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HETIE, PR AN ZHERBEELET, ETLA4 Y =D
HAMICEEPE TS 98E (Decentralized) DF%E % 5t
Rr35.

TEEE MP-MAB OHTH, WHiiEE 2175 L Tikd WEEx
WEL LT, TLAr— MF B Lz 2V EERE
FEBIHI© =700 EZRARAIEERE L (No Collision Sensing) & W
Sl D 2. [FREICH L Huang 5 [Huang 22] 1&, HIfFE
DENT — 24 (Good Arm) % 1 DFEEL, 207 —L%iEE
FrAre UTHAT 2 FEERE L. HL50FHEE, RE
r— 2D 7 — LARFEICKE L v w S Bt E o— 5T,
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FMNBRINZATOINS., ZDD, 7—2B K 7L A ¥ —
B M »PERTe, @ECRBRESCFEICI»2 ATy S
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BHEMZ2 R MLt v 7 22 TV e,
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® Good Arm #REEL, Zh s EWHdERe LA
ZRICHD. 2T LD, TERIZZEXRINITDbhTWz[EE T
Ot R (FEFLAY—DF Y 7 ITRRANBOHEE) & n 5]
TRITTZZefEr 5. AETIE, BE7 LY LD
PR ERET R R L, HRRENTEE LT, FEEDORE NIcBW\WT
RETEPRERTEIDDBENLZY 7Ly M EREERT S Z
EZRT.
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t=1,..., T BT, FLA¥—me{l,..., M} & mn(t) €
{1,...,K} TRENDZ7—L2RTIERTD. H27—2 k%
BIRLZZ T LAY —0REE Nu(t) = M 1{rm(t) = k}
CEFTS (22T 1{} BEREKTHZ) . H—D7—2A
k22 N\BMEDOTF LAY -1tk TERIRII LGS (Fkb
B Ni(t) > 2 DEHEE) , ZOT7 —LITBWTHENFHAEL
WS, T4k BT SEHEETF (collision indicator) %
ne(t) = 1{Nx(t) > 2} LEZET 2L, TLAY— m HZIW
B3R (reward) rom (t) ERATRENS !

P (t) = Xy 0y (8) [1 = e 1) (1)

I, Xi(t) €{0,1} &7 — 24 k ARKOWMELRT RN X—
ATERZERTH D, WIRHE e ZROHES (11.d.) #RIC
BES. OFD, T A Y — m IFEHEIEZ AT AU 0
T, ZITRUING pr,, ) BT 2 (ERMZZITHS.
EZEDFAE L TORVE EDET — L OFIFHIM & B IE I~
TBDE pay, ... i) CERL, pay > pe) =0 > per)
BEDIULDEDETE. 1220, LAY —EZDIEFRENK
HIZ2 % T & 720,

BTV AY =%, BEOWM r..(t) OAZEHL, 2L
Bl (& 1TH), B2 RF ne(t) B (communication)
7)) E—UIRIES RV, ZITHEERAE, LI Y—m
Dorm(t) =0 ZBAL R, ZOREIERICE2HDRD
2 ey (t) = 1), BUST — 5 OB AL 7213 72 D Ao
Xrp (@) =0) ZRAITERNZETHS. —7, rm(t) =1
ZEAL 72581, HEIFEAEL TOWRWI EHTEET 5.
N MHZERRHITERZ L) 2 WO GO RBERN R TH 5.

VAT 2RO BREZ, &7V 4 Y — 0 RIEmME Rt
32, s0iiziug, UToRMEY 7Ly b R(T,n) &N
b5 TH5.
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R(T,0) = > fim) — E[rm(t)] (1)
t=1 m=1
HAERRERE, BIfHEO SV B M RO 7 — 2%, M AD
TLAY—pEERHELTGERULIT 2RETH 5.
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AW DEME L 72 5 Huang & [Huang 22] OFiElE, KEL
4007 2 =AW 5755. BT, WIFED p > fpa) Tk
F7—24 (Good Arm) k % 1 ARFE L, LUEOHE—D@EH L
LTHHT% (FindGoodArm). 22T, 714 Y—IZ[H
—D7—5 k% Good Arm ¥ UCaak- G652, e, 7



LAY —%—RICEDZ DDA T > 7 se{l,...,K}
ZEHI DY T3 (VirtualMusicalChairs). F=12, 7>~
s VT, BTLA Y- M offtEr, kDHERNEHT >
7 jed{l,...,M} DB %175 (VirtualNumberPlayers).
BRI, LA Y=L IGEE L THgERM o 2EHRE U — X —
1 RBIZENL, 2714 Y= L THRER 7 — 228D 4T
% (DistributedExploration).
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4ODPFR7 2 — X FNEELHZ 1 DD 7LTY XL &
W Eh2. 2B, URTREIhIZLTO7z—-X 7L
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4.1 FindMultipleGoodArms

