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ABSTRACT

Best-firstsearchalgorithmssuchasproof-numbersearchwork well whensolvingendgamepo-
sitionsin chess-like games.However, it is hard,evenfor proof-number(PN) search,to solve an
endgameproblemwith very longsequencesbecauseof its inherentmemorylimits.

After PNsearchwasdevelopedandhadachievedmany successesfor solvingsomehardproblems,
innovationsto depth-firstsearchalgorithmswerebasedontheideaof proofnumbers.Thisarticle
introducestwo suchinnovativealgorithms:PN* andPDS.ThePN* algorithmwasdevelopedfor
solvingTsume-Shogiproblems,amongwhich onewith morethan1500steps.Then,PDSwas
proposedto strengthenthepowerof thePN* algorithm.

Thecurrentcontributionpresentsanempiricalcomparisonof PN*, PDS,andPN search,aswell
assomevariantsof depth-firstsearchonthedomainsof 6x6OthelloandTsume-Shogi.Thecom-
parisonshows that PDSoutperformsPN* on the two testbeds.In 6x6 Othello, the PN-search
variantdoesnot show its characteristicremarkableadvantageover the usualdepth-firstsearch
algorithms. In Tsume-Shogi,forcing move sequencesandsuddenterminationsplay an impor-
tantpartwhensolvingsuchproblems;thereforePN-searchvariants,in particularPDS,show the
expectedremarkableadvantageoverotherdepth-firstsearches.

1. INTRODUCTION

Problemsolving is oneof themain themesin artificial intelligence.Generally, a problemis formulatedinto
anAND/OR graph.Sooneof thesubjectsin AI is to solve anAND/OR grapheffectively. Moreover, this is
anessentialrequirementof solving largepuzzles.It is closelyconnectedto searchinga gametree. A game
treefor endgamepositionsof mosttwo-playerzero-sumgamescanberecognizedasanAND/OR treewith
consideringtheoccurrencesof transpositionsadditionally. Best-firstsearchalgorithms,suchasAO* (Nilsson,
1980),have beenusedin theAND/OR-graph(or -tree)search.Themain characteristicof thesemethodsis
thatthey expandthetreein memorywhile searching.

In 1995,Seodevelopeda new depth-firstsearchalgorithmbasedon proofnumbers,which behaveslike best-
first search.It is basedon Korf’s IDA* (1985)or RBFS(1993)algorithm. Seo(1995)originally namedit
C*, but it was later dubbedPN* (Seo,Iida, andUiterwijk, 2001). PN*’s most interestingfeatureis that it
doesnot expandthe whole searchtree in memory. So it requiresmuchlessmemoryin view of the usual
best-firstalgorithms. Seo’s solver showed a marvelouspower by solving Tsume-Shogiproblemswith very
longsequencesandin 1997it solvedthelongest-sequenceproblem(1525steps).

Recently, Nagai(1998;1999)developedPDS,a novel depth-firstsearchalgorithmasanextensionof thePN*
algorithm.However, thenew algorithmaswell asPN* have not yet beentestedworldwide. In this paper, we
make a startwith suchextendedtestingandshow theresultsof the two algorithmson two differenttypesof
games:6x6OthelloandTsume-Shogi.
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Thecourseof thearticleis asfollows. In Section2 webriefly describethreesearchalgorithms,viz. PNsearch,
PN* andPDS. Then,in Section3 we comparethe resultsof the threealgorithmswhenappliedin the 6x6
Othellodomain. In Section4 we repeatthecomparisonfor thedomainof Tsume-Shogi.Section5 provides
conclusionsandsuggestssomefuturework.

2. THREE ALGORITHMS

In this sectionwe introducePN search,PN* andPDS. SincePN searchis well-known we will rely on an
adequatesummarypublishedby Breuker (1998).

PN* andPDSbothstemfrom conspiracy-numbersearch(CN search)(McAllester, 1988;Schaeffer, 1990)and
proof-numbersearch(PN search)(Allis, van der Meulen,andvan denHerik, 1994b;Allis, 1994a). In CN
search,theconceptof aconspiracy numberwasintroducedin thegame-treesearch.Thissearchwasprimarily
meantfor theminimax-treesearch.

