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Abstract
After the successof DEEP BLUE in computerchess,

shogi, or Japanesechessis a next challenging target in
artificial intelligencefor gameplaying. The complexity
and hugesearch spaceof shogihavebeenmotivating re-
searchers to makeshogi programs, but noneof themis
competentenoughto play againsthumanexperts. To im-
prove competenceof shogi programs, it is a promising
approach to develop dedicatedhardware systems.How-
ever, inflexible architecture andlack of hardware resource
havebeenthe significantproblemsin hardware develop-
ment. The flexibility and recent progressin gate sizeof
FPGAsare expectedto givesolutionsto theproblems.As
a first stepto shogihardware,weimplementedmodulesto
generatecheck anddefensemovesin tsume-shogi, or mat-
ing problemsin shogi. With the latestFPGA, wesuccess-
fully implementedall moduleson a singlechip andelimi-
natedthebottleneck of memorybandwidth. In this paper,
we describea procedure for parallel movegeneration in
tsume-shogihardware andarchitecture of themodulesim-
plementedon anFPGA. Discussionaboutperformanceof
the hardware is also madein the paper. Thehardware is
roughlyestimatedto work 10 – 50 timesfasterthansoft-
ware.

1 Intr oduction

In chess,DEEP BLUE demonstratedthata largesystem
with dedicatedhardwarecouldbeata humanworld cham-
pion [8]. After the successin computerchess,shogi, or
Japanesechessis a next challengingtarget in artificial in-
telligencefor gameplaying. Shogiis recognizedasmuch
morecomplicatedgamethanchessfrom a computational
pointof view. Sofar, several studieshavebeenmadeonthe
complexity of chessandshogi[1, 10, 13]. Accordingtothe
latestreport,thenumberof gamepositionsreachablefrom
theinitial positionin chessis estimatedas ��� ���	�
������ , and
that in shogi ������� [10]. Anotherpaperreportedthat the
numberof nodesin the gametreeof chessandshogiare

��������� and ��������� respectively [6]. Thecomplexity of shogi
is mainly attributed to reuseof capturedpieces.In shogi,
piecescapturedfrom the opponentcanbe put backonto
the board(this type of move is calleda drop), while they
cannotbereusedin chess.Reuseof piecescausesconsid-
erablylarge numberof movesandthe maximumnumber
of legalmovesperposition in shogiis known as593[9].

To date,lotsof algorithmsto dealwith thehugesearch
spacehave beenproposedby researchersin several coun-
triesaswell asin Japan[2, 3, 5, 11], but noshogiprogram
is competentenoughto beathumanprofessionalplayers.
To improve play ability of shogiprograms,constructing
dedicatedhardwareis obviously anessentialapproach.To
the bestof authors’knowledge,however, therehasbeen
only oneattemptat shogihardwarereportedsofar [4].

There are two significant problems with developing
shogihardware.Oneproblem is that thereis no consen-
susaboutalgorithmsfor move generation,position evalua-
tion, treesearchandsoon. Shogialgorithmsarestill under
discussionandrevisedoften. Thereforedevelopinghard-
warewith ASICswould be resultlessbecauseit would be
soonoutdated.Anotherproblemis that shogiis so large
an applicationthat it requiresa lot of hardwareresource
andwide memorybandwidth. Shogi is quite a complex
gamewith hugesearchspaceanda programconsequently
hasvariouskindsof modules.Thesemodulesshouldwork
in parallelto achieve high-speedcomputation,but in such
highly parallelizedprocessing,lack of hardwareresource
andnarrow memorybandwidth arealwaysbottlenecksto
declinetheperformanceof hardware.

With the flexibili ty and the recentprogressin size of
FPGAs,theseproblemsareexpectedto be resolved. The
flexibili ty of anFPGAenablesustokeepupwith improve-
mentof algorithms. The latestFPGA haslarge hardware
resourceandwide-width memory, thereforea shogipro-
gramis expectedto beimplementedona singlechip.

