Speed-up of heuristic search and hypothetical
reasoning
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This thesis proposes two new bi-directional approximate heuristic search methods and two new
speed-up methods of the inconsistent process and the subsumption process on hypothetical reasoning
deal with predicate logic and a new approximate search method and a new optimal search on cost-
based hypothetical reasoning. Heuristic search is a universal problem-solving mechanism in Artificial
Intelligence (Al). The aim of heuristic search is to find a solution (path) from an initial state to a goal
state. Real-Time A* (RTA*) is a representative heuristic search algorithm for finding approximate
solutions. The Multi-State Commitment (MSC) method was introduced into RTA* and dramatically
improved the performance in problems such as the N-puzzle. As well, Real-Time Bidirectional Search
(RTBS) also improved RTA* by changing a unidirectional search into a bidirectional one. First proposed
method is that introduces MSC into RTBS. Second proposed method is Bidirectional Depth-First A*
search (BDFA*) using backtrack technique, which are efficient finding solutions methods. Hypothetical
reasoning is a knowledge process framework, which can find explanations for a given set of observation by
assuming some hypothetical sets. KICK-HOPE achieved efficient reasoning, however, the inconsistent
process and the subsumption process still consume much calculation time. Third and fourth proposed
method improved that vain processes could reduce. Cost-based hypothetical reasoning is to find a best
explanation for a given observation based on the assumption of a set of hypothesis. Previously efficient
method that utilized the A* algorithm was presented, however, the time and space computational
complexity are exponential. Fifth proposed method is that Real-Time A* (RTA*) was introduced to
cost-based hypothetical reasoning. Sixth proposed method is to change Depth-First A* search.
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FRIXTRALAEOFHEO—HTF Th 3 MERRORENRFETHS (La—) AT Ay VBE| & RS
RHEWT, EERINATE CRToTEEBRILFEICSVTRRS.

2 Ea—-YVRFavIBEEOSE

B2ETL, RBEMI T 78D 2—YRF 4y 7 EHEFEL LT 2 SOBSEELBRERT L =Y X h#igR
V5. ba—URF4y 7 EREE, BECETI a—Y 27 4y 7 RAMATFMHERE LTHWE: & THIERGIZIN
RE»S RRRIBE TORE (1) 2ROEZLTHSD. RBALLATOEORLEARL 2 5MECHS %, STEENE
A NP-ERE /i3 NP-BETH Y, RIBERIOT A XHKE < 725 L FEO LB TRERD S = & SEEIC 5. T
T, BREENT TRERERDDZL L0 b, HEEARMNIELMRERDE - L RBEL LS. T0OL 5 7e: B ifR
BETATY XhE LT, RTA* (EBEREES : Real-Time A¥) #H5. RTA* L, ERAERLBHEXEIFTS> 7L
TYXATHY, ERBILVEEGEYRET 24T, HERRKESHS. Lal, RIZERRT 2 RIEEZ—IZR
ETHLD, BRYBoLBOOEHBIINE V. EREIIy bR MER (MSC : Multi-State Commitment) Tid,
RTAMC L SBRETn BORBERKTIZ LT, 2OL 5 2EESERE LTINS, —F, MHRIEL BEREHEE
FICES M) b REHER S RT3 REMFH0ER (RTBS : Real-Time Bidirectional Search) Tid, #HRIE L
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BERENOHR L 2 SORBERRES, BT ORMERREY BB L TBHT5 L THREZERLTWA.

21 BREEREEAHES

ZEFMEFMEZICSREI Iy F A2 P E2BALLSRIEERSMEFHIEE (MSRTBS : Multi-State Real-Time
Bidirectional Search) Zi&®R¥ 3.

AW EECTER SN REZRET DY X % OPEN,, HEROYV A2 TEMP, L¥5%. Fikic, #mEEsE
TERINEREEZRFTSY R L% OPEN,, HEADOY R 2 TEMP, &T5. UTI7ATY Xa%Fi.
Stepl: #IRIKIR so % OPEN,, BERIEG % OPEN; iTlix 5. RETIRBOE n 2RETS.