2.1 PN Search

Below we briefly describethe ideaof PN search.For this we quotea suitableresumeby Breuker (1998).
“Proof-numbersearchis abest-firstAND/OR tree-searchalgorithm,andis inspiredby theconspiracy-number
algorithm(McAllester, 1988;Schaeffer, 1990). Beforestartingthesearch,a searchgoal is defined(e.g.,try
to reachat leasta draw). Theevaluationof a nodereturnsoneof threevalues:true, false, or unknown. The
evaluationis seenfromthepointof view of theplayerto movein therootposition.Thevaluetrue indicatesthat
theplayerto move in therootpositioncanachievethegoal,while false indicatesthatthegoalis unreachable.
A nodeis proved if its valuehasbeenestablishedto betrue, whereasthenodeis disproved if its valuehasbeen
determinedto be false. A nodeis solved assoonasit hasbeenprovedor disproved. A treeis solved(proved
or disproved)if its root is solved.Thegoalof pnsearchis to solvea tree.”

Thissearchhasahighability for solvingAND/OR trees;however, it expandsthewholesearchtreein working
memoryandrequiresmuchmemory. This meansthatthereis a severememoryrestrictionfor hardproblems.
Somevariationshavebeenproposedfor modificationwith success(cf. Breuker, 1998;Breuker, Uiterwijk, and
vandenHerik, 2001).In ourexperiments,wehavenot implementedtheir recommendations.

2.2 PN* Algorithm

PN* is a recursive iterative-deepeningdepth-firstsearchalgorithmusingproof numbersasa criterion to de-
velop the frontier nodes(Seoet al., 2001). PN* startssearchingby settingtheproof-numberthresholdto 1
andexpandstheroot node. If theproof numberof thenodeunderconsiderationexceedsthe threshold,PN*
stopsnodeexpansionat this node.Whenall frontier nodeshave proof numbersexceedingtheproof-number
threshold,thesearchtreeis discarded,the thresholdof theroot is incrementedanda new searchstarts.This
iterativesearchingis enhancedbystoringtheexpandednodesandtheirpropertiesin thetranspositiontable.As
thethresholdis gettinglarger, nodeexpansionproceedsin suchaway thatnodeshaving relatively smallproof
numbersareexpandedfirst, like in best-firstsearch,without thedisadvantageof thememoryrequirement.

PN* alsousesthemethodof multiple iterative deepening.At anAND nodethethresholdvaluesassignedto
thechild OR nodesareiteratively increasedfrom 1 to their currentmaximum.

2.3 PDS Algorithm

The PDS(Proof-numberandDisproof-numberSearch)algorithmis a straightextensionof PN*. Basically,
searchingproceedslike PN* except that PDSusesboth proof numbersanddisproofnumbers. It usestwo
thresholdsin searching,theproof-numberthresholdandthedisproof-numberthreshold.If theproof number
or thedisproofnumberexceedsthethresholdat acertainnode,PDSstopsnodeexpansionat this node.When
PDSfails theroot nodeexpansionit increasestheeitherthresholdvalueandrestartsthesearching.Multiple
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Figure 1: Examplesearchtree.

iterativedeepeningis alsoappliedin PDS,but differsfrom PN* in thatit performsmultipleiterativedeepening
atbothAND andOR nodes.

PN* andPDSaredepth-firstsearchesbut behave likebest-firstsearches.

Figure1schematicallyshowsatypicalexamplewherePN* worksinefficientlyandPDSdoesnot. In thefigure,
(p) meansthat the subtreeis to beprovedand(d) that it is to bedisproved. In thefigure, thepartsdenoted
by a thick line belongto the solutiontree. In searching,PN* givesprecedenceto the first plausiblesubtree
A. SincesubtreeA is rathernarrow andhencehassmallproofnumbers,it is searchedto aconsiderabledepth
beforethewin in theright-handbranchis discovered.PDSsearchesthis exampletreemuchmoreefficiently.
Usingalsodisproofnumbersit quickly discoversthattherootof subtreeB is insolvableandhencetheparent
of subtreesA andB is insolvable.Fromthenon it will searchsolely in theright-handbranchof thetreeand
will thusdiscoverthesolutionmuchfasterthanPN*.

3. COMPARISON ON 6 � 6 OTHELLO

Experimentshavebeenperformedon6x6Othelloto comparethesearchability of threealgorithms,PN*, PDS
andPN search.For referencepurposes,the experimentsarealsoexecutedwith the help of PVS (principal-
variationsearch),andotheralpha-betavariants.

3.1 6x6 Othello

6x6 Othello is a smallerfamily memberof the8x8 Othellogame.Feinstein(1993)reportedthatby optimal
play from bothsidesthegameendsin awin for thesecondplayer(White)by 4 discs(16-20)after33plieson
theprincipalvariation(seeAppendixA).

