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ABSTRACT

Best-firstsearchalgorithmssuchas proof-numbersearchwork well whensolving endgamepo-
sitionsin chess-like games.However, it is hard,evenfor proof-numbeilPN) searchto solve an
endgameroblemwith verylong sequencebecaus®f its inherentmemorylimits.

After PN searchwasdevelopedandhadachievedmary successe®r solvingsomehardproblems,
innovationsto depth-firstsearchalgorithmswerebasedntheideaof proofnumbersThis article
introducegwo suchinnovative algorithms:PN* andPDS. The PN* algorithmwasdevelopedfor

solving Tsume-Shogproblems,amongwhich onewith morethan1500steps. Then,PDSwas
proposedo strengtherthe power of the PN* algorithm.

The currentcontribtution presentsan empiricalcomparisorof PN*, PDS,andPN searchaswell
assomevariantsof depth-firstsearctonthedomainsof 6x6 OthelloandTsume-ShogiThecom-
parisonshavs that PDS outperformsPN* on the two testbeds.In 6x6 Othello, the PN-search
variantdoesnot shaw its characteristicemarkableadwantageover the usualdepth-firstsearch
algorithms. In Tsume-Shogiforcing move sequenceand suddenterminationsplay animpor-
tant partwhensolving suchproblems;thereforePN-searclvariants,in particularPDS,shav the
expectedremarkableadvantageover otherdepth-firstsearches.

1. INTRODUCTION

Problemsolvingis oneof the mainthemesdn artificial intelligence.Generally a problemis formulatedinto

an AND/OR graph.Sooneof the subjectsn Al is to solve an AND/OR grapheffectively. Moreover, this is

an essentiatequiremenbf solving large puzzles.lt is closelyconnectedo searchinga gametree. A game
treefor endgamepositionsof mosttwo-playerzero-sungamescanbe recognizedasan AND/OR treewith

consideringheoccurrencesf transpositionadditionally Best-firstsearchalgorithms suchasAO* (Nilsson,
1980),have beenusedin the AND/OR-graph(or -tree)search.The main characteristiof thesemethodss

thatthey expandthetreein memorywhile searching.

In 1995,Seodevelopeda new depth-firstsearchalgorithmbasedon proof numberswhich behaeslik e best-
first search. It is basedon Korf's IDA* (1985)or RBFS (1993)algorithm. Seo(1995)originally namedit
C*, but it waslater dubbedPN* (Seo,lida, and Uiterwijk, 2001). PN*'s mostinterestingfeatureis that it
doesnot expandthe whole searchtreein memory Soit requiresmuchlessmemoryin view of the usual
best-firstalgorithms. Seos solver shaved a manelouspower by solving Tsume-Shogproblemswith very
long sequenceandin 1997it solvedthelongest-sequengaoblem(1525steps).

RecentlyNagai(1998;1999)developedPDS,a novel depth-firstsearchalgorithmasan extensionof the PN*
algorithm.However, the new algorithmaswell asPN* have notyet beentestedworldwide. In this paperwe
male a startwith suchextendedtestingandshaw the resultsof the two algorithmson two differenttypesof
games6x6 OthelloandTsume-Shogi.
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Thecourseof thearticleis asfollows. In Section?2 we briefly describehreesearchalgorithmsyiz. PN search,
PN* andPDS. Then,in Section3 we comparethe resultsof the threealgorithmswhenappliedin the 6x6

Othellodomain. In Section4 we repeathe comparisorfor the domainof Tsume-ShogiSection5 provides

conclusionsandsuggestsomefuturework.

2. THREE ALGORITHMS

In this sectionwe introducePN searchPN* and PDS. SincePN searchis well-known we will rely on an
adequatsummarypublishedby Breuker (1998).

PN* andPDSbothstemfrom conspirag-numbersearci{CN searchMcAllester, 1988;Schaefier, 1990)and
proof-numbersearch(PN search)Allis, vander Meulen,andvandenHerik, 1994b;Allis, 1994a).In CN
searchtheconcepbf aconspirag numbemwasintroducedn thegame-tresearch.This searchwasprimarily
meantfor the minimax-treesearch.