Step2: if (OPEN,=% %721 OPEN,=2%) then EH &R, &T.
Step3: OPEN, O%BDRERY x, OPEN, DEHEDORES y &1 3.
Stepd4: if (z = y) then &EFERZh, #T.
Step5: if (TEMP;=%) then
1. OPEN, »bEBORE z 20 H.
2. s % BRALER SN2 TOFREDOHEE L OPEN, EENIREDES Y TEMP, 7% 3.
- 3. §RTD ' e TEMP, IZBALT h(z',y) Z#HEHT 3.
Step6: if (TEMP,=%) then
1. OPEN, M bEFORE y #RY K.
2. y*EBRLERZINILETOTFRIEDEA L OPEN, EEENBRBOERY TEMP, Iz 5.
3. +RTDy € TEMP; BALT h(z,y') 2HETS.
Step7: BTFORIZRE, h(z,y) 2EHT3.
c(z,z') + h(z', y)
(v ¥') + h(z,v)
(h(z,y) DE# c(z,2’) + h(z',y) & c(y,¥') + h(z, y') D552 BRI SVWHEIZESFTS. )
Step8: B & EEFE L %M & EROHIHERRE
1. if (min{h(z’,y)} < min{h(z,y’)}) then

(a) £Toz' # OPEN, &L, BlBizy—bFL, TEMP, %:QLTZD (ﬁ/boﬁozﬁi&@bnﬁﬁd\o
LOES ALY CELS.)

(b) if (OPEN; B > n) then n BIZAZ2 5T, OPEN, D CRADFEMEORIEXHIRTS.
2. if (min{h(z’,y)} > min{h(z,y")}) then
(a) €Ty # OPEN, &L, BB/ —}FL, TEMP, 2#ZI7 5. (B0 LOBEEBHNTR D
LOET AL TELS.)
(b) if (OPEN, RA¥ > n) then n BIZR23F T, OPEN, OB CRADEFMEADRIE T S.
3. if (min{h(z’,y)} = min{h(z,y')}) then Z> ¥ LT (1)(2) #RITT 3.
Step9: Step2 ~
63 NANMTRIT D, EBEFIEMSRTBS LEROBIRE= I v b AV MEFE MSC-RTA* & FH A ERMIER RTBS
DOEITHM (B), BORE, RITAT v 7, BEEIKOEHEER 1ITFT. 28, RITATF v Tk 3MERR
BERBEBHLERTHY, SRR L ZERLHMESMOKETHS. 22d, 633Xk 8 X 8 DEREIT1

o 63 ETDEFDODONZANL—DDEARDHY, FANETVFLRRENS, BEMRELL TXBEKE~E
BANERTGAL FEETW{HETHA.

h(z,y) < secondming:

% 1: 63 SAMITBIT HEBRER

F RATRR (B) #MOokE AT y7E EEHSEK
MSC-RTA* 2422 9107 176071 78055
RTBS 1713 10883 117278 88271
MSRTBS | 118 6564 43668 22162

KBRER LY, XERFETH D MSRTBS i3, #3%ED MSC-RTA*R® RTBS Lib~, KIBICHE - BOKENH L
LT3 Zeabhd. Zhid, ETAT y7HEEBEHSENRI R 2o I hd, BREMBRDLNLLDTH
¢EZLND.
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2.2 WHAFRSEER AXIEE

$#R|F P MSRTBS 2 N XA ITHWT, €D MSC ®° RTBS &, KiBIZHEfER#TE /288, ¥RBEICE
WTRARTRZVEWS BRREBONE. Thit, ESHMEROERTE LT, BEDASVOEREECHE, —EHKNY
B3 LEERRBEIMELFE L BBL R VIBES VL BBIEES Z LA TE ARV E WS BEEAH I D THS. T T,
NyZ bTyIERAVAZET, MELEYLBHLBRVBESZ THBRIIBE RS B LA TE AT MESEL
A*ZFE (BDFA* : Bidirectional Depth-First A*) %8R+ 5.