As afirst stepto ashogiprocessor, wearecurrentlyim-
plementingacircuit tosolvetsume-shogi(matingproblems
in shogi).A tsume-shogisolver triesto find checkmateby



exploring the gametreewith analgorithmspecializedfor
end-game.A tsume-shogisolver doesnot usedatabaseof
matingprocedurefor typical end-gamepositions,while it
wasa greatsuccessin computerchess. In shogi,similar
positionshardly appearin end-gamebecausethe number
of piecesremainingon theboarddoesnot decreasedueto
dropmoves,thusbuildingdatabaseof matingprocedureis
impossible.

In this paper, we presentsolutions for problemsin de-
velopmentof tsume-shogihardware.Throughout the im-
plementationof tsume-shogiprocessor, we show the fea-
sibility of an FPGA for the large andcomplicatedappli-
cation. This paperis organizedasfollows. Section2 de-
scribesfeaturesandrulesof shogiandtsume-shogi.Some
importantfeaturesthatcauseshogi’scomplexity andhuge
searchspaceareexplained.Section3 describesdatastruc-
turesandprocedurefor generatingmoves. It is givenhow
the move generationin tsume-shogiis performedin par-
allel and in pipeline. Section4 describesarchitectureof
a moduleto generatepiececover data. An explanationis
givenin detailto show anexampleof parallelandpipeline
architecture.Section5describestheperformanceof imple-
mentedmodules.Frequency, usageof hardwareresource
andcomputationtime of the tsume-shogicircuit is given
in this section. Finally, section6 summarizesthe current
statusandgivesa furtherdirectionof this study.

2 Shogiand Tsume-Shogi

2.1 Feature of Shogi
Shogi is a Japanesechess-likegame. The object of

shogiis to checkmateopponent’s king, asis the samefor
chess. Figure1 is the initial position of shogidescribed
with kanji fonts (Chinesecharacters).To promoteinter-
nationaldiscussion,theposition in Figure1 is sometimes
describedwith chess-likefonts (Figure2 1).

As alreadypointedout,themostimportantrule in shogi
relatedto the large numberof possible moves is that the
capturedpiecesfrom the opponentcan be put backonto
the boardagain. In addition to the reuseof pieces,shogi
hassomemorefeaturesthatcauses thehugesearch space.
Here we summarizerules and featuresof shogi that are
directlyconnectedwith thecomplexity of programming.

– Reuseof Captured Pieces
The capturedpiecesarecalledpiecesin hand. When
it is aplayer’s turn,he/shecanfreelychoosetomove a
pieceon theboardor to dropa piecein handon a va-
cantsquare.It is, however, prohibited to dropa pawn
ontothefile whereanotherpawn alreadyexists(prohi-
bition of double pawn).

1Figure1 andFigure2 aredescribedwith a specialpackage called
OhTEX. For furtherexplanationfor Figure2, see[7].
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Figure1: Theinitial position of shogiin Japanesestyle.
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Figure2: Theinitial positionof shogiin westernstyle.

– Board Size
The sizeof shogiboardis slightly larger thanthatof
chessboard.Thesizeof shogiboardis 9 � 9,while that
of chessis 8 � 8.

– Number and Kind of Pieces
Thetotalnumberof piecesin shogiis 40,while thatin
chessis 32. Additionally, thereare8 kindsof pieces
and6 kinds out of themcanpromotein shogi,while
thereare6 kindsof piecesandonlypawn canpromote
in chess.

– Promotion Zone
In shogi,promotion zoneis largeandtherule of pro-
motion is complicated. Promotionzonefor black is
rank h to i in Fig. 2, and that for white is rank j
to k . A playercan freely chooseto promotea piece
or not when (1) the piecemoves into the promotion
zone,(2) the piecemoves insidethe promotion zone,
(3) the piecemoves from the promotion zoneto the
non-promotion zone.
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Figure 3: An exampleposition extractedfrom a tsume-
shogiproblemwith 117-plysolution.

