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v Go, je·z je jednouzez¶akladn¶³ch dovednost¶³ kter¶eby m·el programhraj¶³c¶³ Go zvl¶adnout. Jako
sou·c¶ast pr¶acevznikl program TGA, ·re·s¶³c¶³ tyto ¶ulohy. Program je postaven na z¶akladn¶³ch al-
goritmech prohled¶av¶an¶³ stavov¶ehoprostoru z teorie her ( nap·r. alfa beta pro·rez¶av¶an¶³, trans-
pozi·cn¶³ tabulky ) v kombinaci s metodami vyu·z¶³vaj¶³c¶³mi znalosti hry Go ( heuristiky a
o·rez¶avac¶³ metody ). Pro ¶u·cely programu jsem mimo jin¶e vytvo·ril "blokov·e orientovanou"
prezentaci pozice,implementoval jsem zjednodu·senoustatickou anal¶yzu ·zivota a smrti sku-
piny a navrhl jsemsaduheuristik, kter¶e nejenv¶yznamn·e zrychluj¶³ v¶ypo·cet programu ale tak¶e
umo·z·nuj¶³ ·re·sit obt¶³·zn¶e ¶ulohy typu "under the stones". Program je ur·cen k ·re·sen¶³ p·rev¶a·zn·e
uzav·ren¶ych ¶uloh a um¶³ si poradit s rºuzn¶ymi specialitami problematiky ·zivota a smrti v Go (
nap·r. rºuznedruhy ko, seki, "b ent four in the corner" ). Co sev¶ykonnosti t¶y·ce,s¶³lu programu
v ·re·sen¶³ speci¯kovan¶ych Go ¶uloh odhaduji na 1 dan, co·z je srovnateln¶e s velmi pokro·cil¶ym
lidsk¶ym hr¶a·cem.
Kl ¶³·cov¶a slova: Go, hra dvou hr¶a·cºu, prohled¶av¶an¶³ stromu, ·zivot a smrt

Title : Life and death solver in Go
Author : Tom¶a·s Kozelek
Departmen t : Katedra teoretick¶e informatiky a matematick¶e logiky
Supervisor : Mgr. Marta Vomlelov¶a, Ph.D.
Supervisor's e-mail address: marta@kti.m®.cuni.cz

Abstract : In this thesisI focusedmyself on problematicsof solving life and death problems
in the gameof Go, which is one of fundamental skills of a Go playing program. Together
with thesis, life and death solving program TGA was created. Program is built upon basic
spacesearch algorithms from the gametheory ( e.g. alpha beta pruning, transposition tables
) in combination with methods using knowledgesabout the game of Go ( heuristics and
pruning methods ). For programpurposesI created"block oriented" position representation,
I implemented simpli¯ed static analysisof life and death of the group and I proposeda set
of heuristic. Theseheuristics not only speedup search signi¯cantly, moreover they make it
possibleto solve di±cult problemsof "under the stones" type. Program is designedto solve
mostly enclosedproblemsand it is capableto treat di®erent life and deathsolvingpecularities
( e.g. di®erent typesof ko, seki, "b ent four in the corner" ). As for performance,I estimate
program's strength in solving speci¯ed Go problemsto be 1 dan. This is comparablewith a
strong human player.
Key words : Go, gameof two players, tree search, life and death
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Chapter 1

In tro duction

1.1 Thesis preview

Here is a short description of all chapters:

In the ¯rst chapter a short introduction into the game of Go is provided and rules are
explained. Emphasison life and death principles is put in the rules explanation. Next,
there are stated reasonswhy Go programsare rather weak. At last someexisting life
and death solversare presented and compared.

Secondchapter dealswith the known algorithms. Basic tree search algorithms and pruning
methods usedin life and death solving in Go are described together with comments on
their implementation in TGA ( e.g. minimax, alpha beta pruning, transposition tables,
zobrist hashing).

Third chapter describeshow I dealt with the important issuesspeci¯c to the gameof Go.
Here, the "block oriented" position representation I used is described. Implemented
search stopping criteria are shown. Ko handling and passmoveshandling is explained.

In the fourth chapter overview on the program performanceis given. Factors in°uencing
speedof the search are discussedhere. Also potential testing method is presented. A
paragraphdevoted to the program limitations in input problemsis included.

The ¯fth chapter summarizespros and cons of the program. Potential future tasks and
improvements are mentioned here.

Glossaryof basicGo terms usedin the thesis is included.