WS e UTHARRER n RO Good Arm ZHEET % (Al-
gorithm 1). ¥TR2T LAY =227 ¥ X LHERZITV, HARFH
fAEME 27 U D7 — 2 2RET 22 %, p=1 250
LTp DEEA YTV RYMLEDBS n KO 2 ETHDIR
T FREEN T — L3RS G BME N, FREHE K 225
fRAbEhs. 207 - XOFHERIIEKRT 2208, HHi7 = —
ZDRMFEIC & > TR MEER 2K 5.

BB, ATV ALBKT T 27000 HREFE LT, B
BT pigny > 0 B/ 7 — AHMEET 2 Z R IRELTW
5. F, UEDO71v3) X228V T, FFELK Good Arm
kieG(1<i<n)@7—2DAYF v AMWNSVIERS
i FHOERL L, 27V AV —BTHEDEHKTH 2 KE
T5.

4.2 ParallelVirtualMusicalChairs

ETVAY—I—ERNRT > 7 se {1,...,K} ZEDY
T% (Algorithm 2). SEATHZETIX, WXl ¢t mod K A3 1 H 5
K ¥ TRIET2RE K O A 7BV, 7L A v -
EHEMNEAL 1 DDXA I V7 TULLEMMER RN X 28
) ZATZA B o7, ZHAUTHURETFETE, FFELL n K
D Good Arm k; (i = 1,...,n) ZRZIUKH LT, HERIDZ
EeiRs 2243070 2D YTZZLT, 1¥ 470
WK n BOZEFHEREITS. A2k, K7 LTV LT
&, FRATHZE L HR U CHRRE R n BICHINT 5.

Z ZTHERAE, R ¢ CEBO 7 —2%5] Y
FRNERZF S A =X LTHE. LAY —IX, #il-kk
AIVT U T R ITEIRT B, ZhLENCHUE L2 4
VT (G <i) CEERDPER SRV E S IR T S5 F
DERH L. 7TV XANTIE, ZoOHKNEZRIEES F &
LCTEINCETEL, o7V U IERM» SR T2 28T, FH
—RENC BT 287 — LA DFRREERZ [EEE L TW 3,

MERY LTHIETZ LooR2IC n BMOBEREFITTE,
77 s MEEICREISASRAEEENE, [ERD KT 55 [KT/n]
ArEEENS. 7271, Algorithm 2 BXUHEED 7 LTY
ALRBVT, 7 = [In(1/8)/fimin] LEZRSNZ. ZIT,
fimin = Mingeg fi[k] TH 5.

4.3 ParallelVirtualNumberPlayers

BTLAY—DRT LAY M ¥, BRIEMSITH BN
o> r je{l,..., M} ZHET 5 (Algorithm 3). %714

Algorithm 1 FindMultipleGoodArms

Input: K: total number of arms, §: confidence parameter,
n: number of good arms to find (n < K — M).
Output: G: set of find good arms, ji: lower bounds map.
G+ 0, K+ {1,...,K} # Initialization
p < 0 # Initialize phase counter
while |G| < n and |K| > 1 do
p+p+1, Rk],N[k] + 0 for k e K
# Sub-phase 1: Ezxplore active arms uniformly
for t =1,...,6/K[2”[In 2] do
Select arm k € K uniformly at random, observe re-
ward r, R[k] < R[k] +r, N[k] < N[k]+1
end for
# Sub-phase 2: Confirm accepted arms
for each ¢ € K in ascending order do
R'[k] « 0 for k € K # rewards of samples
# if arm £ was accepted sample arms uniformly
if N[(] >0 and 3 >2'"” then
for t=1,...,|K[2?[In 2*] do
Select arm k£ € K uniformly at random, observe
reward 7, R'[k] < R'[k] +r
end for
if R'[(] > 1 then
Add £ to G, pff] + 277
if |G| > n then break end if # Ezit FOR loop
end if
else
for t =1,...,|K[2”[In 2*] do Select arm ¢ observe
reward r, R'[{] + R'[¢{] + r end for
end if
end for
K « K\G # Update the active set at the end of the phase
end while

Y-, FEo 72— X TEE LRIV 2 se {1,... K}
WHEHOE, BRI L 4 v — 2 EZEEE 3 2 THEWDTE
ExRTERT 5.