3.2 Experimental Design

The6x6 Othellopositionsarecodedin 64-bit integersusingtheavailableperfectinformation.We employed
thedoublehashingmethod;thecodesareeffectedasthefirst indexesvia a hashingfunction. Thenumberof
entriesof thetranspositiontableis 16 million andthesizeof thetranspositiontableis about200MB asused
in PN* andPDS.We have neitherimplementedthereplacementof unimportantelementsby moreimportant
elements,nor thegarbagecollectionfor thetranspositiontable. In PN search,thecodeof a positionis stored
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in the correspondingnodeand it is decodedto the positionwhenexpandingthe node. Thus the memory
requirementpernodeis small. Thenumberof nodesin heapmemoryis 15 million andthe total sizeof the
heapis about370MBfor PN search.

At first, wehopedto solve thewholetree,but unfortunatelywecouldnotsucceedin solvingthestartposition
or the positionafter the first move. So we selectedintermediatepositionson the principal variation (PV)
andtried to solve them,i.e., finding a winning line for thesecondplayer. Themoveson thePV investigated
andthetestedpositionsareshown in AppendixA. Sincetheterminalnodevaluesin theAND/OR treeunder
investigationareonly eithertrueor false,wehaveto assigntheterminalnodevaluesastrueor falsein acertain
criterion. For proving, we testedtwo differentcriteria, i.e., White winning by 1 discor White winning by 4
discs.Thefirst criterionmeansif Whitewinsby oneor morediscstheresultis recognizedastrue,otherwiseit
is recognizedasfalse.Thesecondcriterionmeansif Whitewinsby four or morediscstheresultis recognized
astrue,otherwiseit is recognizedasfalse. Thefirst caseis a little easierto solve sinceit sufficesto find an
arbitrary win, whereasthesecondcriterionsucceedswhenanoptimal win is found(sincein theoptimalline
White wins by four discs).At every position,we have comparedthreealgorithms,PN*, PDSandPN search.
For referencepurposes,theexperimentsarealsoperformedfor PVS(principal-variationsearch),analpha-beta
variant. In addition,we have examinedthedisproving cases.For disproving, we setthecriterionof winning
by 5 discs.As mentionedabove,thereis nosolutionandthesearchis to bedisproved.

Thesolvingtime wasmeasuredby secondsusinga PentiumII 450MHz computerwith 384MB RAM under
Windows98.

Theclassificationsof the terminalnodesin thewholegametreefrom theselectedpositionsareobtainedby
theprogramusingthefull-width searchwith nocutoffs.

ply vs terminal
nodes

Black’s win Draw White’s win White wins by 4 discs
or more

25 7 305 200 (65.6) 14 (4.6) 91 (29.8) 70 (23.0)
23 9 3381 2336 (69.1) 242 (7.2) 803 (23.8) 617 (18.2)
21 11 119923 75716 (63.1) 7938 (6.6) 36269 (30.2) 27834 (23.2)
19 13 3619363 1959233 (54.1) 206417 (5.7) 1453713 (40.2) 1225048 (33.8)
17 15 251184784 109753338 (43.7) 14934037 (5.9) 126497409 (50.4) 110580515 (44.0)
15 17 20200398479 11147001000 (55.2) 1257191715 (6.2) 7796205764 (38.6) 6552920862 (32.4)

Table 1: Classificationof terminalnodesof thegametreefrom n-ply positionsonPV in 6x6Othello.
ply: n-th ply positionon PV, vs: numberof vacantsquares.Thenumbersin parenthesesindicatethepercentages.

3.3 Results and Discussions

Table1 lists the statisticsof the completetreeoriginatingfrom the selectedpositions.The opportunitiesof
winning by the first playerandby the secondplayerare roughly the sameas the vacantsquaresincrease.
Experimentalresultsfor proving thevalueof thepositionsarelistedin theTables2 and3. Thenodecountis
thenumberof nodesregisteredinto the transpositiontable(for PN* andPDS)andit is thenumberof nodes
expandedinto working-memory(for PNsearch).For reference,Table4 givestheexperimentalresultsof PVS.
Thenodecountis thenumberof visitednodesin PVS.

Thereis no remarkabledifferencebetweenthe resultsof the criterionof White’s winning by 1 andthoseof
thecriterionof White’swinningby 4. So,wefocusontheresultof thecriterionof White’swinningby 4. The
relationbetweenvacantsquaresandthecommonlogarithmof thenodecountis plottedin Figure2, andthe
relationbetweenvacantsquaresandthecommonlogarithmof solvingtime is plottedin Figure3.

