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using Change Detection and Summary Data Structures

Abstract: A multi-armed bandit problem is a problem that maximizes reward from making choices between
candidates called arms. In the application of advertisement or recommendation system of this problem, the
linear extension of problem setting and policy is proposed to deal with users’ various preferences. On the
other hand, the policy that follows changes by observing reward change using change detection methods is
proposed to deal with non-stationary problems that change reward distribution according to time. However,
this policy delays the following changes because the number of reward observations for each context decreases
if the policy applies to a linear problem setting. In addition, the data size of reward history required for
change detection and follow changes increases as the number of contexts increases. In this paper, we propose
a non-stationary linear multi-armed bandit policy that can quickly follow changes in the reward distribution
in various contexts. The proposed policy follows changes by detecting a change of reward distribution from

two value transition that is independent of the number of contexts. Also, the policy suppresses the size of

the historical data by introducing a data structure that summarizes the value of the past period. We set up
a non-stationary and linear multi-armed bandit problem for the evaluation and confirmed our policy makes
the performance increase and suppress the size of historical data.
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Algorithm 1 ADWIN-V
Require: ADWIN confidence value 0,,, d4. And scaling value

parameter sy,,Sq.

1: A,, < instance of ADWIN for vector magnitude with §,,
2: A, <+ instance of ADWIN for vector angle with with d,
3: for allt=1,2,..., do

4: Add s, - ||ze]]2 to Am

5 if A,, detects change then

6: Ay, shrinks window.

T end if

8 Add sq - 1= (mi_jz¢/(||me-1]]2 - [|2]]2)) to Aa
9: if A, detects change then
10: A, shrinks window.

11: my = x

12: else

13: my = (t~mt_1 +:Et)/(t+1)
14: end if

15: end for

U, ZORBED S ZLRTORIT ORI EE D R 7212
i, BERTORTHEROMEZBEREE UTHRET 208D
H5. £, BABREOEDIZ, SEHIZBT 5 HET—
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BBEA NI L (19 2FHT 5. 207 —XEEE, K
MIEDASTMERET 2D, HWEIZDWTIEDH 2 M
TEREULETHRET 2. Z088 T 2% BTk
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2, ZOHBe AN T T L%EHVS ADWIN2[16] £ 2
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DITIFBITIZF LTI OTF — X2 AR L iy hids
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¥5720 EP), EF) OFbEHW ATy hEHEDERL.
Decay LinUCB @ & 5 7238047 DFG R DI % 1 5 1L
Dgty, REGATEE, REHMEZMET 5. HEREE
Algorithm2 @ 9 fTHIZH 2 & 512, RFEATRIE B, &
BRI f 12y 2R U B, ZLATORITOMETH S EP),
EY) TREEANT Y hOARMEICH LTy 2FELS. 4P
BREEEDRWVIETIEy=1 2V,

4. FH
RECTE, RETS, HAELERG ST A— 28T 5

*2 https://github.com/monochromegane/exponential-
histograms
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Algorithm 2 Adaptive-Linear-MAB

Require: Set of arms [K], Linear MAB Policy P.

1: Set B; = I,V; € [K]
2: Set f; = 04,Y; € [K]
3: A, + instance of ADWIN2-V with 6., 0a, Sm, Sa, Vi € [K]
4: EI.(B> < instance of ExpHist-V for B;, V; € [K]
5: Ei(f) <+ instance of ExpHist-V for f;, V; € [K]
6: for allt=1,2,..., do
T Play arm a(t) = P(B, f,b(t)), and observe reward r;.
8: for all:=1,2,..., K do
9: Decay Bi, fi, EX®), EY) = vB, v fi,vEP) yE)
10: if i = a(t) then
11: Update B; = B; + b(t)b(t)"
12: Update f; = fi + b
13: Add B; ' f; to A;
14: Add b(t)b(t)T,rb(t) to EP) EH)
15: if A; detects change then
16: A; drops oldest bucket.
17: Get B £ from B ED).
18: Update B; = B; B(“"” fi — f(“"”
19: end if
20: end if
21: end for
22: end for

HETF—RDEREELREZIZ2HWEZELREIZL > T,
MR DIEEH IR MER T COERMENEE B Z & %2 HER
5. WERIL, RO RIEL, TNREFELE
HLUEBRMZSD kxR L TITS. F£72, RBEFIE
TEHALZT—XREEIZLY, ThE2BRALZVWES ST
R, WA O - BRI BERERE T — X DY A
ZAOMBKPMZ SND Z L 2 HERT 5.