A EERCERSNIRBLRIETS Y X % OPEN,, BHULEREXRETD Y R b CLOSED,, Mg
FTERSNIREBERETSIY X & OPEN,, BHMLIERELX{ERTSY R M CLOSED, 45, —Bi#icRE
LERBERETSY A E TEMP, TEMP, £ L, UTIZBDFA*O 7A=Y X A xR B, KTEER—F0
BEERETLI—FOEREMIT YV F N LERRD LT3, ' .
Stepl: ¥HAIRIE s0 % OPEN,, BEERE G % OPEN; ithiz 3.

Step2: if (OPEN, =% ¥/ciX OPEN,=%) then EHRERRL, KT.

Step3: OPEN, OEHOKIE z L3, OPEN, DEHORE y &1 5.

Stepd: if (z € CLOSED, %7242 y € CLOSED;) then SRR, #7.

Step5: z #REL, F/—F0%Ka% 2 LT3, y2RBRHML, F/—Fo#8% y L T5.

Step6: T=TD z' ILBL T f(z',y) = c(s0,2') + h(z',y) + c(y, G) Z#H, BiEIcY— L (bL, BUCEIAHKE
HNEF o FATY— MNEREZXD), o' € CLOSED, TR hiE TEMP, iz ANB.
FTRTO Y IZBLT f(z,¢) = c(s0,2) + h(z,y") + g(y, G) ZHE, BEzY— L (bL, AUESHEHKED
NEFFLTY— MERERX D), ¥ € CLOSED, TRIFAETEMP, AR5,

Step7: A& 83K & % & BREOHIEBREE

(1) if(min(f(z',y) < min(f(z,y')) then OPEN, DEFEEX WYL CLOSED, IxAhv3. TEMP, % OPEN,
x5,

(2) if(min(f(z',y) > min(f(z,y’)) then OPEN, DEHEXRY L CLOSED, it AD. TEMP, % OPEN,
Zhnz 5. '
(3) if(min(f(z',y) = min(f(z,y')) then 5 ¥ LT (1)(2) 2EITT5.
Step8: TEMP,, TEMP, #Zix{ 5.
Step9: Step2 ~.
BFRS T 7ICBNT, EKEDOY A X% 400 X 400 & LTHEBT S 2 L DTERVEEYE 35% OIS TT L A Al

EE LcRIEY 100 BAEL, FHERSES A*ER (BDFAY), EHMIESEE A*ER (DFAY), EHMESMESR
(RTBS), REFRRFR (RTA*) RITHE (msec), MORE, EITRAT v 7%, EREMOKE SOEHER 2.2 LFT.

| 2: KB (400 X 400) ILBIT HEBRBER
BDFA* DFA* RTBS RTA*

TR 8 61 4417 1174
BOEX 1570 1668 1069 1058
27 v 2218 23718 922144 353783

BREEHEOREE | 2318 14542 1740 1681

BDFA*ZESTRMITIUNT, RTA* RTBS & i~ KBEAREM L HEILTWA - LEbh3. —hit, | Cikne
DUHFREHBS B LIz Y, RITAT vy 7R EBoEDTHS LELBEND. MOEILH VT, RTA*® RTBS &
BEMETLTWS. Zhid, BDFA*TiE, Ny 2 bS5 970403 L, BWHOEEREDBERESEN-BFIcRD1D,
BREEMPBERVERNEL Lot B N3,