Only thealpha-betaPVScangetthedataat thepositionwith 23vacantsquares.However, PVSonly findsthe
principalvariationat thegivenposition,notgiving thesolutiontree.

In Figure2 we canseethatPDSexpandstheleastnodeswhensolvingthepositionunderinvestigation,PN*
thesecondleast,andPN searchandalpha-betaexpandthemostnodes.

In Figure3, PNsearchandPDSareroughlyasfastasPVSandarefasterthanPN* in general.

Table5 lists theexperimentalresultsfor disproving. PNsearchis thefastestfor thepositionsthataresolvable
in relatively few steps,but expandsthemostnodesfor solvingamongthealgorithmstested.However, there



ThePerformanceof PN*, PDS,andPN Searchon6x6OthelloandTsume-Shogi 5

PN* PDS PNsearch
SolvedTree SolvedTree SolvedTree

vs tt count time size md tt count time size md nd count time size md
3 7 8.7E-4 5 4 7 6.5E-4 5 4 12 2.3E-4 5 4
5 11 9.9E-4 7 6 9 8.3E-4 7 6 16 2.8E-4 7 6
7 32 1.87E-2 16 8 23 2.2E-3 16 8 50 6.8E-4 16 8
9 128 2.96E-2 84 11 100 1.20E-2 84 11 378 5.1E-3 85 11
11 695 8.07E-2 236 14 547 7.16E-2 236 14 2472 2.92E-2 233 13
13 3180 0.370 561 17 2674 0.360 559 17 9779 0.110 520 17
15 27948 2.444 2439 20 6530 0.878 2320 20 34394 0.366 2178 19
17 123532 8.429 5492 23 23874 2.555 5494 23 223738 2.325 4588 21
19 536875 32.50 44201 27 322605 25.26 55247 27 3050725 30.33 35267 25
21 3305531 195.42 138284 31 850351 67.02 100791 31 13114201 127.10 83487 29

Table 2: Solving6x6OthelloPV positions(win criterion= 1).
vs: numberof vacantsquares,tt count: numberof nodesin thetranspositiontable,nd count: numberof nodesexpanded,
md: maximumdepthof thesolutiontree.Thesearealsousedin Table3 and5.

PN* PDS PNsearch
SolvedTree SolvedTree SolvedTree

vs tt count time size md tt count time size md nd count time size md
3 7 6.7E-4 5 4 7 6.9E-4 5 4 12 2.3E-4 5 4
5 11 1.0E-3 7 6 9 8.1E-4 7 6 16 2.8E-4 7 6
7 32 1.09E-2 16 8 23 2.2E-3 16 8 50 6.8E-4 16 8
9 128 1.43E-2 84 11 100 1.23E-2 84 11 378 5.0E-3 85 11
11 685 7.86E-2 236 13 579 7.32E-2 236 13 2495 2.97E-2 235 13
13 3184 0.370 557 17 2664 0.360 559 17 10067 0.113 522 17
15 27325 2.407 2469 20 7457 0.963 2347 20 35449 0.380 2204 19
17 108120 7.686 5687 23 27798 2.867 5574 23 226205 2.362 4728 21
19 569874 34.71 44241 27 322709 24.65 45002 27 3384774 33.88 37904 25
21 4937376 300.22 120276 31 885778 67.03 116046 31 14134470 136.98 88349 29

Table 3: Solving6x6OthelloPV positions(win criterion= 4).

vs nodecount time depth
3 15 1.4E-4 4
5 29 3.7E-4 6
7 92 1.2E-3 8
9 300 4.1E-3 10
11 1037 1.46E-2 12
13 16375 0.219 14
15 109329 1.395 16
17 232713 3.062 18
19 3.24E+6 43.50 20
21 1.25E+7 166.92 22
23 2.54E+8 3371.11 24

Table 4: SearchingPV sequenceby depth-firstalpha-betaPVSat 6x6OthelloPV positions.
vs: numberof vacantsquares,depth:lengthof thePV sequence



6 ICGA Journal Submitted

0

1

2

3

4

5

6

7

8

9

3 5 7 9 11 13 15 17 19 21 23
vacant squares

lo
g

(c
o

u
n

t)
PN*
PDS
PN search
PVS

Figure 2: Numberof nodesin thetranspositiontablein solving6x6Othelloasafunctionof thenumberof the
remainingvacantsquares(win criterion= 4).
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Figure 3: Solvingtime of 6x6 Othellopositionson PV asa functionof thenumberof theremainingvacant
squares(win criterion= 4).
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is no significantdifferencebetweenPN* andPDSin thesolvingtime. Thereis alsono significantdifference
betweenPN* andPDSin thenodecountexceptfor thelongest-stepposition,whichonly PDScansolve.