4.1 FHERE

REFHFIZ LD, M DI MBI 2 MhE
FMMiTBD, YIal—varvEfTok YIal—
Va v TIEEMS 0 OBABN L VBT T 5
BYATFLAEZBELE. 22T, XRICE > THEARDN
Bip R ERBT D720, WBAKEMEN, £/, 78
AT TVDO LD BRBERIZHT BEIENT A — X h 6Bl
T3, 72, MR TA =R E2HDHHTELEIESZ
CCHEERREAEITS. 20X 2RI,
ZIE, BEDOERIZEITZAT 4 TADBEHIZ & 5525
M EEEOE R ENREZONE., ¥ Ialb—V 3
YTk, BEBEOREREL, Wt d = 8 DY
NTA—=REFDOW a; € {ag, a1} KN UREFIEEZAE
B DML % T 2,000 Rl E TO RN S 2 7
Ly EFHAEIL7Z. ZZTEBY 7Ly MIAITR O
ARIZBWTHEF OB D 5 B BRk D HIFFME & EIR U 72D
MO ZHEETICGEILEZLDTH S, BOMKIE
NI A=RFZENTN, 0y = [14,15,16,17,18,19,20,4],
0; = [12,13,14,15,16,17,18,20] & 5 7A%, FEEH 7R Bk
L3570, BELOERI L DREDLEE ANEZ S
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&5, 500 RiAIHIZ 0; = [20,24,28,32,2,4,6,8] ITAHET
5. F7z, IS OEIMREIC X > THOEEERAMES
ZeT, MiZLDENRIA—REELLHET HETOD
HARNZEZRHE L Z 2 2B <20, /8T X — X O HER]
#BTHiag & a DEEHENVIZIERAFE LD X 5FELT-.
BRI A—=R blE, FBUOLH0 L 1 OFfERE» 55D,
BIRTOMEIX 1 22 BHERp =05 DNV X —1 HAEITHE
WEONEZ LT 5. tREROMITTERLUZM 515
SNDWMMIL 0]b, +¢, LD, T T ¢, X0,
K 0% =2 DIEBIAMAICHED LB E AWz, s, LK
AW RO RAE R Z2 LT 57201 EdD > I a
L— 3 v 500 W4TV, ZOEHEREEREE UTHW-.
AR Tl, Z ORRIED DIEEH 2B U 3.3 i The
KU REFIEZ RO fEIE A L2 0% FIH
5. £z, WO, REFEEZEH LR WREROM L
©EHIST 5. REkRDMEICIE, R RRETH % LinUCB
72 5N, Linear Thompson Sampling(BLF, LTS) %\
5. 7=, ML OIEERLMHIETH 5 Decay LinUCB,
725 I RO JREE/E%E LTS IZHE U 72 Decay LTS % &F
flids. LA, Zh oD 4 DDMEIIH U CTIREFELE
AU 7-f3KIZ 1 Adaptive OEESERE % A 1T TR A9 5.
BIEDNA IN—=I3F5 A —RIZI%, EROBEH, BEOE
AW, ZUMHEOBEIZET2E0RH L. 5 DRIEAN
REVWE E, MBI T A= RIZE R L EEBY Ly
N AL BN L, AU OR & TR 25450
Roni., Tnzkl, &FEDNAN—IT A=K
KRI85 A — X DEALE DRV FAHERIZ & > TRD 7=,
FAFEERTIL, $B/85 A — X DHEEIZH U T, AEREER
BT OO —EDBMEERFFOE DRIEE LIz, T DHHUE
¥ LT 500 Mimi& 2000 i BREY 7 Ly b OBEinR% £
L, BROFEREDS B, ZOMIRE /NI WVED%EEE
5. P, TEEOREXER T O EZ T
B57-8, FifE L i BfREE BT BNA =T A= R DfE
WAL DZEE L. BRIZBETENA R—F A —
R D FAHFEERTIX 5,10, 20, 30, 40, 50, 75, 100, 150, 200, 250
D 5%, LTS Tov? = 150, LinUCB T a = 20 2ET U7z,
WEICET AN N= T A—=&F, LI OHERIZETS
BDH LT 0.950.99,0.999 2 53#E L7z, Decay LTS &
Decay LinUCB T& £1Z v =0.999 Th -7z, Z4bkHiic
BT BNANR=NFA=&%, LEOBRIZETHEDD
&£ 0.1,0.01,0.001,0.0001 A 5#E L7z, Adaptive LTS,
Adaptive LinUCB T & %12 §,, = 0.0001, 8, = 0.0001 T
Hotz., A=) VIR s IZBEE o L REX mDHE
BEOHIFE L5 LD 5, =01, s, = 1.0 AWV, K=
L2 bMH % & $ 1247 5 Adaptive Decay LTS, Adaptive
Decay LinUCB Tl¥, Z#F TIT#EE L -EE & 2
DEZFHT 5. b, FPHEROY I 2LV —Y a3 VEK
£ 100 A TH 5.
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xR 1 REWMEZEEY) 7Ly b

Table 1 Cumulative reward and regret.