2.2 Feature of Tsume-Shogi
Tsume-shogiarecheckmating problemsin shogi. The

objectof theattackeris to checkmateopponent’sking and
of the defenderis to prolong the mateas long as possi-
ble. Fundamentalrulesof tsumeshogi suchas mobility
of piecesandre-useof piecesarethesameasthat in nor-
mal shogi.Themostimportantdifferencebetweentsume-
shogiandnormalshogiis that in tsume-shogieachmove
by theattackermustbea check,andconsequentlya move
by thedefendermustbeoneto getoutof thematingthreat.
Although valid moves in tsume-shogiare limited by the
rule, algorithms for move generationand treesearchare
still complicatedbecause(1)thenumberof possible posi-
tions can be large due to drop moves and (2) treesearch
canreachaquitedeeppartof thegametreewith asolution
of morethana hundredply. Figure 3 is an exampleposi-
tion of tsume-shogi,which hasa solution of 117-ply (the
sameposition is describedin westernstyle in Figure4).
The numberof possible movesin Figure3 is 153andthe
numberof checkmovesis 13. Figure3 indicatesthathigh-
speedmove elimination aswell asmove generationis vital
to reducecomputationtimeandto performfurtherdeepen-
ing.

2.3 Categoriesof Check and DefenseMoves
To gain high parallelism,we categorizedcheckmoves

into 3 groupsaccordingto theway of attack.Explanation
of categoriesof checkmovesaregivenasfollows.

– Dir ect Check
Whenanattacker’s pieceon theboardmovesandthe
pieceitself attacksthe opponent’s king, the move is
categorizedasdirectcheck.

– Indir ect Check
Whenthecover of anattacker’s long-range-piece(e.g.
rook) reachesopponent’s king after an attacker’s ob-
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Figure4: Thesameposition asFig. 3 in westernstyle.

staclepiecemoved,themove is categorizedasindirect
check.

– Drop Check
Whenanattacker’s piecein handis droppedandit at-
tacksthe opponent’s king, the drop is categorizedas
dropcheck.

Defender’s moves are also categorized into 3 groups.
Explanations for thecategoriesaregivenbelow.

– King Escape
When a defender’s king moves to escape from the
attacker’s checkandsuccessfully avoid to be check-
mated,themove is categorizedaskingescape.

– Defenseby Capture
When a defender’s piece on the board capturesthe
pieceattackingdefender’s king, the move is catego-
rizedasdefensebycapture.

– Defenseby Drop
When a defender’s piece in hand is droppedand it
blocks the cover of a long-range-pieceattackingde-
fender’s king, the drop is categorized as defenseby
drop.

3 Data Structur eand Algorithm

In this section, we first describethe structureof data
usedin tsume-shogihardware.Then,we describethepro-
cedurefor generatingcheckanddefensemovesin thecir-
cuit.

3.1 Data structur e
Herewedescribeimportantdatastructuresthatareused

for move generation.

– PieceData
Piecedatais 6 bit dataassignedfor each pieceto dis-
tinguisha typeof piece.



– Board Data
Boarddata is a set of piecedataand is information
aboutwhich pieceis on which square.As piecedata
is 6 bit andthe boardsize is 9 � 9, total sizeof board
datais 486bit. In our hardware,a rank(9 squares)of
boarddatais loadedata time,thusthedatais storedin
9 (depth) � 54(width) sizememory.

– Black/White Dir ect PieceCover
If a pieceP canmove to squareS, we saythatS is di-
rectly covered by P. Black (white) direct piececover
is informationaboutwhichblack(white)pieceis cov-
eringwhich square.Sincedirect cover dataassigned
for onesquareis 66 bit, total sizeof thedatais 5346
bit. To read/writea rankof dataata time,cover datais
storedin 9 (depth) � 594(width) sizememory.

– Indir ect PieceCover
Supposea positionwherethecover of thelong-range-
pieceP is blockedby the obstaclepieceQ. If P can
move to thesquareSonly whenQ is removed,we say
thatS is indirectlycoveredby P. Thedataassignedfor
onesquareis 8 bit, thusthe wholedatais storedin 9
(depth) � 72(width) sizememory.

– Dir ect Check Mask
DirectCheckMaskis usedto eliminateinvalid moves
so thatonly directcheck movesremain. The dataas-
signedfor onesquareis 5 bit, thusthe whole datais
storedin 9 (depth) � 45(width) sizememory.

– Indir ect Check Mask
Indirect Check Mask is used to eliminate invalid
movesso thatonly indirectcheckmovesremain.The
dataassignedfor onesquareis 4 bit, thusthe whole
datais storedin 9 (depth) � 36(width) sizememory.