3 EER#ROEHEL

HIETIL, BERBLE D EREROFELE L SELBOBHECFELRETS. RRER LI, HBHRH
REREFLVHIATRESZT (ERELTT) #aTED, FELCANER (FT—1) ABETE LT, ITHE
BRRE Lol tEZ Z3HXOHETHS. RERDEBHIR S A F L ThHD KICK-HOPE i3, EmEEE LM EE
FHEBEDE TR LEREERL TS, L, EREAP TEH LTV A RBEAEFBBE L TORV A H
~OFRLB TR EBREABECTORVDETAZ QE LI AR RS HE = & BEEE 2oTWS,
KICK-HOPE TH, ROy b~7 FBRBEL Yy MRELEIZL Y BEEEFHBEL TS, ERLAELTF-T
WHI LBbolk. £IT, FELE - AELERE LSRN, RRESRORIT, MEALFENE - SELERSYN
ENEIDF v 7 1T\, BEAFELE - BELBLHRT 5 FELERTS (BEFH3) . A R e~ —
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A, ERROKEDBYE, NHEEROR S Va—) Y RER STV THEBEREITY, NBICEER LR LI
ERY. B, FHN-RLIENIFEFELEALLRELFELERTS BEFE .

4 X MBI EEHEROEEIE

B4ETHE, 3R MESK EREROER{ILFEXRBTS. REHRTH—BIC, SR E AERHS B 1
HEEETS. LrLais, BiF, RMHEERYICSWTR, 2—¥SERTIRITSTORHA IR, LA
LHAELWRATHIZ LBV, FEERICIR b (RBOEEENHORDB) 2ATRLEFELVWEE BhaX bo
B ERHIEWME IR MESEBR#ER VS,

4.1 HREREFREZERLNMV-RHERATLA

3R MES ERERSRAREFRABICBERABZ LN TE, AV TAITY XAZBRATIILETES. A*T
ATY ZLBRHBERERDIERTNATY XA E LTS, $RBELEVS, ZEREOBETIX, XY LN
BUEIZRE, FIT, BETAVTY XADFRLUREL LTAVWSLATWARFMERTEBALLVRAFAREETS.
UTFiz7ATY Xh%TT.

Stepl (FHHIRE) MW~N—R KB LI-Ng%52%5. ERBOEE I 2BRETSH. KBITSENIFEAMEMY
B, REBOZKEER L KB\IC LHRILT 3. FEOM inc DRADERESERDE. BEDVER/ —
RzEkgil, SGE/—FDYRMLETS.

Step2 (BRH8) z & KB B} 3—BFsD SLD HFHTHRLNZ T TI—AELTRH T SG izi8BM7 3.

Step3 (KTHIR) SG=¢ (FTFIT—AhRNEE) r OEBRESERLLTHAL, &TT3.

Step4 (FHELB) SG IBNZERPFERMOERMEEET LN L SPEW~, FETEYTI—1% 5G 75‘5#']5%
5.

Steps (LHEHER) BAOEMHE min{f(z) = 9(z) + h(z)|r € SG} ¥¥>/— Fk z LT3,

Steps (ERHBBFEEF =y ) bL, /— Fr DESBERLEE 125 SG ZHIBRL Step2 ~. ThLS22b, SG %
#FF L Step2 ~.

4.2 FIBEARRZAVVGEIHERSXTLA

A* 7N ITY ZAZBW-RREIBRAFAIL, AERBIHBLLEAEEZ 2 — Y R F o2 2ae LTHWS
ZLT, DRHOITEREZER LS, A¥TATY XA ZREROTEERHIRER/ — FETRTRETILESD
Bk, ATVEREXITRZEWSEBERECS. ThIZH, BRI EREE/ — POV bbB/haR bo
J— FERFETIHMBEXIzRELWIBERDS.

T, A¥7TATY XAZESBEAIZHAE L, BEITEEER (RBEOREDRVER) 26T, RIZ, TOREYE
RLLT, 8BV (RyZ +Tv2):2BIL, PERBECEFATREROTRED2VWVEERL Y HEENEN) —
FREXD Lz, RBRERITVNER) — MR A23E T, RVBLERTIZ LT, RERYROB-LHTE
3. UTFR7AITY XAEFRT.