2.1 PN Search

Below we briefly describethe ideaof PN search. For this we quotea suitableresumeby Breuker (1998).
“Proof-numbessearctis abest-firstAND/OR tree-searchlgorithm,andis inspiredby the conspirag-number
algorithm(McAllester, 1988; Schaefier, 1990). Before startingthe searcha searchgoal is defined(e.qg.,try
to reachat leasta draw). The evaluationof a nodereturnsoneof threevalues:true, false, or unknown. The
evaluationis seerfrom thepointof view of theplayerto movein therootposition. Thevaluetrue indicateshat
the playerto move in theroot positioncanachieve thegoal,while false indicateshatthe goalis unreachable.
A nodeis proved if its valuehasbeenestablishedo betrue, whereashenodeis disproved if its valuehasbeen
determinedo befalse. A nodeis solved assoonasit hasbeenprovedor disproved. A treeis solved (proved
or disproved)if its rootis solved. Thegoalof pn searchis to solve atree’

Thissearcthasa highability for solvingAND/OR trees;however, it expandshewholesearchreein working
memoryandrequiresnuchmemory This meanghatthereis a severememoryrestrictionfor hardproblems.
Somevariationshave beenproposedor modificationwith succesgcf. Breulker, 1998;Breuker, Uiterwijk, and
vandenHerik, 2001).In our experimentsye have notimplementedheir recommendations.

2.2 PN* Algorithm

PN* is a recursve iterative-deepeninglepth-firstsearchalgorithmusing proof numbersasa criterionto de-
velopthe frontier nodes(Seoet al., 2001). PN* startssearchinguy settingthe proof-numbetthresholdto 1
andexpandsthe root node. If the proof numberof the nodeunderconsideratiorexceedshe threshold PN*
stopsnodeexpansionat this node. Whenall frontier nodeshave proof numbersexceedingthe proof-number
thresholdthe searchireeis discardedthe thresholdof therootis incrementecinda new searchstarts. This
iterative searchings enhancedy storingtheexpandedodesandtheir propertiesn thetranspositioriable. As
thethresholds gettinglarger, nodeexpansiorproceedsn suchaway thatnodeshaving relatively smallproof
numbersareexpandedirst, like in best-firstsearchwithoutthe disadantagenf the memoryrequirement.

PN* alsousesthe methodof multiple iterative deepeningAt an AND nodethe thresholdvaluesassignedo
thechild OR nodesareiteratively increasedrom 1 to their currentmaximum.

2.3 PDSAIlgorithm

The PDS (Proof-numbeand Disproof-numbeiSearch)algorithmis a straightextensionof PN*. Basically
searchingproceeddike PN* exceptthat PDS usesboth proof numbersand disproofnumbers. It usestwo
thresholdsn searchingthe proof-numbethresholdandthe disproof-numbethreshold.If the proof number
or thedisproofnumberexceedghethresholdat a certainnode ,PDSstopsnodeexpansiorat this node.When
PDSfails theroot nodeexpansiont increaseshe eitherthresholdvalueandrestartshe searching.Multiple



ThePerformancef PN*, PDS,andPN Searchon 6x6 OthelloandTsume-Shogi 3

subtree C (p)
subtree B (d)

subtree E (d)

subtree D (p)

subtree A (p)

Figure 1: Examplesearchree.

iterative deepenings alsoappliedin PDS,but differsfrom PN* in thatit performsmultipleiterative deepening
atbothAND andOR nodes.

PN* andPDSaredepth-firstsearchebut behae lik e best-firstsearches.

Figurel schematicallghavs atypicalexamplewherePN* worksinefficiently andPDSdoesot. In thefigure,
(p) meanghatthe subtreds to be provedand(d) thatit is to be disproved. In the figure, the partsdenoted
by athick line belongto the solutiontree. In searchingPN* givesprecedencéo the first plausiblesubtree
A. Sincesubtre@A is rathernarrav andhencehassmall proof numbersit is searchedo a considerableepth
beforethewin in theright-handbranchis discorered.PDSsearcheshis exampletreemuchmoreefficiently.

Usingalsodisproofnumberst quickly discoversthattheroot of subtreeB is insolvableandhencethe parent
of subtreeA andB is insolvable. Fromthenonit will searchsolelyin theright-handbranchof thetreeand
will thusdiscoverthe solutionmuchfasterthanPN*.