First appendix contains chosenparts of TGA programmingmanual. Hereprogram modules
are described and particular tasks program accomplishesare presented in detail ( e.g.
tree search, position representation ).

Secondappendix contains usermanual to TGA. Hereis shown how to operateprogram and
examplesof correct sgf inputs and outputs are provided.
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1.2 Ab out the game of Go

Go is an ancient board game invented probably in China 4000years ago. It °ourished in
East Asia especially Japan, China and ( in recent time ) in Korea , in thesecountries it is
widespreadand tightly connectedwith everyday's life : like football in Europe. It is alsohere
( in East Asia ), wheremost intensive research in computer Go is being done. Characteristic
treit's of Go are huge strategic deepness,complexity and also tactics (for more information
about Go itself see[11]).

1.3 Rules of Go

It is said that learning the rules of Go takesat most ¯v e minutes, but mastering Go takes
the whole lifetime. I present here the basic rules for reader'snot familiar with Go. I mostly
put emphasison explaining terms and conceptsconnectedwith life and death solving.

Go is playedby two playersblackand white, who areplacingstones( onestonea turn ) on
the intersectionsof a Go board ( alsocalledgoban, usuall sizeof board is 19x 19 intersections,
but smallerboardsareusedfor specialpurposesaswell). Black player starts the game.Every
single stone has so called liberties: empty adjacent intersectionsin horizontal and vertical
orientation. Maximum number of liberties of one stone is thus four ( for stone on the edge
three and for stonein the corner two ). Stonesconnectedby linessharetheir liberties. These
connectedstonescreate so called chains ( in computer Go called blocks). When a stone (
or a block ) is deprived of all it's liberties by enemy stonesit is captured, removed from the
board and becomesopponent's prisoner. Stone might not be played on an intersection if
this action is taking away last liberty of somefriendly block ( or itself ) : so called suicide.
The only exception to this rule is when someenemy block is captured by this move. In
that casecapturing enemy stonesis superior to suicide. There might arisea situation on the
board whenboth playerscould becapturing the enemy stoneforever ( similar situation might
appear on the edgeor in the corner, seeFigure 1.1). Thereforeko rule exists ( ko meansin
Japanesein¯nit y ): a stonecannot be played on the intersection, if sameposition as after (
sameplayer's ) last turn would appear. Thus when ¯ghting the ko ( trying to capture the
enemy stoneand then connector continue with someother move in area) player who cannot
take the ko becauseof violating the ko rule, plays a ko threat usually in the other part of
the board and after opponent replies to this ko threat he might retake the ko ( if opponent
ignoresthe ko threat and connectsthe ko, player might apply his ko threat and usually gains
somelocal advantage).

Stoneswhich might not be connectedfrom de¯nition ( blocks ) but are closelyrelated are
calledgroups ( it is di±cult to disconnectstonesbelongingto onegroup, or they are simply
all near together ). Player whom the group belongsand who is caring for it is calleddefender
( he is defendingit ), his opponent who is trying to attack the group is called attacker. We
are interested in situation when a group is isolated from it's friendly groupsand must take
careof itself alone. If the whole group can be captured ( part by part or whole in one turn
) and the defendercannot prevent this then the group is unconditionally dead ( or simply
dead). It still dwells on the board, but both playersknow that in the end it will be removed
from the board and it's stoneswill be attacker's prisoners. On the other hand if the group
cannot be captured even if attacker tries to, it is unconditionally alive ( or simply alive ).
This is possiblebecauseof so called eyes. Eye is a coordinate where attacker is allowed to
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Figure 1.1: Defendermust win and connectthe ko to live.

Figure 1.2: Example of the living group with two eyes( in the left ) and of the deadgroup
with only oneeye ( in the right).

play only if it is the last liberty of the group - and thus capturing the group - otherwisehe
is prevented to play there by the suicide rule ( more exact de¯nition of eye is given in x6
). If defender'sgroup has at least two connectedeyesthen it cannot be captured ( because
of the suicide rule attacker cannot ¯ll both eyes ). Third type of groups is called unsettled
thesegroupsmight be kil led if the attacker moves¯rst ( it meansthat after his move group
is dead ) or it might be saved if the defendermoves¯rst ( after his move it is alive). If we
take the ko rule into consideration,situation gets a little bit complicated : if the group is
not unconditionally alive, but attacker hasto win someko inside the group to kill the group,
then the group is alive in ko ( attacker or defenderstarts the ko and then attacker ignores
oneor moredefender'sko threats to win the ko - this situation is no more local becauseboth
playersmust considerthe board asa whole ). There is one last major complication with life
and death problems'sstatuses:if attacker cannot kill the group in his turn, but there arestill
someattacker's stone inside the group and every defender'sattempt to capture them leads
to the death of the group, then the group is alive in seki ( it meansthat group is alive but
it possesno territory in ¯nal counting, seeFigure 1.3 ). Generally there is a simple ordering
in group statuses( from the point of defender) alive > alive in seki > alive in ko > dead.
However, in actual gamethis ordering must be consideredin the context of global situation.

