 Fagg—1) + 1]
i >q*

()

< Fiat gl + (K —j) (1+58) S (@ = +1)27707)

9= (=1 ~2)

i+ (G- Dgl) + (G- DK = /2) (1+ 8- ) Zrnr

min

For the inequality (i) we use the fact that given Uy, (j—1)—1), Fj,l < g~ () the only way we can have Fj,l > g ()
if for some phase i’ > g~!(z) agent j is not in an a-good phase. Then we use Lemma 11 to obtain inequality (ii). O

For the expected rounds upto the end of phase F}; is upper bounded as
E[SF,,] = E[R + C(Fy; — 1) + 28] <E[R + C(F; — 1) + 2]
<R+C((2iH-1)+ C(lrmax(j) + 5= 2)i" + (Irmax(j) + 7 — 2)2°
) . —(r=1) (¥ -2)
+ (C + 1)(lrmax(.7) +J7- 2)K (1 + A%in) 2(2(w71),1)2

Similar to SPC condition, we define Jmax(j) = max (j + 1,{j" : 3k € H;,j’ € Bjx}). Then as Fj > F,;, almost surely
for all j > j’ by definition and F; > F,;, we have

Vocj = max (Fa(j+1)? Ukeﬂj Uj'EBjk Faj’) S max (F(j+1)7 UICEHJ' Uj'EBjk FJ’) = FJmax(j)'

The regret upto the end of the phase when the local deletion vanishes is bounded as

(B+1)
E[Sv.,] <E[V,; 1 <E[Sp ]

FJmax (i)

The regret bound for the a-condition in Theorem 3 (identically derived as in the SPC case) is obtained by combining the
above results as,

E[R;(T)]
< Z Z 81:’*' (log(T)—i- glog ) Z f—( ,/flog )
kgD, j B kgD, k¢ D; Uk

+ ¢ Log(T) + O (5% + (min(L, BIH|) fa (max(9) + Ja() = 12 N?Kz)

with the definition that f,, () = 7 + {rmax(J)-

This completes the proof of Theorem 3, as the regret bound for the SPC mentioned in the theorem holds due to Theorem 4.

F. Additional Experimental Results

In this section, we present missing details of the dataset generation procedure and additional empirical results.
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Figure 4. Regret in a general instance (not satisfying a-condition) with 5 agents and 6 arms.

F.1. Synthetic Dataset generation

We use random instances to generate the results in this paper. For each instance the various algorithms are run for 50 times
and the average and confidence intervals are constructed using these 50 trials.

For the preference of the agents, we first create a random matrix o € [0, 1]V ¥ where each entry in the matrix is ai.i.d. [0, 1]
random variable. The minimum reward gap A,,;, ~ 0.05 is enforced through rejection sampling. The agents preferences
over the arms is given by the realization of this random matrix. We use different random matrices for different instances.

The preferences of the arms, varies across the three setting — SPC, a-condition, and general instances.

* For a general instance, we simply assign each arm with a random permutation over the agents as its preference list.

* We start with a separate random preference list for each arm. To make this satisfy the SPC condition, we go in the order
1,2,..., K of the arms. For an arm ¢, we find the first position in its preference assigned by the random permutation
where an agent j > 1 is present, then swap agent ¢ with agent j to the end (if 7 = ¢ nothing is done). It is easy to see
that this will satisfy the SPC condition.

* We generate the a-condition instance by generating an arbitrary preference list (sample without replacement from
possible permutations) for the arms, and then checking whether the instance (along with the agent preference fixed by
the arm means) satisfies alpha condition following (Karpov, 2019).

For the UCB-D4 algorithm we use 8 = 1/2K, for the CA-UCB we use A = 0.2 and for Phased ETC we use ¢ = 0.2 for the
N =5 and K = 6 case.

F.2. Performance of UCB-C, CA-UCB and UCB-D4 on general instances

In this sub-section, we describe the results of the three algorithms with N = 5 agents and K = 6 arms on instances that
go beyond the uniqueness consistency assumption. Note that in theory, UCB-C provides the optimal log(T') guarantee,
CA-UCB provides a (possibly sub-optimal) guarantee of 1og2(T) while we have no theoretical upper-bound on the regret of
UCB-D4. Nonetheless, the results in Figure 4 seem to indicate that CA-UCB has a potentially stronger theoretical upper-
bound since its performance is very close to that of UCB-C which has log(7") upper-bound in the worst-case. Surprisingly,
we also see that UCB-D4 converges with all the agents eventually obtaining a sub-linear regret indicating that this algorithm
may indeed have theoretical upper-bounds even in the more general setup.

F.3. Collision Regret for UCB-C, CA-UCB and UCB-D4

In this sub-section, we show the collision regret incurred by each of the three algorithms in the three settings under which we
study their overall regret. As expected, UCB-C has no collision regret because of centralized communication. Surprisingly,
CA-UCB has high regret due to collision despite having additional feedback in the SPC setting. This seems to indicate that
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Figure 5. Collision regret comparison with 5 agents and 6 arms.

most of the regret contribution for CA-UCB comes from collisions and once they are resolved the dynamics of should settle
to a state which incurs no further regret.

F.4. Performance of the algorithms on larger instances
In this sub-section we run the algorithms for larger instances. In particular, we have N = 11 agents and K = 15 agents.>

Tuned Phase Length: We tune the phase length for larger instances. The tuning mainly balances some boundary conditions
arising due to large communication blocks (which is only there in the fully decentralized setting) for large instances.
Specifically, with large instances in the initial phases communication creates large regret if the phase lengths are small
where not many samples can be explored. For tuning Phased ETC (Algorithm 1) we use exponent ¢y, and multiplier
c1, where the i-th phase now has length ¢; x ¢j. We have ¢; = 1 and ¢y = 2 for Algorithm 1. For tuning UCB-D4
(Algorithm 2) we introduce exponent ¢y, and multiplier ¢;, where the i-th phase now has length ((N — 1)K +¢ x cf)).
The UCB-D4(Algorithm 2) presented in the main paper we have ¢y = 2, and ¢c; = 1.

The hyper-parameters for these plots are as follows. We use

1. phase exponent ¢y = 1.5, phase multiplier ¢; = 1, and exploration degree ¢ = 0.2 for Phased-UCB,

2. phase exponent ¢y = 1.2, phase multiplier ¢; = 3, and the local collision threshold 8 = 1/2K for UCB-D4, and
3. A= 0.2 for CA-UCB.

The results that were previously observed also hold similarly for this larger instance. We note that the negative regret in the
centralized UCB is natural, as during the initial phases an agent can match with an arm which has higher mean than its
stable matched arm.

>The number 11 was chosen to obtain a rectangular 3 x 4 grid plot
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Figure 6. Instance satisfying SPC with 11 agents, and 15 arms.
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Figure 7. Instance satisfying a-condition with 11 agents, and 15 arms.

Regret Guarantees: The regret bounds remain mostly unchanged due to the above tuning. The regret of the modi-

/e
fied Phased ETC is given by replacing the log,(7") by log, (7'/c1), and changing the constant to © (c(l)/ a* ) For
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Figure 8. General instances with 11 agents, and 15 arms.

the modified UCB-D4 algorithm the log(T") regret due to collision and sub-optimal play does not change. The com-
munication regret changes to (K — 1 + |Bjx|)log,,(T'/c1). Finally, the constant part of the regret still remains

0 (max{xg— log(E:]Z—), NKlog(NK)}).

in in