Z DTFERERR, AR v 1IcEo < T » K
ko TiITbhd., LAY 1%, BHORERKR v A% 2s
WET B ETIE, NS V7 s ICHIETAMEICEED (%),
2s DIBREM 7 > 27 2 IEFICHI T 2 GKE). Zofdhic kb
BETVAXY—IZEFUANDET L A4 ¥ — v IEHEIC 1 B3 D2
2T, WEEEEFHHITE B SLA Y M 2HE
ETE2. X5, RS> 7 s VNSV (HD) T4 v —
FYEICKE R BT 2EEFAL, BEPREL TV
M (v < 2s) IKRELBEREBEFNT 22T, BHXD L
MOT VLAY —rEOERTHREL, WE7 > 7 j 2UWET
BIYWTES.
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ZHOTHINEEZITS. ERERAT Y 7 hiZBVWT, L
4 ¥ =% n [AORMERFEIC T 2 BRENE |, ZFRICEIEL,
Algorithm 2 L FBOAIMET & LEEH T 2 Z & T, FKRZIC
BEARD 7 — 2% FRIZE T v 2 v S §ilf 2 7 LoolkEE
PEBHTES. BRY LT, 2714 Y —OEEkRL SV 2
JEMBC B IR R T v TRUE, RO 2K 206 [2K/n] KT
ANCHEMEE NS,

4.4 HierarchicalDistributedExploration
INETOD 7 = — X THE L7 1E#e O TOBERR 21TV,

B 7 — L8 D Y TRIES S (Algorithm 4). FEATHIE

TiE, H—DV =X =mRT L4 ¥ —0 SHHREIERIES %



Algorithm 2 ParallelVirtualMusicalChairs

Algorithm 3 ParallelVirtualNumberPlayers

Input: K: total number of arms, G: set of good arms, 7:
sampling times.
Output: s: external rank of the player.
s < —1 # Rank of the player is initially unset
n = |G| # Number of the good arms
# Musical chairs on the good arms G = {151, .
fort=1,...,[K7/n| do
# Select sampling slots at each block start
if t mod K =1 then
if s = —1 then
F1 = 0 # Initialization of the sets
fori=1,...,n do
# Choose the i-th candidate arm
Draw ¢; € {1,..., K} \ F; uniformly at random
Firr = {((t; + (i —j)) mod K) +1|1 <j <}
end for

7]’%’"«}

else
lj < sforall j €{1,...,n} # Wait at rank s
end if
end if
# sample the corresponding time slot
if 3t e{l,...,n}st. (t+7—2) mod K)+1=1/; then
Select arm l;i, and observe reward r;
# set the rank if it was not set yet and a non zero
reward was obtained
if r; >0 and s = —1 then
S < ZZ
L; < sforall je{l,...,n}
end if
else
Select an arbitrary arm in {1,..., K} \ G
end if
end for

I WMZOBEERAL TV 120, BEFLUNAD 7 r v Y —iX
EIREE Y 2 0, BEEOIEMRENEC TV

ZOIENBME RIS 2720, REFIETIE n D Good
Arm ZHWPEBIY) — 4 —FI2EAT 5. BEEICE, &7
LAY —DHEOWNHET > 7 j kD E, % ((j—1) mod n)+1
TN—TICFHET 3. 22T, NN j<ndSLA
Y—35E j IN—TOHT) =L —%EED, BRhDOTL A ¥ —
(j>n) @I74#0T7— LTEIAL—TREBESNS. n AD
B7) — X — 13RI, BRRREDYTOENEIL—TDT *
0y =5 b RRMEREENT 5.

T, WSV =1 DAY -3 ISV R)—4—2¢
N BRI B 2 HED. 7o R —X=1%, $TEHD
FT1LIN—TOH TV —X - LTHI N —TOEHREZPNEL
i, oY TV —K— (j=2,...,n) 2HEHEIINL—TT
ERINTBEREZIEES 2. BRI, 77V FU—X-—»2lF
WMEMELTET LAY —ADORELR 7 — 28D ¥ TEPEL,
IEHOUEERE 2 13 H DR TIE R 2 BET 5.

LB, AWM TIIEREO BRI LEE 70 b a VB
(ComGrandLeader, ComSubLeader, ComFollower) Dbl —
FiCk2EREHETS.

4.5 RBEIZI7ILIVIL
MED 420k 7 = =X AGEDE S 2T, REFE
& Algorithm 5 D kK 51272 5.

5. IEREVAEMR

AHiTR, REFEOHERS IV 7Ly b LRGN
WEHI L, SEfTHFSE [Huang 22] & ORRZHLICT 5.