3. COMPARISON ON 6x6 OTHELLO

Experiment$iave beenperformecdon 6x6 Othelloto comparehesearchability of threealgorithms PN*, PDS
andPN search.For referencepurposesthe experimentsare also executedwith the help of PVS (principal-
variationsearch)andotheralpha-betaariants.

3.1 6x6Othdlo

6x6 Othellois a smallerfamily memberof the 8x8 Othello game. Feinstein(1993)reportedthat by optimal
play from bothsidesthe gameendsin awin for the secondolayer(White) by 4 discs(16-20)after33 plieson
theprincipalvariation(seeAppendixA).

3.2 Experimental Design

The 6x6 Othello positionsarecodedin 64-bitintegersusingthe availableperfectinformation. We employed
the doublehashingmethod;the codesareeffectedasthefirst indexesvia a hashingfunction. The numberof

entriesof thetranspositiortableis 16 million andthe sizeof the transpositiortableis about200MB asused
in PN* andPDS. We have neitherimplementedhe replacemendf unimportantlementdy moreimportant
elementsnor the garbagecollectionfor thetranspositiortable. In PN searchthe codeof a positionis stored
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in the correspondinghodeandit is decodedo the position when expandingthe node. Thusthe memory
requiremenpernodeis small. The numberof nodesin heapmemoryis 15 million andthe total size of the
heapis about370MB for PN search.

At first, we hopedto solve thewholetree,but unfortunatelywe could not succeedn solvingthe startposition
or the position after the first move. So we selectedntermediatepositionson the principal variation (PV)
andtried to solve them.,i.e., finding a winning line for the secondplayer The moveson the PV investigated
andthetestedpositionsareshovn in AppendixA. Sincetheterminalnodevaluesin the AND/OR treeunder
investigatiorareonly eithertrueor false we have to assigrtheterminalnodevaluesastrueor falsein acertain
criterion. For proving, we testedtwo differentcriteria, i.e., White winning by 1 disc or White winning by 4
discs.Thefirst criterionmeansf Whitewins by oneor morediscstheresultis recognizedstrue,otherwiseit
is recognizedasfalse. Thesecondriterionmeansf White wins by four or morediscstheresultis recognized
astrue, otherwiseit is recognizedasfalse. Thefirst caseis alittle easierto solve sinceit sufficesto find an
arbitrary win, whereaghe seconctriterionsucceedsvhenanoptimal win is found(sincein theoptimalline
White wins by four discs). At every position,we have comparedhreealgorithms,PN*, PDSandPN search.
For referenceurposestheexperimentsarealsoperformedor PVS(principal-\ariationsearch)analpha-beta
variant. In addition,we have examinedthe disproving cases.For disproving, we setthe criterion of winning
by 5 discs.As mentionedabove, thereis no solutionandthe searctis to bedisproved.

The solvingtime wasmeasuredyy secondsisinga Pentiumll 450MHz computemwith 384MB RAM under
Windows 98.

The classification®f the terminalnodesin the whole gametreefrom the selectedbositionsare obtainedby
the programusingthefull-width searchwith no cutofs.

ply vs terminal Black’s win Draw White's win White wins by 4 discs
nodes 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: Classificatiorof terminalnodesof the gametreefrom n-ply positionson PV in 6x6 Othello.
ply: n-th ply positionon PV, vs: numberof vacantsquaresThe numbersn parenthesemdicatethe percentages.

3.3 Resaultsand Discussions

Table 1 lists the statisticsof the completetree originatingfrom the selectedositions. The opportunitiesof
winning by the first playerandby the secondplayer are roughly the sameas the vacantsquaresncrease.
Experimentatesultsfor proving the valueof the positionsarelistedin the Tables2 and3. Thenodecountis
the numberof nodesregisteredinto the transpositiortable (for PN* andPDS)andit is the numberof nodes
expandednto working-memaory(for PN search)For referenceTable4 givestheexperimentatesultsof PVS.
Thenodecountis thenumberof visitednodesn PVS.

Thereis no remarkabldifferencebetweerthe resultsof the criterion of White’s winning by 1 andthoseof
thecriterionof White’swinning by 4. So,we focusontheresultof thecriterionof White’swinningby 4. The
relationbetweernvacantsquaresandthe commonlogarithmof the nodecountis plottedin Figure2, andthe
relationbetweenvacantsquaresndthe commonlogarithmof solvingtime is plottedin Figure3.