Purposeof the gameis surrounding territory ( empty intersections) for myself and tak-
ing away enemy's territory . Both players are alternating in their turns until both of them
consecutively pass( specialmove whenno stoneis placedand turn goesto opponent, "empty
move" ). Territory is then counted asa sumof surroundedintersectionsplus capturedenemy
stones.Becauseblack hasan advantageof moving ¯rst, white is given compensationin komi:
point bonus ( usually 6.5 points ) which is addedto his scorein the end of the game. As a
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Figure 1.3: White's group is alive in seki.

result it is very improbable to achieve a draw in the gameof Go. There are several di®erent
rulesets( e.g. Japanese,AGA, Ing , New Zealand) which slightly di®er in somedetails of
the basicrules and mostly in the way territory is counted. Here, rules are explainedaccord-
ing to Japaneseruleset, see [11]. It might be a little confusinghow territory is described :
"surrounded intersections" is not very exact de¯nition. Actually there is a precisede¯nition
what is and what is not territory . Territory ( in Japaneseruleset ) is sum of all intersections
where opponent cannot create a living group. Therefore when both players consecutively
passin the end of the game,they are saying : "I considerall intersectionsyou surrounded
your territory".

To distinguish the strength of players( or computers) there is a simple( and approximate
) ranking systemin Go. Players are divided into amateurs( they play mostly for fun ) and
professionals( their living dependson go, to becomea professionalplayer must go through
extremelydi±cult tournament with other playersintending to becomeprofessionals). In Go
similar system is usedas in other east asian sports: 20 kyu < ... < 1 kyu < 1 dan < ... <
7 dan <= 1 dan professional< ... < 9 dan professional. Kyu are "student" classes,dan are
"master" classes.

1.4 Computers and Go

SinceGo is the last board gamewherecomputersare still on very amateur level ( strongest
program is around 6 kyu ) it is natural that huge money and e®orthave beeninvestedinto
research in computer Go in recent times. Actually, for a long time there was a 1,000,000$
prize for a Go programwhich could beat a 1 dan professionalplayer. Even thought it expired
in the year 2000 there are many similar prizes for Go playing programs as well as annual
championshipsand other activities encouragingresearch in computergo. Becauseusuall tree
search techniques( which are successfullin other board games) can be applied in computer
Go only in a limited way many promising methods were developed especially for computer
Go ( seex2 ). However, results are still unsatisfying. Main reasonswhy it will take a long
time till Go program beatsa strong human player are:

High branc hing factor While in chessaveragenumber of possiblemovesis around 36 ( in
a singleposition ), in Go this number highly exceeds100. However, it was found that
even on 9x9 board it is di±cult to develop a strong program.

Huge Complexit y In spite of chess( where "search and evaluate" principle is very suc-
cessfull) in Go there hasnot yet beenfound su±cient evaluating function which would
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make "search and evaluate" method usable. The reasonis that in Go two positions
which di®eronly in a singlestoneplacement might producediametrally di®erent results.

Lo cal vs. Global position Attempts to "parcelize" problem of the board evaluation into
evaluation of local situations are limited by fact that in Go all local situations are
tightly related in both tactical ( e.g. ko, ladders ) and also strategic meaning ( e.g.
groupsstrength, territory outlines ).

More on this topic is in [3].

1.5 Motiv ation for life and death analysis

Solving life and death of the groupsis oneof the basicskills every Go playing entit ( man or
program ) should handle. In the actual game,the status of particular groupsis oneof main
factors to decidethe next move: from the strategic aspect ( the direction of the game) as
well as from the tactical aspect ( e.g. to kill the opponent's group, to start the ko inside the
group ). Human players spend a lot of time studying and solving life and death problems,
becausethe abilit y to correctly solve ( complicated) life and death problem might decidea
game. For those who are not yet very comfortable with thinking in Go terms, solving life
and death problems( alsoshortenedas life and death ) might be comparedto solving chess
problems: for instanceblack mates in three moves, white to gain material advantage.