Input: K: total number of arms, G = {ki,...,kn}: set of
good arms, s: external rank, 7: sampling times.
Output: M: estimated number of players, j: internal rank.
M « 1, j < 1, n « |G| # Initialization
for h=1,...,[2K/n] do
fori=1,...,ndo
v < (h—1)n+1i # Calculate virtual time
if v > 2K then {¢; + —1; continue end if
if v > 2s then
li+ ((s+(v—2s)—1)mod K) + 1
else
U; < s # Wait at rank s
end if
end for
for k=1,...,K do
R<+0
if 3ie{l,...,n}st. ¢ # —1and
((ti =1+ (i —1)) mod K) + 1 = k then
i + the matching index

fort=1,...,7 do Select arm l;:;, observe reward 7,
R <+ R+ r end for
if R =0 then

M+~ M+1;0+ (h—Dn+i
if v <2s then j < j+ 1 end if
end if
else
for t = 1,...,7 do Select an arbitrary arm in
{1,...,K}\ G end for
end if
end for
end for
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ha. 2512, FV 7Ly P EERA—X -1z 272D
NIRXR—RFEL LT 6 =1/T #RAFT3I LT In(1/8)
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2D I IR EDS AR WIEE Y o TV 5.

e L, REFEOUMNL 7 £ — X TWE n KD Good
Arm ZAFNHRRE - LT 5. BT LAY =27V XL
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X o = (1= 1/K)M py 2525, REFEOT7LITY X4
PRTTBDDRTy FHIZ, WFHED n HEHICKEWTY —
L opuny WHIET 2 pny OHBUTEFELTHERT 5. 2512,
n AETDO7—LEMHR 1 -0 DLETIELLFFET 37201213,
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Algorithm 4 HierarchicalDistributedExploration

Algorithm 5 ProposedParallelAlgorithm

Input: K: number of arms, j: internal rank of a player, M:
estimated number of players, G = {l~€1, e, kn}: set of good
arms, 7: sampling times

Output: f: an arm amongst the M best arms assigned to
the player
p<+ 0, f + —1, n <« |G| # Initialization
R[k],v]k] < 0 for k = 1,..., K # Rewards and number of
samples for each arm
# Initialize memory for Grand Leader and Sub-Leaders
if 5 < n then

form:l,...,M and k=1,...,K do
Ak, m], N[k, m] < 0 end for
end if
M' « M, K « {1,..., K} # Number of active players and
set of active arms
while f = —1 do
p<p+1
# Sub-phase 1: Explore arms by sequential hopping
k<7
fort=1,...,|K[2"[In §] do
k <+ (k+1) mod K|
Select arm k, observe reward r, R[k] <+ R[k] + r,
vlk] < v[k] + 1, E[k] < RIk]/v[k]
end for
# Sub-phase 2: Hierarchical Information Exchange
Q + [5 + 3] # Message length
if 5 =1 then
# Grand-Leader
(£.K,M', i, N)
< ComGrandLeader(ji, N, E,G, M',Q, T, p)
else if j < n then
# Sub-Leader: Send to Grand-Leader
(f7IC7M/7ﬂ7N)
< ComSubLeader(ji, N, E,j,G,M',Q, T,p)
else
# Follower: Send to Sub-Leader
(f,K,M") + ComFollower(E,j,G,M' Q,T)
end if
end while

Y ZEEAEINT 5. Ldo T, IREFEOMHILR
7o 7BE O () vieh, SATHIEL D ISR
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+0<

InT 2 H(1) )
—-— | +0 (K M——=1In(nT
Ak) H(n) (nT)

In <A1M)2 ln(nT)>

Input: K: number of arms, §: confidence level, n: number
of good arms to find
Output: k: an arm amongst the M best arms assigned to
the player
(G, i) + FindMultipleGoodArms(K,J,n)
flmin < Mingeg fi[k]
T 4 [In(1/6)/fimin| # Calculate sampling times
s < ParallelVirtualMusicalChairs(K, G, 1)
(M,j) < ParallelVirtualNumberPlayers(K,G,s,T)
k < HierarchicalDistributedExploration(K, j, M,G, T)

T, B2y 2Ly b, 8 3EpAIL I
WEV 7Ly b ERT. BTMED LR s 2 v, 22T
D 2 HB KO 3THIIE, 77— 2 DHRHEDL v = pay/pn)
(y>1) EWVWIRFATAFENEELLNTVS., ZHE, n AR
DAFEEF ¥ XNV EHEL T 572012, HDPFEOENT —
BR - FALRINUERS RN 2 ICERT 5.
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E7 —2BDX vy 7 Ay DHEEIT/NE L, B 3HEBSRT
L RROEIEAN & LT 2 BRBICBWTIE, #RBEFRIILE
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