Only thealpha-betd®VS cangetthedataat the positionwith 23 vacantsquaresHowever, PVSonly findsthe
principalvariationat the givenposition,not giving the solutiontree.

In Figure2 we canseethat PDS expandsthe leastnodesvhensolvingthe positionunderinvestigation PN*
thesecondeast,andPN searchandalpha-betaxpandthe mostnodes.

In Figure3, PN searchandPDSareroughlyasfastasPVSandarefasterthanPN* in general.

Table5 lists the experimentakesultsfor disproving. PN searchs thefastesfor the positionsthataresolvable
in relatively few stepsbut expandsthe mostnodesfor solvingamongthe algorithmstested.However, there
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PN* PDS PNsearch

SolvedTree SolvedTree SolvedTree

vs | ttcount time size md | ttcount time size md | ndcount 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 3250 44201 27| 322605 25.26 55247 27 3050725 30.33 35267 25
21 | 3305531 19542 138284 31| 850351 67.02 100791 31| 13114201 127.10 83487 29

Table 2: Solving6x6 OthelloPV positions(win criterion= 1).
vs: numberof vacantsquarestt count: numberof nodesin the transpositiortable,nd count: numberof nodesexpanded,
md: maximumdepthof the solutiontree. Thesearealsousedin Table3 and5.
PN* PDS PNsearch

SolvedTree SolvedTree SolvedTree

vs | ttcount time size md | tt count time size md | ndcount 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: Solving6x6 OthelloPV 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: Searchind®V sequencéy depth-firstalpha-betdVS at 6x6 OthelloPV positions.
vs: numberof vacantsquaresgepth:lengthof the PV sequence



ICGA Journal

- PN*
——PDS
- PN search
——PVS

\‘
T

(] o
T T

log(count)
N

3 5 7 9

11 13 15 17 19 21 23
vacant squares

Submitted

Figure2: Numberof nodesn thetranspositiortablein solving6x6 Othelloasa functionof thenumberof the

remainingvacantsquaregwin criterion=4).

-~ PN*
——PDS
->¥ PN search
——PVS

log(time)
o

3 5 7 9

11 13 15 17 19 21 23

vacant squares
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is no significantdifferencebetweerPN* andPDSin the solvingtime. Thereis alsono significantdifference
betweerPN* andPDSin the nodecountexceptfor thelongest-steosition,which only PDScansolve.

PN* PDS PNsearch
SolvedTree SolvedTree SolvedTree
vs | ttcount time size md | ttcount time size md | ndcount 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 4431 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 6x6 OthelloPV positions(win criterion=5).

Hereis asummaryof theresultson 6x6 Othello. As for the numberof elementof thetranspositiontablethere
seemso bethetendenyg thatPDSsurpasseBN* by afactorfrom 2 to 5 asthesearchingspacds increasing.
This seemgo becausedy thefactthatin 6x6 Othellothefirst playerandthesecondlayerarenearlyevenin
the opening,i.e., the numberof winning positionsfor eachplayeris roughly comparablethereforePDScan
performthedisproving ability aswell asthe proving one,while PN* cannot.

The severe memoryrestrictionin the currentimplementationwith respectto solving treesresultsin PDS
having a bettersolvingability thanPN*. PN searchs oneof thefastesalgorithmsbut hasa severerestriction
of working memoryfor positionsthathave a long-sequencsolution. The alpha-betavariantPVS shaws the
highsolvingability andspeed All searchesisingproofnumberssuchasPN searchPN* andPDS,work well
whenthe sequencesf forcing movesandsudderterminationglay animportantpartin searchingHowever,
in the gameof Othello, thereprobablyare morenon-forcinggoodmavesthanforcing movesandtheratio of
the suddenterminationis quite small. In this case,in view of finding a winning move in a certainposition,
standardiepth-firstsearchi.e., alpha-betazariantshave the predominancever PN-searclvariants.

4. COMPARISON ON TSUME-SHOGI

To comparethe searchability of threealgorithms,PN*, PDS and PN search,experimentshave also been
performednTsume-ShogiFor referencgurposestheexperimentsarealsoperformedy iterative deepening
variantsof depth-firstsearch. The standarddepth-firstsearchis impracticalfor Tsume-Shogbecausanost
problemsneedafairly long sequencandcannotbe solvedin practicaltime.