PN* PDS PN search
SolvedTree SolvedTree SolvedTree

vs tt count time size md tt count time size md nd count time size md
3 13 9.5E-4 13 4 13 8.6E-4 13 4 13 2.5E-4 13 4
5 27 3.1E-3 27 7 27 1.9E-3 27 7 37 6.4E-4 27 7
7 75 9.7E-3 81 9 99 9.3E-3 81 9 165 2.4E-3 82 10
9 140 1.91E-2 119 11 202 2.04E-2 119 11 411 5.5E-3 114 12
11 472 6.82E-2 457 14 775 9.75E-2 347 13 2839 3.44E-2 343 14
13 4268 0.513 2067 18 5890 0.675 1849 18 20158 0.243 1577 17
15 30708 2.720 4787 20 26973 2.715 4697 20 156949 1.653 3275 19
17 100132 7.307 25878 22 98478 7.847 14700 22 652769 6.497 10642 22
19 723942 44.31 77520 26 343001 25.73 24283 24 2887320 28.58 20552 26
21 4777343 292.31 526228 28 2928420 223.60 109755 28 28338861 307.41 90549 28
23 6176601 552.27 314670 30

Table 5: Disproving 6x6OthelloPV positions(win criterion= 5).

Hereis asummaryof theresultson6x6Othello.As for thenumberof elementsof thetranspositiontablethere
seemsto bethetendency thatPDSsurpassesPN* by a factorfrom 2 to 5 asthesearchingspaceis increasing.
Thisseemsto becausedby thefactthatin 6x6Othellothefirst playerandthesecondplayerarenearlyevenin
theopening,i.e., thenumberof winning positionsfor eachplayeris roughlycomparable,thereforePDScan
performthedisproving ability aswell astheproving one,while PN* cannot.

The severe memoryrestrictionin the currentimplementationwith respectto solving treesresultsin PDS
having a bettersolvingability thanPN*. PNsearchis oneof thefastestalgorithmsbut hasasevererestriction
of working memoryfor positionsthathave a long-sequencesolution. Thealpha-betavariantPVSshows the
highsolvingability andspeed.All searchesusingproofnumbers,suchasPNsearch,PN* andPDS,work well
whenthesequencesof forcingmovesandsuddenterminationsplayanimportantpartin searching.However,
in thegameof Othello,thereprobablyaremorenon-forcinggoodmovesthanforcing movesandtheratio of
thesuddenterminationis quitesmall. In this case,in view of finding a winning move in a certainposition,
standarddepth-firstsearch,i.e.,alpha-betavariantshave thepredominanceoverPN-searchvariants.

4. COMPARISON ON TSUME-SHOGI

To comparethe searchability of threealgorithms,PN*, PDS andPN search,experimentshave also been
performedonTsume-Shogi.For referencepurposes,theexperimentsarealsoperformedby iterativedeepening
variantsof depth-firstsearch.The standarddepth-firstsearchis impracticalfor Tsume-Shogibecausemost
problemsneeda fairly longsequenceandcannotbesolvedin practicaltime.

4.1 Tsume-Shogi

Tsume-Shogiis a puzzlethat canbe seenasa variety of Shogi (JapaneseChess). Its rulesare roughly as
follows:

1. Theattackingside(usuallyBlack) is to movefirst.

2. Theattackingsidemustplaycheckmovesequences.

3. Theattackingsidemustselectthecheckmovesin sucha way that they leadto checkmateassoonas
possible.

4. The defendingsidemustdefendagainstthe checkmovesso asto prolongthe checkmateasmuchas
possible.

5. All otherrulesarethesameasin Shogi.
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In this contribution we do not obey rule 3 in every respect,i.e. a longersequencethannecessaryis now and
thenallowed. Therearea wholelot of easyTsume-Shogipuzzlesfor beginnersor intermediateplayers.But
therearemany hardproblemsfor therealTsume-Shogienthusiasts.Amongthemtherearesomefamousand
verydifficult problems.Thelongestandhardestproblematpresent,named“Microcosmos”,takes1525steps.
It wassolvedin 1997by theSeo’s Tsume-ShogisolverbaseduponPN* algorithm(Seoet al., 2001).