Stepl (SIIEER) MM—RA KB ¢Td—-Ng %525, BENPEE/ —Fz&glkl, SG, SGimp ¥/ —FDY R
F&TB. HEMR solution DR hEFoo k33, FIMESMT 28ET 5.

Step2 (BTHHE 1) HIREFM T 2 BABE, BEOCEER solution ZHAL, #T33.

Step3 (B z & KB itBiT5—BREO SLD RHTALNZFTI—LEL2TROT, TOEEE SGimp £ T 5.

Stepd (FBLE) SGimp KENIERBEFEIMOERKELEULNY I MER, FET BT T—A% SGimp 1
HHIBRT 2.

Step5 (BY) WEM solution DAL LY SGimp DFHD/— FDIR PHERKEWGRR, BERIZET S TIES
Dl — ROT-hEkRT 5.

Step6 (HRMBOEH) SGimp =¢ P&, z DEBRME LW EMR solution £ T5. HRXDEE max(depth(SG)) %
T Ho) — FORAE SCimp EF 5. 17U, depth() 12/ — NOES 2ETEKTH 5.

Step7 (BT%H 2) 5G = ¢(REBRERITLER ) — FHARV) B8, ¢ OEBES 2 RBM solution & LTHAL,
®TT5.

Steps (BR) B/HOFEMEE min{f(z) = g(z) +h(z)|z € SGemp} D/ —F&x z L L, SGimp b z ERVERE,
SGimp % SGITIEITD. Step2 KES.
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5 §5ik

FWICTE, FERROFEL LTRLEMOLREZH L BEREBA NS L LT, B4 RERFELRR#RORH
{EFEEXREL:E. _

ta—VRAF 4y 7 ERROELMRIEL LT, SRERHBMER (MSRTBS) & MH MRS EE A*EE (BDFAY) %42
EL7=. MSRTBS i N NANMTEWCKIER AR £ & HER L2 RB L, HEAEICSVOTIEE, #oELL
RELARBLWIHENBONKL., BDFA M IIERMEI BV TIIKIEREEMLEZE LN, N AL TREE, &
DELLITEL 2DV RERBLRT.

MIFREEE S FRMERIZHVT, £AEFRO KICK-HOPE 23z, FELE, AFEnBo®m#Elk, BFH~N—I#
BEBALLGELFEERELE. T, RRIIGELEOENE (aX ) 2T aR MNeESCEBRERIZBVT,
ZEFMER (RTAY) 2AWEFiE, BEEEAEELBAVW-FEZRBLE.

FURXBEGROES

FRIGF1IA2THLE | AZEVRLEEZESYHE. 1A 8B COERER. FORCE2EAEESE
BEStHEL, EEFZEOHRUTOBVHEL:. 28, DBERRICBIILERZRESRIIAZZDO
Elfe

FRXIE, RELDTRBE L2V ART 4 v 7 RROBTRILERAEROBEMLIIHT SN B, FIEIT.
MEICHET A 2—JRT 1 v 7 (BERICEDbIA) ZMELFMBEIKE L THYV 2 Z & THZERICWER
ErCEHEREITOBRE RO LTH) REROHEEEEIINP ELTI I NPEETH 3,
FD2H, RBEHOY A APKE 22 L BENLBRTREZRODIEFEEE L), FETHRLZED
ATELPBEROEZLFERENSE, BEZERIOLD LRREOT T, SREENBEARNER LTI
REBEABRLCIEUBERODIFEEIREL L, BETIZ, EMBITREL2EMRL LV HLTEE
ZZT (RAZELTT) #EHRzED, FEL(BUERIHBATENE, LTLEEFELPo722EX 3
R MR LA RIC, KICK-HOPE OFERE & S ELBEOEHE L, ERN—-AEHROEAICL 2EH L. £
HERELHVWARIER AT L, BFEBEAERZRVRHEERY A 7L 28REL,

DEOBRER . RELRAXROETEELIIKE(ERTE20THY . Fpsridtdt (I%) cET
53D EHEL '
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