Actually there are two main di®erent attitudes for a computer program towards life and
death problematics. Theseare: solving problem of life and death alone ( usually presented
at somepart of the board with optional additional information - this is an attitude the rest
of this thesis is about ) and abilit y to solve problem in the actual game. The latter one is
naturally ( much ) more di±cult becauseprogram has to:

recognize problem This covers distinguishing groupsand their optional connections,rec-
ognizingurgencyof solving life and death for particular groups,etc. For instancesome
Go playing programsusea simple principle that any group with at least ¯v e liberties
is alive and when a group has lessliberties the program starts life and death analysis
( what might be already too late, see[8]). For humans,after gaining little experience,
it becomesquite natural to recognizewhich groupsare in trouble and should deserve
player's focus. However, this is such a complex problem that computers are much
behind here.

solve it in the context of the game Here,many aspectsmust be taken into account, e.g.
laddersacrossthe board, possibleconnectionof defender'sgroup to outside, abilit y to
win the ko ( number of ko threats ) , the most pro¯table way to make the group alive
( with how many points groupslive, if there is a ko who takesit ¯rst ).

1.6 Existing life and death solvers

Generally it is usual to divide Go playing programs( and so it is possibleto divide pure life
and death solvers ) into :

12



heuristic orien ted A tree search engineis implemented with the classicalminimax algo-
rithm supported by alpha beta pruning. Good order of movesfor alpha beta is reached
by using loadsof heuristics. Transposition tables might be used.

tree search orien ted In recent times usually somevariants of df-pn ( see[6] ) search is
implemented relying on large transposition tables to speedup search.

Probably the best known life and death solver is Go Tools programmedby ThomasWolfe
( see[1] ). It's development took more than 15 yearsand thus it's performancein life and
death are comparableto thoseof very strong amateur players ( around 5d ). Go Tools is an
exampleof heuristic oriented searcher. There are alsomany special featuresincluded in the
program, e.g. output to several formats, problemsgeneration( it is said to generatearound
100 reasonableproblems during a night), possiblehuman co-operative mode ( human and
Go Tools are working together on problem solving).Thereare alsoseveral Go programs( for
instancesee[7] ) similar to Go Tools ( in heuristic oriented approach ), howewer quite behind
in e±ciency.

Explorer ( see[5] ) is a tree search oriented program basedon df-pn search ( using up to
around300MBfor transposition tableslookup ). Recently, it showedevenbetter performance
than Go Tools on the set of the most di±cult problemsgeneratedby Go Tools itself.

TGA is a heuristic oriented life and death solver.
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Chapter 2

Kno wn algortihms

There has been a lot of research in computer Go in recent years, therefore many e®ective
algorithms covering di®erent aspects of the game have been developed. I will focus only
on algorithms contributing to computer life and death solving and especially on those I
implemented myself in TGA. I found many useful information about described algorithms
in [13].

2.1 Minimax

Minimax is a very basic algorithm used in the gamesof two players with full information
and zero sum. Players are called maximizer and minimizer. It is a recursive algorithm for
searching a gametree. It's idea is quite straight yet very powerfull. There are two typesof
nodesin the tree :

In maximizing node maximizer is to play.

In minimazing node minimizer is to play.

Every node in the tree might be evaluated with a number ( expressingresult of the game
in actual position ). The higher the number, the better the result for maximizer and vice
versa. There are two ways how to evaluate a node:

Use static evaluating function. This function is usually usedin deeper levelsof the tree
and it might not always return an evaluation of the position ( it still might be uncertain
). Howewer it must return correct evaluation in a leaf node. In TGA this evaluation is
doneby static eye recognition combined with simple capture recognition ( when most
of the defender'sgroup is captured it is stated dead). Theseevaluating functions are
very quick and thus they are started in every node. However, only in deeper levels
certain evaluation is returned.

Retriev e evaluation from sons. This requestsall sonsto be already evaluated. Actually
here lies a spirit of the minimax algorithm. When actual node is maximizing, it's
evaluation is set to a maximum of evaluations of his sons( maximizer chosesthe best
move for him - the onewith highestevaluation ). In minimazing node, evaluation is set
to a minimum of his sons( best move for minimizer is the one with lowest evaluation
).
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Minimax algorithm goes through the tree ( usually ) in depth-¯rst order and evaluates
nodesaccordingto two mentioned rules. This way every node in the tree is evaluated. As
mentioned above a node evaluation represents how good/bad the actual position is for either
of players, evaluation of the root node expressesthe result of the input position for actual
player to move. This evaluation is optimal for both ( neither of players can reach a better
result when his opponent plays best moves) .