4.2 Experimental Design

Theboardpositionsarecodedinto 64-bitintegersby theZobrist(1970)method.In addition,therearereusable
piecesin handin Shogi. Thepiecesin handof thefirst playerarecodedwith perfectinformationinto 32-bit
integers.Positionsarerecognizedasidenticalwhenboththecodeof theboardandthecodeof thepiecesare
same.We usedthe doublehashingmethod;the low-bits of the boardcodesareusedasthe first indexesof
the transpositiontableandthe high-bitsasthesecond.Thenumberof entriesof the transpositiontableis 8
million andthe sizeof the transpositiontableis about200 MB for PN*, PDSanditerative deepening.We
havenot implementedthereplacementof unimportantelementsby moreimportantelements,nor thegarbage
collectingfor thetranspositiontable.

In PN search,the essentialinformationof a positionis storedin the correspondingnodeandit is converted
to the positionwith additionalinformationwhenexpandingthe node. In our implementation,the essential
informationof apositionrequires138bytes,sothememoryrequirementpernodeis notsosmall.Thenumber
of nodesin heapmemoryis 1.5million andthetotal sizeof theheapis about240MB for PN search.

In Shogithedefendingsidecanmakeameaninglessmovedroppingapieceto theintermediatesquarebetween
theKing andtheattackingpiece. In addition,thereis a dominancerelationbetweentwo positionswhenthe
boardsarethesameandthesetof piecesin handof a certainsidein onepositionis a superset/subsetof that
in theotherposition. Althoughtheefficiency andability of searchingcouldbemuchhigherby omitting the
meaninglessmovesandconsideringthe dominancerelation,we did not implementthem. In addition,our
solver doesnot necessarilyfind the shortestsolution, in somecasesit finds a longersequenceassolution
containingsomeredundantroundaboutmoves.

While the commonTsume-Shogiproblemsarecomposedapartfrom real Shogigames,we selectedsome
comparatively easy30 positionsfrom theendgamesof Shogiamonggrandmasterplayers(Hiura, 1996)and
tried to solve them. Therearesomeeasyproblemsof 5 to 7 stepsandsomehardproblemsof over 30 steps.
All problemsshouldendin a checkmateaccordingto thesource,but oneof themturnedout not to resultin
a checkmateby any means,that is, the problemwasdisprovedasa problem. This hasbeenfoundby PDS
search.In AppendixB, weshow thetestedproblems.

4.3 Results and Discussion

Theexperimentalresultsarelistedin Table6 and7. Thenodecountis thenumberof nodesregisteredinto the
transpositiontablein PN*, PDS,anditerativedeepening,andis thenumberof nodesexpandedinto working-
memoryin PN search.Problem#2hasnocheckmateby any means;this wasfoundby PDS.

PDScouldsolve all theproblems(proved29 problemsanddisproved1 problem),whereasPN* couldsolve
25 among30. PDSshows the highestsolving ability aswell asdisproving ability, amongfour algorithms.
PDScanproveoneproblemwith 57stepsandcandisproveanotherproblemwith 72steps.For problemsboth
solvedby PN* andPDSthesolvingspeedof PDSis higherthanthatof PN* in many cases.Moreover, the
numberof nodesin thetranspositiontableof PN* is sometimesover10timeslargerthanthatof PDS,andPN*
couldnotsolvetheproblemswith relatively largesteps.Therefore,PDSsurpassesPN* in many problemsused
with regardto solving. However, Seo’s (1995)Tsume-Shogisolver hasa muchhighersolvingability when
omitting themeaninglessmovesandconsideringthedominancerelationandotherdomain-specificfeatures.
In addition,the problemstestedwerechosenfrom endgamepositionsof Shogigames,thereforethe results
may differ from otherpublicationssincetheremaybe an essentialdifferencebetweenthe characteristicsof
thegametreein Tsume-Shogiproblemsandthatin endgamepositionsof Shogigames.

Problem#30is themostdifficult problemthatonly PDScouldprove.Themaximumdepthof thesolutiontree
foundis 57; this shows thepower of PDS.But thesolutionincludesmany roundaboutmoves.Problem#2 is
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PN* PDS
SolvedTree SolvedTree

No. S/U tt count time size md S/U tt count time size md
1 4212239 671. 528 23 62866 10.4 414 23
2 X D 4634026 720. 6402307 72
3 393674 53.0 120 17 18057 3.12 130 17
4 46209 7.38 66 11 29943 5.04 98 13
5 300 0.074 20 5 495 0.122 20 5
6 4488 0.981 54 13 2896 0.635 58 13
7 1135 0.225 24 15 325 0.056 24 15
8 429391 64.4 204 19 83512 12.3 242 21
9 19720 4.87 228 17 32336 6.11 254 23