4.1 Tsume-Shogi

Tsume-Shogis a puzzlethat canbe seenas a variety of Shogi(Japanes€hess). Its rulesareroughly as
follows:

1. Theattackingside(usuallyBlack) is to movefirst.
2. Theattackingsidemustplay checkmove sequences.

3. The attackingside mustselectthe checkmovesin sucha way thatthey leadto checkmateas soonas
possible.

4. The defendingside mustdefendagainstthe checkmovesso asto prolongthe checkmateasmuchas
possible.

5. All otherrulesarethesameasin Shogi.
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In this contribution we do not obey rule 3 in every respectj.e. alongersequencéhannecessarys now and
thenallowed. Thereareawholelot of easyTsume-Shogpuzzlesfor beginnersor intermediateplayers.But
therearemary hardproblemdfor the real Tsume-ShogenthusiastsAmongthemtherearesomefamousand
verydifficult problems.Thelongestandhardesproblemat presentnamed‘Microcosmos” takes1525steps.
It wassolvedin 1997by the Seos Tsume-Shogsolver baseduponPN* algorithm(Seoet al., 2001).

4.2 Experimental Design

Theboardpositionsarecodednto 64-bitintegersby the Zobrist(1970)method.In addition therearereusable
piecesin handin Shogi. The piecesin handof thefirst playerarecodedwith perfectinformationinto 32-bit

integers.Positionsarerecognizedasidenticalwhenboththe codeof the boardandthe codeof the piecesare

same. We usedthe doublehashingmethod;the low-bits of the boardcodesare usedasthe first indexes of

the transpositiortableandthe high-bitsasthe second.The numberof entriesof the transpositiortableis 8

million andthe size of the transpositiortableis about200 MB for PN*, PDS anditerative deepening.We

have notimplementedhe replacemenof unimportanelementdy moreimportantelementsnor the garbage
collectingfor thetranspositiortable.

In PN searchthe essentiainformationof a positionis storedin the correspondingnodeandit is corverted
to the positionwith additionalinformationwhenexpandingthe node. In our implementationthe essential
informationof a positionrequiresl38bytes,sothe memoryrequiremenpernodeis notsosmall. Thenumber
of nodesin heapmemoryis 1.5million andthetotal sizeof the heapis about240MB for PN search.

In Shogithedefendingsidecanmake ameaninglesmove droppinga pieceto theintermediatesquarebetween
the King andthe attackingpiece. In addition,thereis a dominanceelationbetweertwo positionswhenthe
boardsarethe sameandthe setof piecesin handof a certainsidein onepositionis a superset/subsef that
in the otherposition. Althoughthe efficiency andability of searchingcould be muchhigherby omitting the
meaninglessnoves and consideringthe dominancerelation, we did not implementthem. In addition, our
solver doesnot necessarilyfind the shortestsolution, in somecasest finds a longersequences solution
containingsomeredundantoundaboumoves.

While the commonTsume-Shogproblemsare composedapartfrom real Shogi gameswe selectedsome
comparatiely easy30 positionsfrom the endgamesf Shogiamonggrandmasteplayers(Hiura, 1996)and
tried to solve them. Therearesomeeasyproblemsof 5 to 7 stepsandsomehardproblemsof over 30 steps.
All problemsshouldendin a checkmateaccordingto the source but oneof themturnedout not to resultin

a checkmateby ary meansthatis, the problemwasdisprosed asa problem. This hasbeenfound by PDS
searchln AppendixB, we shav thetestedoroblems.

4.3 Resultsand Discussion

Theexperimentatesultsarelistedin Table6 and7. Thenodecountis thenumberof nodegegisterednto the
transpositiortablein PN*, PDS,anditerative deepeningandis the numberof nodesexpandednto working-
memoryin PN search Problem#2 hasno checkmatdoy any meansthis wasfoundby PDS.