FamousJohn Von Neumann'stheorem says that for every gameof two players with full
information and zero-sum( "what oneplayer gainsthe other looses") there is a non - loosing
strategy for one player. Solving Go problemsis also of this kind. We might supposelife of
the group as a victory for maximizer, death of the group for minimizer and ko as a draw.
Minimax algorithm is proved to always ¯nd this optimal strategy ( or simply the ¯nal result
). Howewer, sometimesa lot of uselesssearch is performed( subtreesnot in°uencing the ¯nal
result are searched). To prevent this there are many possibilities how to speedup minimax
search a lot by pruning large number of positions. Someof theseare usedin TGA and they
will be mentioned later ( seex2.2, x2.4, x2.6).

In TGA defenderof actual group is always a maximizer and attacker is a minimizer.
I didn't use negamax( very common modi¯ciation of minimax ) becauseactions taken in
defender'sand attacker's node are not symetrical ( e.g. they di®er in usedheuristics and in
somegroup status transformations, see[9] ).

2.2 Alpha beta pruning

Probably the best known pruning method related to the minimax algorithm is alpha beta
pruning. It is a simple yet very powerful method. Alpha beta principle is following : when
during a search there is found a node which makes one of the players to avoid the actual
branch ( becausehe is already proved to achieve a better result in di®erent - previous- part
of the tree ) no brothers of this node are searched anymore. This variant is about to be
avoided, thereforeany further search is a time loss. The algorithm operateswith two values,
alpha and beta. Alpha represents the minimum scorethat the maximizing player can get.
Beta represents the maximum scorethat the minimizing player can get. In the beginningof
the search alpha is set to negative in¯nit y and beta is set to positive in¯nit y. As the search
goeson this "window" becomesnarrower thus excludingsomevaluesand pruning the search.
If beta is lesserthan alpha in somenode, then alpha beta cuto® is performed since in the
optimal play playerswould avoid this whole branch.

The ( very easy) practical examplefrom Go problemssolving follows ( seeFigure 2.1 ).
Let's take a tree where root node ( R ) is maximizing ( defender's). First son of the root
node ( A ) proved group status ko ( defendercan live through ko in this variant ). Now
secondroot's son ( B ) is being searched ( it is minimizing - attacker's node ). First node
here ( C - ¯rst son of B ) provesstatus ko as well. At this point alpha beta cuto®on other
sonsof B is performed and control is returned to the root node and next node in the root
level is searched. This is becausewhenC hasa status ko then status of B can't be better ( for
defender) than ko ( it will be ko or dead). And sinceroot is defender'snode ( maximizing
) he will anyway chooseresponsefrom A .

Bene¯ts of alpha beta pruning are following:

It losesno information. This is a very valuable characteristicsmaking alpha beta pruning
present in almost every minimax implementation.
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Figure 2.1: Referencē gure to exampleof alpha beta pruning. Red color is used to mark
alpha beta cuto®ednodes.

It speedsup minimax considerably. Statistics show that with alpha beta it is possibleto
search twice as much nodesin the sametime as ordinary minimax can.

It is quite easyto implement.

Alfa beta pruning e±ciency is very tightly connectedwith the ordering of moves in the
actual node. A good ordering is the onewheregood moves( for actual player ) are searched
before bad moves. Good ordering causescuto® earlier than a bad one does, thus cutting
o® larger part of search tree. Perfect ordering is a hypothetical ordering where moves are
sortedexactly accordingto their valuesfor actual player to move. With this perfect ordering
cuto®would be performedafter ¯rst searched sonor not at all in every node. Many di®erent
heuristics ( seex2.4 ) werecreatedin order to provide alpha beta with good ordering.

Somecomplicationsmight arosewhen combining alpha beta pruning with transposition
tables. The fact is that if alpha beta cuto®wasperformedin somenode then retrieved value
of this nodemight not represent the exactvalueof this node( the onewhenboth playersplay
optimal moves), but it rather represents value of the node in relation with previoussearches
( and thus with previously obtained alpha and beta ). In TGA, this is naturally taken into
account and when storing positions into transposition tables these"estimated" positionsare
marked and treated slightly di®erently ( see[9] ).