10 7129960 1000. 1664 37 5289355 757. 2504 49
11 561 0.107 26 17 158 0.031 26 17
12 X 3627412 568. 4302 35
13 20567 4.00 38 13 6862 1.48 38 13
14 6797 1.42 34 7 5053 1.09 38 9
15 X 1821443 236. 2424 41
16 178381 25.0 340 19 28744 4.45 262 23
17 13151 2.68 150 17 6355 1.07 154 17
18 X 5025454 832. 2606 39
19 27044 6.51 406 19 13046 2.55 794 31
20 3942699 648. 1108 25 3842257 574. 1546 31
21 1006945 175. 1850 29 176759 29.3 1160 29
22 455033 60.6 566 19 159226 21.8 552 23
23 1055634 208. 510 21 314574 52.8 712 27
24 4150 0.832 40 13 2623 0.464 40 13
25 367876 57.8 350 23 63574 9.42 340 23
26 4256 0.994 26 13 1228 0.284 26 13
27 55737 9.02 176 19 31026 4.99 218 19
28 4281814 722. 1990 35 397399 54.4 816 31
29 192251 35.1 380 27 38023 6.94 444 35
30 X 4708956 719. 11694 57

Proved:25 Proved:29,Disproved:1

Table 6: Resultsof solvingTsume-Shogiproblems(PN* andPDS).
‘X’ in thecolumn‘S/U’ meanstheproblemcouldnot besolvedand‘D’ meanstheproblemwasdisproved.
tt count:numberof nodesin thetranspositiontable,md: maximumdepthof thesolutiontree
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PNsearch depth-firstiterativedeepening
SolvedTree SolvedTree

No. S/U nd count time size md S/U tt count time size md sold
1 470901 15.6 402 23 X
2 X X
3 248212 7.76 120 17 3271554 603. 120 17
4 546201 18.5 72 13 29831 4.98 64 11
5 X 88 0.016 20 5
6 7782 0.253 54 13 71894 12.1 54 13
7 1195 0.044 24 15 7773 1.29 24 13
8 603134 18.8 270 27 X
9 227163 7.93 290 35 76680 22.6 362 17

10 X X
11 1130 0.038 34 17 1203 0.191 26 17
12 X X
13 24050 0.786 38 13 92896 19.6 38 13
14 18758 0.676 32 7 2010 0.432 32 7
15 X X
16 267353 9.73 248 25 145384 23.5 274 19 (15)
17 49692 1.68 148 19 36057 6.12 236 17
18 X X
19 100580 3.92 504 27 43518 11.2 374 19 (17)
20 X 1022076 159. 776 17 (15)
21 X X
22 1269687 40.5 568 23 3935429 734. 1352 23 (19)
23 1571678 56.2 596 35 7985853 1700. 12576 25 (21)
24 7654 0.271 40 13 10522 1.82 40 13
25 474852 15.5 348 25 X
26 4177 0.148 26 13 119357 33.9 26 13
27 X 480520 99.8 208 19
28 X 1402273 340. 2940 25 (21)
29 308424 10.5 474 31 X
30 X X

Proved:19 Proved:19

Table 7: Resultsof solvingTsume-Shogiproblems(PNsearchanditerativedeepening).
nd count: numberof nodesexpanded,tt count: numberof nodesin the transpositiontable,md: maximumdepthof the
solutiontree,sold: solvedsearchdepth.
In iterativedeepening,if theiterationdepthis differentfrom thedepthof thesolutiontree,it is shown in parenthesesin the
column‘sold’.
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themostdifficult problemthatonly PDScoulddisprove.

PN searchsolved19 problems.This algorithmis fastbut cannotsolve someeasyproblems.Problem#5 is
a problemthatPN searchcouldnot solve, whereasthe depthof thesolutiontreeis only 5 andthis problem
seemsto befairly easyfor humanplayers.This is becausetherearemany promisingmovesat thebeginning
positionandthealgorithmusedupmostof theelementsof theheapmemorysearchingin thewrongsubtrees.
However, PN searchcan solve someproblemsover 25 steps. Moreover, it can be possibleto reducethe
memoryrequirementpernodeto onethird or lessby packingthe informationof a position,thentheability
of solvingcouldbetwice or thriceashigh. Finally, it is remarkedthatby theapplicationof Breuker’s (1998)
techniques,we expectto solvemany moreproblemswith PNsearch.