I ES SRR | BREY 7Ly b
LTS 133624.88 2420.73
Adaptive LTS 134014.42 2030.73
Decay LTS 134001.87 2043.92
Adaptive Decay LTS 134253.28 1792.76
LinUCB 134256.95 1788.08
Adaptive LinUCB 134644.75 1401.28
Decay LinUCB 134639.68 1406.06
Adaptive Decay LinUCB | 134847.37 1198.89

4.2 FHEER

YIalb—VvaViERERLIGRYT. BEFEOBEAI
£oT, BTOMEITENT, BEHETE L U C 2R
P, BREV Ly RAMETLTWA Z AR THENS.
Z 2T, EEHEREADEHMNZ KT 57208 115R
TREEYV 7Ly NOWBEZMERT 5. AERIER DML,
FHEDOFEEPREFEEZHEHALAZHDTH L. BEPEL
M % W7 LTS % LinUCB O35 4121, 500 B TD
RIE/ 8T A — R DZALIZR LT 2000 Rz BWTHREFEY
Uy MDBBEMULTWEZ s, EEHBREIIENT
(2 K OBIIKE R AERE R KIFT Z 2015, Decay
LTS & Decay LinUCB T, #EEDOBIHFERORSEIZ LD
SRV Ly bOBINIMZ S izh, +oEEEIND
FTREMHV Ly bOBIIRRSNZ., ZTh6D4 DD
fRvR e BB U C, RETFIETIE, T LUME T A—-4
IR BRI EICEE, BRI Ly POIGRE
TOHMDEH L TWa. 728, LinUCB & gL T LTS
DEREY 7Ly b2&kE UL TEWDIE, LinUCB Tld#
EUTZERIE 8T A — R & AT D & BRI BiASEE X
NBH, LTS TIIHEE U8RI 8 T A — R h & fERIIZ B
NEEIH, HIIERINLGAENELEH 2720 TH 5.

4.3 ER

JEEE IR D - T2 aq 1281 B RREDOHR S W
E 210RT. BB, X 2 TIEAMIEDZEE R % BfE
1295750, 500DV Ial—yaryOEHTITARL, H
# Y725 LTS & LinUCB THRHLEZEEY 7Ly hOfdr->
72 Ialb—yarvoEoiRERLTVWS. KD 1EH
E2BHIFIENENHE L MBI A—ZDOREILE
HEOWBE THD. RODIIEVPEDIRENT A =05
BHULEOHBE 2R L TWAS. 500 FEOMIE/NS A —
R DEACHEIZT, REROMETIIHEE IR P LI EDHEIZ
HEDE, BEFETHABZIGEL 2. Zhi, R=BEFE
2, ADWIN-ViZ& B D 1V RO Y4 XD/ L > TE
EOBEREROAZFHTELRTHS. KD 3 BH
BREFERCB I 2ERBOMHBOHSE TH D, KT
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Cumulative Regret
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Fig. 1 Comparation of cumulative regrets.

A— X DOHEEIZE OREEN T TOMTREREZFIH L 725
2RYT. MO 1BHE 2B HCHRTEZMOIHEIC
HEY 0 Y RS AL, FEEHERZ(LBEDOMHEIHHR
RS A= ZDHEEIZFJHEINTWB Z 2 hbh b, MO
4 B H I REFRICTE T 2|06 D2 bk BRI
BREET — X OBEREBOWL ZRL TS, SERIHRE
AN T LEAWEWGSOEER, HEaOEEE, H
WEIGEDBEZRTHD. B AN T LEHVDZ
T, BEIEOMMBUIN U THERT — 2 80% KiFIZHIET
570, BET—XOREROBEREBEMZ, T—2041
ZOEKRAEEIMFITE 2. —HT, BLMHRIZEE DI
MIDVE L 2o 7ZHFICEBRZBOEDN R o N ko7, 2
23U TR OSE NS W & S BB W TIREY
v ¢ > R B AT 2 U 72 T ExpHist-V D& A %
W 2 RERHLEEZOND.

5, &b

AW T, FIHEOEIFRZ R DikGIZ 2T 5
BEIZBWT, HEYATLADRHHZEOERIZEZ 57
b, ZHiNVT 1w MUEEE R D IEEE AR R E
WIRL, ZOMEZRZIEELLZ. BETETI, /RO
R ER O FFEEMAG DEEADBHRMEE &
7. Fiz, ZAEBIT 2 WO R HE N
T ORE RS D720, HE LU ME ST A — KX DfE»
SHAT—XROBREEEREI2RkDDZ LT, EROM
ABDEEIT L S WEbRB 21T 572, AT, @EW
MO ENT 2T —XMEEZEAL, WA OE M
H BRI HERIBET — 2 DY 1 X&ER L 7-.

T T, BEFEOEMAIC L koL gL T,
MBI N T A =R DEALIZHEREBRL, REEM ORI
RB) 7Ly oA VEREI N, — AT, BEREOHM
PEWGE, RET DT — XEENT — X1 XK
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L2-Norm of estimated linear parameters of Arm 1
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Fig. 2 Comparation of estimated linear parameters, data size
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of arm a;.
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