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Abstract: Partially observable Markov decision processes (POMDPs) provide a rich framework for sequential decision-making in
stochastic domains of uncertainty. However, solving POMDPs is typically computationally intractable because the belief states of
POMDPs have two curses: Dimensionality and history, and online algorithms that can not simultaneously satisfy the requirement of low
errors and high timeliness. In order to address these problems, this paper proposes a point-based online value iteration (PBOVI) algorithm
for POMDPs. This algorithm for speeding up POMDPs solving involves performing value backup at specific reachable belief points,
rather than over the entire a belief simplex. The paper exploits branch-and-bound pruning approach to prune the AND/OR tree of belief
states online and proposes a novel idea to reuse the belief states that have been computed last time to avoid repeated computation. The
experiment and simulation results show that the proposed algorithm has its effectiveness in reducing the cost of computing policies and
retaining the quality of the policies, so it can meet the requirement of a real-time system.
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Fig.1 Model of POMDPs
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POMDPs 5 () 5 W o 44517 IR S WS 2 20 1, B 7o(b) —>ar, 1 1 996 A2 A5 88 8 A4 28 P 110 ) 1 BE A8 3R AF PR BG4
T FF) 54 T dse o, BTt 23 3X(6) T s

E[Z;f’p,},;/e(o,l] (6)
oy B0 R 1 R L 0 SR A I S T S T A BT A T AR (1 0 SR e K, B A K (7) B s
7 =arg maxE{iy‘ Db (s)R(s, ﬂ(b’))} Q)

Forpy ONARE A(b) RIS AE ¢ W RIENE, Th a-vector 845
£ POMDPs 1 J5e It 5 S I A7 (0455 IR A oh s I AN B AR AL A5 30 B A B A5 AR 3 i oy RS 3L

o RIS g SINANIZ]. DRI, SR AFRAR AR 25 235 TR — AN 4 K¢ 1] 0. SondikUORIE B ATART ¢ I6F 1) B 14 4 o 50T LA
Ma-vector T '={ap,on,.... 3 RFETR AF A a-vector ARG AN|SIHERER -1 AEREME SRS L8 B 2
SE XU
V' (b) = max Y a(s)b(s) (8)
ael

ses

TF—" a-vector X N —AN F 0 SR W B — AN SRS . — AN BAE ¢ B 0] Be K a-vector B6 ' v DL F 58 X

© HEBEERAET hipd/ www, jos. org. cn



28 Journal of Software ¥4 33k Vol.24, No.1, January 2013
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Fig.2 Reachable belief states tree
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Table 1  Analysis and comparison among some point-based algorithms
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HSVI2 AR 5057 14 Backup O(NI[(AI+IZISIASI+17y [+ 1))
SARSOP LR ML, 564 Backup ¥4 O(SP|41|ZI|BN)

FsVI MDP iR B 4 Backup O(NI(S+AI+21))

PBVI 1 SARSOP & 5¢ 4 Backup A, I 101 5 4R h O(IS||A| T Y| Z||B), He b 5 357 3% Ik i) 42 2% J3 5 8/
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Fig.3 Comparison between offline and online algorithm
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Fig.4 Thought of PBOVI presented by diagram
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EE 20 X AL &RES b RIS BRATE d, % RS U(b)=Rp(b) I PBOVI LI I B K8 7
IPBOVI(b,d)~V" (b)|< 7*Max(|Rmax—Vminl, | Rmin—Vimax) (21)
A Rinax A1 Rinin 73 901 20 35 KM B /> 13 BAEL, -3 A2 -

Vmax = Zy[Rmax = (22)
i=0 I
Zylen - (23)
27

TE B AR U(b)=Ry(b), 1] PBOVI Sk (K B4 bR B V) (b), I PBOVI(b,d) =V, (b).

= ALK 40, | PBOVI(D,d) -V (b) |<<| PBOVI(b,d) =V, (b) | + |V, (b) = V" (b) .

A4 AN SR AR EE L AN E 45 1R 0.