Iterativedeepeningsolved19problems.It couldsolveall problemswith lessthan19steps,but couldnotsolve
thelong-sequenceproblemswith roughlymorethan21stepsby usinguptheentriesof thetranspositiontable.

5. CONCLUSION AND FUTURE WORK

PDSshows thehighestsolvingability bothin 6x6 Othelloandin Tsume-Shogi.In 6x6 Othello,PDSoutper-
formsPN* by a factorof 2 to 5. Thecostsarenearlyequalbetweenproving thesubtreesanddisproving them.
Therefore,PDSshows theability disproving subtreesaswell asproving them.However, PVS,thealpha-beta
variant,alsoshows a highsolvingability andspeed.Thereprobablyaremany non-forcinggoodmovesrather
thanforcingmovesin thegameof 6x6Othello,soPN-searchvariantscannotshow theexplicit predominance
overstandarddepth-firstsearch.

In Tsume-Shogi,therearemany forcingsequencesandsuddenterminationsin thesolutiontree,soPN-search
variantsalmostshow thepredominanceovervariantsof standarddepth-firstsearch,i.e., iterativedeepening.

Wehavetwo conclusions.First, focusingonthesolutionspeedfor timecritical casessuchasendgamesearch,
PDSis practicalandrelatively fast,but sometimesinefficient for short-sequenceproblemswanderingfurther
into wrong subtrees.PN* hasthe sametendency asPDS. PN* outperformsPDSin a few cases,but it is
inferior to PDSin mostcases.PN searchis practicalandfastfor theproblemswith not so long sequences,
but holdsthesamedangersasPN* andPDS. Depth-firstiterative-deepeningsearchis safeandpracticalfor
short-sequenceproblems,but cannotsolveall theproblemswith longsequences.

Second,with regardto thesolvingability andignoringthesolvingspeed,PDShasthehighestproving ability
aswell asdisproving ability. PN* requiresmorememorythanPDS,so it is inferior in many cases.PN* has
a lessdisproving ability. PN searchhasa goodsolvinganddisproving ability, but hasa severerestrictionof
working memory. Goodimplementationor somemodificationsfor PN searchcanbe effective. Depth-first
iterative-deepeningsearchis powerlessandimpracticalfor long-sequenceproblems.

For PN*, PDSanditerative deepening,we have not yet implementedthesmartmanagementof transposition
tables,i.e., neitherthereplacementof elementsfrom unimportantelementsby moreimportantelements,nor
garbagecollection.For solvingharderproblems,bettermanagementof transpositiontablesis requiredby any
means.

In Tsume-Shogi,provinganddisprovingarenotsymmetric.Thecostsof disproving thesubtreesaregenerally
several timeslarger thanthoseof proving. In this casewe expectedthat PDSis inferior to PN*. However,
while searchingPDSgave priority to proving thesubtreeratherthandisproving andexcelledover PN*. We
shouldtestthetwo algorithmsin man-madeTsume-Shogiproblems.

The implementationof usingthedominancerelationandomitting uselessdroppingpiecesis alsonecessary.
By implementingthis, the searchcould have a much higher performancefor many problems. Sinceour
implementationsareprimarily basedon the ideasof the algorithms,the efficiency canbe muchhigherby
makingsufficientuseof thedomain-specificfeatures.

Therearesomemodificationsof PNsearchandPDS.ThesearePN � search,PDSwith PN� search,PDS*,and
soon. We shouldimplementthesealgorithmsandexaminethemin thefuture.
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7. APPENDICES

APPENDIX A: 6 � 6 OTHELLO POSITIONS ON PV

In 6x6Othello,thesecondplayer(White) wins by 16 to 20 after33 pliesof bestmoves.Hereis theprincipal
variation(PV).

1.d3 2.c5 3.d6 4.e3 5.f5 6.f4 7.e2 8.d2 9.c2 10.e6 11.e7 12.g5 13.c4 14.c3 15.g4 16.g3 17.f3 18.c7 19.b5 20.d7 21.b7
22.b3 23.c6 24.b6 25.f7 26.f6 27.b4 28.b2 29.g6 30.g7 31.pass 32.f2 33.g2.

In this paper, thepositionsonPV havebeenusedasthetestpositions,whicharelistedbelow. In 6x6Othello,
the8x8notationof movesis alsofollowed.Therefore,eachpositionis shown in a boardusingthenotationof
8x8board,thoughthefile a andh andtherank1 and8 donotexist.
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APPENDIX B: TSUME-SHOGI PROBLEMS (CONTINUED)
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