PDScould solwe all the problems(proved 29 problemsanddisprosed 1 problem),whereasPN* could solve

25 among30. PDS shaws the highestsolving ability aswell asdisproving ability, amongfour algorithms.
PDScanprove oneproblemwith 57 stepsandcandisprose anotherproblemwith 72 steps.For problemsboth

solved by PN* andPDSthe solving speedof PDSis higherthanthatof PN* in mary cases.Moreover, the

numberof nodedn thetranspositioriableof PN* is sometime®ver 10timeslargerthanthatof PDS,andPN*

couldnotsolvetheproblemswith relatively largesteps.Therefore PDSsurpasseBN* in mary problemsaused
with regardto solving. However, Seos (1995) Tsume-Shogsolver hasa muchhighersolving ability when
omitting the meaninglessnovesandconsideringhe dominanceelationandotherdomain-specifideatures.
In addition,the problemstestedwere chosenfrom endgamepositionsof Shogigamesthereforethe results
may differ from otherpublicationssincetheremay be an essentiabifferencebetweernthe characteristicef

thegametreein Tsume-Shogproblemsandthatin endgamepositionsof Shogigames.

Problem#30is themostdifficult problemthatonly PDScouldprove. The maximumdepthof thesolutiontree
foundis 57; this shawvs the power of PDS. But the solutionincludesmary roundaboumoves. Problem#2 is
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PN* PDS
SolvedTree SolvedTree
No. | S/U ttcount time size md | S/U ttcount 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 606 566 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 544 816 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 solving Tsume-ShogproblemgPN* andPDS).

‘X" in thecolumn'S/U’ meanghe problemcouldnotbe solvedand'D’ meanghe problemwasdisproved.
tt count: numberof nodesin thetranspositiortable,md: maximumdepthof the solutiontree
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PN search depth-firstiterative deepening
SolvedTree SolvedTree
No. | S/U ndcount time size md | S/U ttcount 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 185 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 235 274 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-ShogproblemyPN searchanditerative deepening).
nd count: numberof nodesexpanded tt count: numberof nodesin the transpositiortable, md: maximumdepthof the
solutiontree,sold: solved searchdepth.
In iterative deepeningif theiterationdepthis differentfrom the depthof the solutiontree,it is shavn in parenthesei the
column‘sold’.
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themostdifficult problemthatonly PDScoulddisprove.

PN searchsolved 19 problems. This algorithmis fastbut cannotsolve someeasyproblems. Problem#5 is
a problemthat PN searchcould not solve, whereaghe depthof the solutiontreeis only 5 andthis problem
seemdo befairly easyfor humanplayers.This is becausgherearemary promisingmovesat the beginning
positionandthealgorithmusedup mostof the elementof the heapmemorysearchingn thewrongsubtrees.
However, PN searchcan solve someproblemsover 25 steps. Moreover, it can be possibleto reducethe
memoryrequiremenper nodeto onethird or lessby packingthe informationof a position,thenthe ability
of solvingcouldbetwice or thrice ashigh. Finally, it is remarledthatby the applicationof Breuker’s (1998)
techniqueswe expectto solve mary moreproblemswith PN search.

Iterative deepeningolved19 problemslt couldsolve all problemswith lessthan19 stepsbut couldnotsolve
thelong-sequencproblemswith roughlymorethan21 stepshy usinguptheentriesof thetranspositioniable.

5. CONCLUSION AND FUTURE WORK

PDSshaws the highestsolving ability bothin 6x6 Othelloandin Tsume-Shogiln 6x6 Othello,PDSoutper
formsPN* by afactorof 2 to 5. The costsarenearlyequalbetweerproving the subtreesanddisproving them.
Therefore PDSshavs the ability disproving subtreesswell asproving them. However, PVS,thealpha-beta
variant,alsoshavs a high solvingability andspeed Thereprobablyaremary non-forcinggoodmovesrather
thanforcing movesin the gameof 6x6 Othello,so PN-searclvariantscannotshav the explicit predominance
overstandardiepth-firstsearch.

In Tsume-Shogitherearemary forcing sequenceandsudderterminationsn thesolutiontree,soPN-search
variantsalmostshav the predominancever variantsof standardlepth-firstsearchi.e., iterative deepening.

We have two conclusionsFirst, focusingonthe solutionspeedor time critical casesuchasendgamesearch,
PDSis practicalandrelatively fast,but sometimesnefficient for short-sequencgroblemswanderingfurther
into wrong subtrees.PN* hasthe sametendeng as PDS. PN* outperformsPDSin a few casesput it is
inferior to PDSin mostcases.PN searchis practicalandfastfor the problemswith not solong sequences,
but holdsthe samedangersasPN* and PDS. Depth-firstiterative-deepeningearchis safeandpracticalfor
short-sequengeroblemsput cannotsolve all the problemswith long sequences.