WRAEEHL 1 WAL [V (B) =V (D) [ 7 |V (B) =V (B) |= 7" | Ry (b) =V (B) I<< 7 MaX(| Ry = Vi 1| R
AR (1)L

2 Rp(b)=Rmax 7 H. V' (B)=Vrmin 1,8 Rg(B)=Rumin 3£ 5. V' (5)=Vmax [R5 (B)—V" ()| 11 2 B K, W0 5 22 1] 1K) B K
ELEI y PBOVI S5 KR 2224 t—oofth, PBOVI SV B L V) 55 85 2k (0 B AR A bR K V7 2 ) (3% 25

min Vmax |) )

WV =V LSV =V N, IV =V L (24)
WA SCHR[B] R &5 38|V =V || ST 2 Vs =77 || eh,D N IEAZ K. O
ENX 1. R HARAER T, B A% PBOVI HH 4 T bed I 48k A iR 2R
e(b) =| HVE(b) - HVE ()], (25)
EX 2. FFAENM IR KIRE N
e=|HV(b)-HV (b)|, = max & (b) (26)
EX 3. S N B E R, E AR A MG S A3 B &K,
Oy = ma4>1<m|n||b—b’||1 27)

MR LA b 3 AN AT LS 51 RE 1,30 94 2 0L SRR [11]. L Rpax=maX; o R(s,a),Rmin=min, ,R(s,a).
3138 1M, PBOVI 78 B L HIAFL IS A 0 7 A 1R 2 4

e< (Rmax min)dB (28)
-y
E S 4. ¢ I Z111) PBOVI VA R 5 vy %I 21 B ARAS s K v 2 IR 2
&=V =Vl (29)

EIR 3. X TR SIREES B AL £ PBOVI HILR % ¢, = vy -V ||, WSk T
&< < (Rmax len)é‘
@-nNa-r")
W, =V =V L MR A BE SNV =V L= AV = HY L
SINHV M Z ARG R AT, | AV - B\ < BV - Y | HYE - HY Y

(30)
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m%ﬁlﬂﬂMM$hHw4mgﬁmf&ﬁ@.
-y

M4 BACPUP # A m 4, | HV,  — HV' Y |L<y" 1V =V "L, .
ARG E L4, 2 V=V =76

s A, Boe = Fondds oy < oo Rundds g s 30) 7. 5278 3 3 . 0
1-y A-na-7")
FE S0 2 1 3 A, 2 ) 222 4 o 5, B4 ) M 5 A 4 V0 806

T34 ey .
4 RB5HE

ASCHE 3 AN FIEVEN PBOVI VLA 2t 45— £ 5t % RockSample [ B 1o o 7] f) 3t IR 1 D
ST PBOVI 15 22 [ 560, 35 B D 1R B 0 BRAE; 55 — =2 %16 RockSample ji] 38, 3P4/ AN 7] 75 4; POMDPs $.32: 1) 1 57 I
V8] B8R 58 = A2 BT X RoboCup ML A Rz 17 B L 8, EAT S A 20 LU AR A SO 15 52°F 65 24 Matlab R2010a,
IBATIREE 32 £7 Windows7,Intel(R) Core(TM) i3 CPU:3.07GHZ,RAM:4GB.
4.1 RockSampleja] &
RockSample i@ f1 Smith F1 Simmons 7E 2004 4F4& tH, e B 2 HLAs AN AE KA FRAEH Al I 3REUCR
SR 50 B IR TR K ) T SR A 14D 2 45 4 B (925 A A2 B 5 o SR U 55,4 I BLEE N .RockSample il & (1) —
Wl RockSample[n, k], 3278 nxn A& Tk A A
o RABES SH—MREM k1 ABERMRIL T X I AT A E, BUEYE Y {(1,1),
(1,2),...,(nn) 3k AN A Xy Ron— A, BUE A {Good, Bad}, % 1R ZS A EXIT.IA X
T RockSample[n, k]l 5, '& 4 n?x25+1 AR,
. WMEEE ANLENE k+5 Db B TE /I K {North,South,East, West,Sample,Check,...,Check,}.Hi 4
A B A R 5E 1, 43R B AL AR 1) Sample SRR RS L AT A B T RIEE A4 X; =
Good B JR[EIHRIMAE R=10,7F Xy WME N Bad,™ Xy = Bad W, R=—10;%4b 5 £ 1R EXIT B,
R=10; AL BN EA 2 F 4RI A
o MEES ZCheck; SE AL KN X, W4T {Good BadyFH) 1 145 45 W 35 (1 WL S A8 A% B B3
A 8 LT U 878 B AL RE R T (X, ) T 45
(X p,i) = 274001 (31)
T d(Xp,i)h Xp 55 X ZNNRIER LA RE 85, do D T AR 5, BN 1 RURERE 9,2 d=dp I, 7=1/2. " =1 B, A5 %
WIRLGR | TEHIE,; 24 7=0 I A% 2438 7] Good F Bad KM JLAAR N 50%. 55 T 45 {5 @ IR S M A6 AR 25 BE A A
A1), %65 A 4 A Good 83 Bad WA AR BN 0.5, 341 Kl Ty =0.95.