– Move Data
Move data is 24 bit data and is information about
whichpiecemovesto whichsquare.Thereareatmost
10pieces(except piecesin hand)thatcanmove to the
squareS. If all of the piecescanpromotewhenthey
move to S, at most 20 moves can be generated(ex-
ceptdrops). Our hardwaredealswith 9 squaresat a
time, thusa memoryto storethe move dataneedsto
have wideenoughbandwidthto read/write180moves
simultaneously.

3.2 Procedure for Move Generation
Sinceall attacker’smovesmustbecheck in tsumeshogi,

aneliminationof invalid movesfrom all legalonesis to be
performed.For anefficientmoveelimination, weusemask
thatdistinguishescheckmovesfrom theothers.Themask
is generatedin parallel to computationof other various
data. After the maskandthosedataaregenerated,check
movesaregeneratedin parallel. As alreadyexplainedin
Section2.3,checkmovesarecategorizedinto3groupsand
these3 typesof checkaregeneratedin discretecircuitsto

achieve thehighparallelism.Theprocedurefor generating
checkmovesis summarizedasfollows.

1. Updateof Position
(a) Boarddata
(b) Piecein hand
(c) Pawn data

2. Updateof datausedfor move generation
(a) Directpiececover
(b) Indirectpiececover
(c) Directcheckmask
(d) Indirectcheckmask

3. Checkmove generation
(a) Directcheck
(b) Indirectcheck
(c) Dropcheck

4. Storecheckmovesto memory

In this procedure,operationfrom (1) to (4) areprocessed
in coursegrainedpipelineand(a) to (d) areprocessedin
parallel.

Defender’s moves are necessarily ones to avoid at-
tacker’s check. Computation of defensemove generation
isalsoperformedin parallelandin coursegrainedpipeline.
The procedurefor generatingdefensemove is summarize
asfollows.

1. Updateof position
(a) Boarddata
(b) Piecein handdata
(c) Pawn data

2. Updateof white directpiececover
3. Defensemove generation

(a) King Escape
(b) Defenseby Capture
(c) Defenseby Drop

4. Storedefensemovesto memory

3.3 Block Diagram
Figure5 shows a block diagramof themove generator

implementedonanFPGA.Thenumberdescribedon each
modulecorrespondsto the pipeline stageof computation
of move generation. All modulesdescribedin Figure5
work in parallel,andadditionally, paralleldataprocessing
of 9 squaresandfine-grainedpipelinecomputationareper-
formedin all modules.Thereforeall groupsof movesare
generatedin quiteshorttime.

As spaceis limited,architectureof all modulescannot
be explained. We describearchitectureof Black Direct
CoverCircuit in the next sectionasan example of paral-
lel andpipeline processing.
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4 Black Dir ectCover Generator

Black Direct Cover Generatoris a moduleto calculate
attacker’s piececover data. Piececover datais informa-
tion aboutwhich piececanmove to which square.In this
section,the structure andperformanceof the piececover
generatoris given asan exampleof implementedparallel
andpipelinearchitecture.

4.1 Procedure for PieceCover Computation

Ideally, piececover computationwith hardwareshould
be performedto all 81 (9x9) squaressimultaneously. In
thatcase,however, complicatedwiring causesa longdelay
anda declineof hardwareperformance.In our module,9
squares(1rank) areprocessedat a time to generatepiece
coverdata.Althoughit takes9 clocksto readall boarddata
with this method(we call this dataloadinga scan), hard-
ware works at high frequency becauseof simplewiring.
Additionally, sincewholeboarddata(9rank) is processed
in pipeline,totalcomputationtime is not long.

The cover of long-range-pieces(e.g. rook) is transmit-
ted to adjacentsquaresevery clock. When we scanthe
boardfrom rank 1 to rank 9, the cover of a long-range-
pieceis only transmitted from top to bottom. Therefore
theboardscanmustbeperformedfrom toptobottom(top-
downscan), frombottomto top(bottom-upscan), from left
to right (left-right scan) and from right to left (right-left
scan). Thesefour scansareperformedin parallel,thusto-
tal computationtimeis asshortastheone-wayscan.Piece
cover datais obtainedby calculatingOR of outputsof the
four scans.