Secondyith regardto the solvingability andignoringthe solvingspeed PDShasthe highestproving ability
aswell asdisproving ability. PN* requiresmorememorythanPDS,soit is inferior in mary cases.PN* has
alessdisproving ability. PN searchhasa goodsolvinganddisproving ability, but hasa severerestrictionof
working memory Goodimplementatioror somemodificationsfor PN searchcanbe effective. Depth-first
iterative-deepeningearchs powerlessandimpracticalfor long-sequencproblems.

For PN*, PDSanditerative deepeningye have not yetimplementedhe smartmanagemendf transposition
tables,i.e., neitherthe replacemenbf elementfrom unimportantlementdby moreimportantelementsnor
garbageollection.For solvinghardermproblemspettermanagemerntf transpositioriablesis requiredby ary
means.

In Tsume-Shogiproving anddisproving arenotsymmetric. The costsof disproving thesubtreesregenerally
severaltimeslargerthanthoseof proving. In this casewe expectedthat PDSis inferior to PN*. However,
while searching?DS gave priority to proving the subtreeratherthandisproving andexcelledover PN*. We
shouldtestthetwo algorithmsin man-mad& sume-Shogproblems.

The implementatiorof usingthe dominanceelationandomitting uselesgdroppingpiecesis alsonecessary
By implementingthis, the searchcould have a much higher performancdor mary problems. Since our
implementationsare primarily basedon the ideasof the algorithms,the efficiency canbe much higherby
makingsufiicient useof the domain-specifiéeatures.

Therearesomemodificationsof PN searcrandPDS. ThesearePN? searchPDSwith PN? searchPDS*,and
soon. We shouldimplementthesealgorithmsandexaminethemin thefuture.
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7. APPENDICES
APPENDIX A: 6x6 OTHELLO POSITIONS ON PV

In 6x6 Othello,the secondblayer(White) wins by 16 to 20 after 33 plies of bestmoves. Hereis the principal
variation(PV).

1.d3 2.c5 3.d6 4.3 5.f5 6.f4 7.e2 8.d2 9.c2 10.e6 11.e7 12.g5 13.c4 14.c3 15.g4 16.93 17.f3 18.c7 19.b5 20.d7 21.b7
22.b3 23.c6 24.b6 25.f7 26.f6 27.b4 28.b2 29.96 30.g7 31.pass 32.f2 33.92.

In this paperthe positionson PV have beenusedasthetestpositionswhich arelisted below. In 6x6 Othello,
the 8x8 notationof mavesis alsofollowed. Therefore gachpositionis shavn in a boardusingthe notationof
8x8boardthoughthefile a andh andtherank1 and8 do not exist.

bcdefg
2
3
AEEe
5| | @O
6
7
initial position
bcdefg bcdefg bcdefg
2 000 2| ol0e 2 000
3 [Je) 3 O 3 | @@
4 O@O] 4 @[ e 4 o/@e0
5 O0ee 5| O oee 5[ 0@000
6 @ 6 I 6 o0
7 7 | @ 7 @]
after9 plies(vs=23) after1lplies(vs=21) after13 plies(vs=19)
bcdefg bcdefg bcdefg bcdefg
Z_QPO 2| oo 2| o0e 2_;\!.
3 0ee 3 Oeeed 3 K eee0 3 00ee0
4 00 eee 4 1JOee0 4 lelCeed 4_%Q22Q
e e e e Jel Je) 5000000 5000000
6 o® 6 o0 6 @ 6_<~QO
7 | @ 7 ® 7 10 |e@ 000e
after15plies(vs=17) after17 plies (vs=15) after19 plies(vs=13) after21 plies(vs=11)
bcdefg bcdefg bcdefg
2 oo | ] 2[ oo | | 2 2Coee | |
3000000 300 0ee0O 3 3OO|.i%O
4 [J0eled Amee e 4 /000000
5/0/0/e000 50 0/@0CO 5 5/0/0/0/0/e0
61800 6000® 6 Jele 10
000 o0eee 7 ooeee
after23 plies(vs=9) after25 plies(vs=7) after27 plies(vs=5) after29 plies (vs=3)

vs: numberof vacantsquarest the position
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