]
] ] ]
'_
A ®
w
@
[ ] L

Fig.5 RockSample[7,8]
K15 RockSample[7,8]

© HEBEERAET hipd/ www, jos. org. cn



34 Journal of Software ¥4 3k Vol.24, No.1, January 2013

42 S5%piERRE

L5 BRIt J R B D BB XS & T- POMDPs A5 2 [ 71 28 5005 28 5C B2, D BT K 4% 56 i 8005 1) S Ik D
HAE I /N, B2 1 8 25 4R K. B 6 /& PBOVI,RTBSS,MC-RTBSS Hil AEMS2 iX 4 iy A )3 7 R & R it
PRI A 10 20 BT B &5 IR SI2 86 % % Dy RockSample[7,8], Holk 2%|S|=12545, 51 15| 4|=13, ¥ £%|Z|=2. H & 6 1] 41,4 Fil
AN A0 3 IR S D=4 I A ESIG Y D>4 I, Je ks A2 SN 3R 40 (19 I [R) 40 S48 24 D<4 I Ik R 22
IRKGAERENE b, th T PBOVI HIEF AEMS2 SIE#R M e KR I J8 R XA #8005 v R A 22 AN K R
PBOVI VLR FHAE Stk A g5 AT 7510k, 38 7 o 5 50 %, DR T L A S 4 1) v .

Ty 5 T3 5 e RV R AU SIS B D) AT 2 A B 7 R BT Ly B R R BT L B 1 43 BT LR A i
B 7 ] 0, 0K T 3BT L sl VA I B0 R Y D=4 B AE 1s 22 9] LTS H T ARl BB e AR L A R SR BT
ORI S UL R, 2 D=4 I FE I K Z1AE 300s, G 10 A 45 SR AR T AL S A0 SR s

22 1000
20 ' ——With pruning in PBOVI
18l 800 r —F—Without pruning in PBOVI
o 187 = 6001
-~ e
g 14 —+—PBOVI =
ool —e—MC-RTBSS, = 4007
10 —*—RTBSS
—o— AEMS?2 200 |
83 1
6 0 .
1 4 7 10 13 16 19 0 1 2 3 4 5 6 7
WL WL
Fig.6 Comparison of convergence speed Fig.7 Analysis of time consuming in different depths
K6 W Sid Bt AL 7 AN[RVIE DR AR 3 BT

A L S 36 B 40 AT 40, AS SO RS T RockSample[[ 7,813 3 Hh 445 KR il SR 4T 512 I SR AR, - A Ak 4
.
43 RHEEES T

VP40 2R 0 A PN A A T R 05 I SR SR T B M SRAFAE (DLW 5 — /S
SR ZE S /MK H AR AT B BT 4T 1R AR 55 i A T {2 R) PR R 22 BE XA 2 S PR 4R bR, AR SCR I S
WRTA I 2 2 4 T 7 04 2 SCA0% 22 R L EBR(B) I F FHR 2 LBI(b). Jeen g6 sl 7 15 X V()i | F
FAY A Ub)RI Ly(b), 5 S5 5544 F(T)IR E R S5 5% UG)RI L(b).
Ur(b) - L;(b)
U(b)-L(b)

LBI(b)=L(b)-L(b) (33)

ARSI S5 % 5 RockSample[7,8], I ) 2 A4 S M AT— AN B4R, R FHE V4 — R PBVI J5ik, L5t
fHIH SR H QMDP Jj 3, 3X ] LB I A P i S5 A 5 (A 25 .58 2 4 R 2 &l 20 Y & SE 5, i
TR TR A bR 2%,

Table 2 Comparison of several parameters among different online algorithm
&2 AFHELAE) LS H L

EBR(b)=1— (32)

ik WM EBR (%) LBI fERREL G SR EARG%) TR (ms)
AEMS2 21.37£0.22  57.7+0.2  3.08+0.02 2910+46 38.240.2 645+3
RTBSS 19.45+0.30  22.4+0.3  1.37+0.04 426+1 0.0+0.0 42245
MC-RTBSS  21.36+0.22 49.5+0.2  2.73+0.02 2781+38 12.2+40.2 697+2
PBOVI 21.34+0.20  58.9:+0.2  3.09+0.02 287+11 72.5£0.2 270+2
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t# 2 W ek i F5 4% F,PBOVI,AEMS2 Fil MC-RTBSS A4 [F; 7 EBR 1 LBI $5#5 I ,PBOVI I
AEMS2 FE A AH A A5 AR A &% o5 B ] 4y 8 55 vk 10 25 1) 8 2R 5 AR U 2 96 45 T W 4 PBOVIL vk e/,
RTBSS &k HAh Bkt e k. = 22 L R E T+, PBOVI Fil RTBSS 7F 47 55 b 380 2§ AR PRSI ik AR 1