4.2 The Structure of the Cover Generator

Figure6showstheblockdiagramof BlackDirectCover
Generator. Top-DownScannerand Bottom-Up Scanner
namelyperforma boardscanfrom topandbottom respec-
tively, andRookCoverScannerperformsa left-right/right-
left scan.Thesescannersall work in parallel,andinsideof
eachscanneris alsohighly parallelizedfor further speed-
up.

As spaceis limited, we explain the structureof Top-
Down Scanneras an example of parallel and pipeline
processingperformedinside a module. The structureof
Top-Down Scannerappearsin Figure 7. y{z�| (| }��~���~�������~�� ) is a moduleto calculatethecover of thepiece
on file | . As Figure7 shows, piececover computation
for 9 squaresis performedin parallel. Otherscannersin
Figure7 anddatageneratorsin Figure5 alsohave similar
architectureto performparallelprocessing.

4.3 Performanceof the Cover Generator

In the Black Direct Cover Generator, following 3 pro-
cessesareperformedin pipeline: loadingboarddata,cover
computationandstoring piececover. Figure8 shows the
timing of the computation. We seefrom Figure8 that 9
rankcomputationis finishedin 11 clock with fine-grained
pipelineprocessing.

5 Implementation and Performance

In this section,we first give an explanationfor the de-
vice usedfor the tsume-shogisolver. Next, we show the
resultof theimplementation.Lastlywediscusstheperfor-
manceof implementedmodules.
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5.1 Virtex II
Modulesin thetsume-shogicircuit areimplementedon

Virtex II XC2V6000FF1152-5(Xilinx, Inc.). Thechiphas
33792slicesand144of 36864bit block RAMs [14]. The
widthof ablockRAM canbechangedfrom1 to36bit (sin-
gleport)or from2 to72(dualport), sothemaximummem-
ory width that the chip canprovide is 10368bit. Virtex II
also providesDistributed RAMsusingLUTs as memory
insteadof logic gates.WhendistributedRAMs areimple-
mented,themaximummemorywidth exceeds10368bit.

5.2 Implementation Results
Here we show the result of the implementationof

modulesin Table 1. Frequencyshows the frequency of
eachmoduleimplementedonanFPGA.Thewholecircuit
worksat 37.84MHz asit dependson theslowestmodule.
Resource is thenumberof slicesusedin eachmodule.The
Table1 shows that implementedmodulestotally use81%
of hardwareresource.Weseefrom Outputwidththatquite
widedatais outputfrom eachmoduleat a time. Theprob-
lem of this exceedinglywide outputs was resolved with

a large numberof block RAMs. As Table1 shows, data
thatmustbewrittento memoryata timeis about8000bit-
width, and100 block RAMs areusedto storeall datasi-
multaneously.

Figure9 describesthe timing chartof the tsume-shogi
solver. Figure9 shows thatrequiredclock cyclesfor move
generationis ���
��� . � is thenumberof valid movesby
theattackeror thedefenderin a position. In all modules,
requiredclockcyclesexcept � is alwaysconstantanddoes
notdependonthenumberof movesto begenerated.

5.3 Performance
As the frequency of the circuit is ����� ��������� and re-

quiredclocksis ���
��� , computation time for generating� movesin aposition (��� ) is givenby thefollowingequa-
tion:

����}���������� �¡� ������ ���£¢ ¤¦¥�§�¨�© � (1)

As foundout from the equationabove, computationtime
for themove generationin hardwaredoesnotsignificantly



Table1: Theimplementationresultof each module.

Module Frequency Resource Output width Block RAM

PositionUpdater 78.95MHz 244Slices 114bit 2
BlackDirect CoverGenerator 54.56 2418 594 17
Black IndirectCover Generator 101.08 474 32 3
Direct CheckMaskGenerator 79.97 676 45 3
IndirectCheckMaskGenerator 85.35 577 36 3
Direct CheckGenerator 70.23 856 1080 9
IndirectCheckGenerator 65.19 2115 1440 12
Drop Check Generator 101.55 159 63 1
White Direct CoverGenerator 54.87 1932 594 8
King EscapeGenerator 50.71 596 214 1
CaptureMoveGenerator 40.93 3074 2160 20
Drop DefenseGenerator 46.67 3081 1512 21
Multipl exer 37.84 10881 24 -

TOTAL 27083(81.7%) 100(69%)
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Figure9: Timing chartof move generationin tsumeshogihardware.

dependon the number of generatedmoves becauseof
highly parallelizedarchitectureof the circuit. For exam-
ple,we give � � and� ��ª below.

� � }������«��¬��� ����®� ��� }����¯��� ¢ ¤¦¥�§�¨®© (2)

� ��ª }������«��������� ����®� ��� }���� ��� ¢ ¤¦¥�§�¨®© (3)

� ��ª is only 1.07times longerthan � � in hardware,while
that in softwarewould be abouttwice longer. Therefore
thecircuit canwork efficiently for a tsumeshogiproblem
wherelotsof possiblemovesareto begenerated.

Then, let us discusshow many moves could be gen-
eratedper secondwith a fully implementedtsume-shogi
solver. The total performanceof the tsumeshogisolver
dependson the implementedtree searchalgorithm. As

thereare lots of searchalgorithms, it is difficult to esti-
mateall varietiesof tsumeshogisolvers. To estimatethe
maximumperformanceof thetsumeshogisolver, wefocus
on themostsimplesearchalgorithm: full-width search. In
full-width search,computationof treesearchcanbeover-
lappedwith move generation.In thiscase, performanceof
thecircuit reachesthehighestpeakandit is calculatedby
thefollowing expression:

���� �°�±� (4)

Sincethe average of � is known as 5 [12], the average
numberof generatedmovespersecondis givenby thefol-



lowing equation:

�� � �²¬³}��� �����±� ��� � � (5)

It is difficult to comparethe performanceof hardware
with that of software,becausethe performanceof hard-
waredoesnotsignificantlydependon � butsoftwaredoes.
Furthermore,therearelots of tsume-shogialgorithmsand
thereis noconsensusaboutwhichalgorithm is best.When
comparedwith oursoftware,theperformanceof thecircuit
is roughly estimatedas10– 50 timesfaster.

6 Curr ent Status and Futur eWorks

In this paper, we presentedan FPGA-basedprocessor
to solve tsume-shogi(matingproblems in shogi). Shogi
is a challengingtarget in artificial intelligencefor game
playing. In shogi,however, frequentlyrevisedalgorithms
andquitelargeapplicationsizehave preventedresearchers
from developingdedicatedhardware. The flexibili ty and
recentprogressin sizeof FPGAsareexpectedto besolu-
tions to the problemsin hardwaredevelopment:outdated
architectureandlackof hardwareresource.

Weimplementedall modulesrequiredfor move genera-
tion in tsume-shogiandtestedthefeasibilityof FPGAsfor
the large andcomplicatedapplication. The latestFPGA
enabledusto implementall tsume-shogimodulesonasin-
gle chip andto eliminatethebottleneckof memoryband-
width. With 100 block RAMs on an FPGA, we realized
highly parallelizedmove generationin spiteof theexceed-
ingly wide dataoutput. When the numberof branching
factorof a tsume-shogitreeis 5, thecomputation speedof
move generationin hardwareis roughlyestimatedas10 –
50 timesfasterthanthat in software.The performanceof
hardwareagainstsoftwaredependson thegametreecom-
plexity. Hardwareshowsbetterperformancein morecom-
plex tsume-shogiproblems.

What is remainingto bedonein our studyis to imple-
mentatreesearchcontroller. Sincethecompletedmodules
aregeneralfor mosttsume-shogiprograms,we canimple-
mentvarioustreesearchalgorithmsbychangingthesearch
controller. Somealgorithmscanvery quickly solve short-
ply tsumeshogiproblemsbut can’t solve long-ply ones,
while somecansolve long-ply problemsbut areinefficient
for shot-ply ones. Thereforeit could be effective to re-
configurethe searchcontroller dynamicallyaccordingto
searchdepth. We continuethe implementation of tsume-
shogihardwareandattemptto testthefeasibility of recon-
figurationfor tsume-shogi.
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