BRI ELAT 56 D () 46 5 8010 &5 5 TR P 45 65 L PBOVI S0, K 7038 7 VA D=4 (S 00T i T &5 ok, -
Aty L5 B () 45 P BB ARAT, FEAE N — i %03 S0 5 RTBSS Sk AR vk S e BB vl 4, i B e & i st
A RS AV BN R F5 47 1, ,PBOVI Fil RTBSS WA S8 I 4 b, TR BT B A5 R sl b W bm it
ZEW FA TR PBOVI B34 B R bR 28/ T oAb S, 3 B PBOVI S35 B 5 i (M - 4 1k
4.4 RoboCup#lsg AKBIHFEIH

T IR A S AT S B B R AT AT K AR SR R U B TR B K% RoboCup BLAR A KR4
A AR AN [ (R b B 3 5 R HEAT R L8 BUAS T B B SR.3R 3 Dk SR FH I AR SR AR ST H A9k 1) 45 Tl s ) b
B P R SR A S S 2 4 2010 4F R k2% RoboCup ML #s AU 477 EL BN (CSU_Yunlu) FRIHE 28 iZHE 4257
T DR ) & VR PR REAL B R D I8 7 2010 4P R LEE AN KZEE RoboCup 24 JT 28 A RoboCup Hl
2% NRE A B4 68 72 AF ZAE B W Ak L SR R AR SCH70:,CSU_Yunlu PAFE 2011 4E+ [E HlLgs A KFE# RoboCup
ATFFEELS RoboCup HLak A BUEF B4 4.

Table 3  Simulation results of not using/using PBOVI respectively
F 3 ARRMERMA D 74

M (e} RPOTIELH Kkl BT AS S ERRIR (%)
Foligno 71.53/96.75 0.100/0.471 1.000/1.000 36/3 0.997/0.999
FolignoFinal ~ 68.21/73.49 0.333/0.400 0.876/0.936 13/8 0.517/0.550
Kobe 35.36/66.85 0.778/0.244 0.830/0.968 66/30 0.379/0.544
KobeFinal 76.44/77.24 0.313/0.373 1.000/1.000 20/21 0.993/0.990
randomLarge 67.47/84 0.089/0.467 0.850/0.870 48/18 0.755/0.667
randomSmall ~ 66.98/97.1 0.175/0.425 0.824/0.956 35/11 0.582/0.783
VCFinal 53.64/75.67 0.213/0.365 0.863/0.900 49/28 0.630/0.730

M1 3 W At SR ASCHR 1 PBOVI S5 FE B G 137« SRBOT R ELH] . KK EEfl . FET: N5
7R PN R = Ay I E (R N NE =i

5 LRiE

43 AT L8R T SR ) SR SRR Sl A AN B B AL ER BT 1R B AR SR I AR Y AR T T L SRS BT g
H R 59 ) R A I L BRI R 8 28 ) R AT SR A AR SCHE HE— T PBOVI B39, S &5 SRR WA AR ST
SN AL S R BT (R T L B L A RS B — SOk R S T S R AR v T A A IR
A ST YR, AT IRAIE PBOVI R Z fie/MME.

15 SE R (1) POMDPs 52 H {5 8 R A A A8 B A AR R IR i 2 4 SR A B AT 7 e B RO PAAT iy 0 B3 AR i
F o K AR = PBOVI W SIOH 3 A 70 AR SC I SR 3 % % RockSample[ 7,81, H1 W 5% 745 f (A& 5 1 L 40
B N A7 8, 5 A A A R AR 37 B EG At 5 47 AN 53 W) 24 7 08 % A% 5 10 JIC(EL AR 4 K — 4R 1, ] LUKE AR IR
A5 P TIT 3 4 3k SR 7 A SRR A T2, 35 FH 5 28 DL - 307 % 4% o0 Y8 ok B i P, AT AL S A8 3 10 S s £ o B 6

it B4 Poupart,Pineau Fl Ross %5 A J& 1~ Matlab i 5 JF & [ POMDPs #4-/8L, AEA SC I s, L H 7 Hp
(OECEZAT
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