2.3 Iterativ e deepening depth ¯rst search

Iterativ e deepening depth ¯rst search ( iddfs ) is a compromisein search attitude between
depth-¯rst and breadth-¯rst search. It works as a depth-¯rst search with limited depth and
this limited depth increasesperiodically till the result is not found. So algorithm searches(
in depth-¯rst manner ) all one move long variants, then all two move long variants, and so
on. It might seemquite wastefull to go through certain moves( those in upper part of the
search tree ) multiple times, but actually there are ways how to bene¯t from thesemultiple
searches( seebelow ). Main advantegesof iddfs are:
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It is very useful for time limited search. When algorithm must return somesolution after
limited amount of time, for instance in playing chesswith a little time limit on every
move. In this casedepth-¯rst search algorithms areof little use. Howewer, iddfs simply
returns solution from the deepestsearch it hasaccomplished( eventhough this solution
might not be exact - it is only an estimate ).

It enablesto useresults from previousdeepeningsto improve actual search and thus erase
possiblesearch slowdown causedby multiple searches in the upper parts of the tree.
Usually pro¯t from previous search results is taken through transposition tables ( see
x2.6 ) and various heuristics ( seex2.4 ). In latter searchesposition is retrieved from
transposition tablesand storedalpha and beta valuesare usedto narrow actual search.
Updated alpha and beta valuesare naturally saved in transposition tables.

Iddfs might be applied to problemswherethere is a high probability of stucking algorithm
in uselessvariants ( which are however di±cult to ¯lter out another way ). Here iddfs
limits search in theseuselessvariants and problem solving variants are treated aswell.
Example of this might be using iddfs to solve under the stonesproblems( seex3.5 ).

In chessiddfs is a very successfulland widely usedmethod. Stated aspectsare supposed
to make e®ective iddfs superior to both depth-¯rst and bredth-¯rst search. However, there
might alsoarisecomplicationswhensolving Go problemswith iddfs. In TGA I implemented
iddfs in order to make program solve "under the stones"problems( seex3.5 ). I madeiddfs
cooperate with alpha beta pruning and transposition tables mechanism in order to make
iterativ e deepening e®ective and usable. However using classicalmethod of starting with
one move long variants and increasingvariants length by one in every turn, led to rather
catastrophical result when moderately di±cult problemsusually ( with classicaldepth-¯rst
approach ) solvedwithin thousandsof nodestook ( with iddfs method ) tensor evenhundreds
thousandsnodesto solve. Essenceof theseresults lies in the lack of information gainedby
the search in shalow levels. Here ( in shalow levels of the problem ) very little positions are
solved ( in majorit y of positions the status is stated "unknown" ) and thus extremely little
pruning is doneby alpha beta mechanism. This leadsto neccessity of searching much wider
spacethan whenusingclassicaldepth-¯rst search ( wherealpha beta is rather e®ective ). The
most critical levels are those rather deepand having very high percentage of positions with
unknown status. Here a lot of uselesssearch is done. There are many nodes in the search
tree, sincesearch goesrather deepand alpha beta is ine®ective. The idea I implemented in
TGA is to useiddfs which starts on very deeplevel ( 20 - 25 ). Also with every iteration this
depth is increasedmore rapidly ( by 5 ). In TGA, iddfs is usedto solve "under the stones"
problems, what is successfullydone by this implementation. However, it's performanceis
much worse( even in such unnatural modi¯cation ) than performanceof classicaldepth-¯rst
search ( seex4.1). Since"under the stones"problemsaresolved thanks to e®ective heuristics
( seex2.4 ) even without iddfs, this algorithm becomesrather obsoletein TGA.

2.4 Heuristics and forw ard pruning

Alpha beta pruning causesa signi¯cant speedup in search by forcing cuto®son whole sub-
trees. However, it's e±ciency is in°uenced a lot by ordering of moves in the actual node (
seex2.2 for de¯nition of good ordering ). Heuristic is often very simple method that should
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provide a move ordering which forcesearlier alpha beta cuto® than the original ordering.
Heuristicsare usually basedon actual game'sspeci¯cs ( hereit is Go ). In heuristic oriented
searchers ( seex1.6 ) it is usual to put a lot of emphasison creating good heuristics. When
a human is solving go problemshe reliesa lot on his "solving" experiencesand he generally
excludesmajorit y of problem variants thus goingthrough only a very little part of the search
tree. Heuristics try to simulate this "experience" factor to reducesearch tree. I personally
divide heuristics into two basiccategories:

position related heuristicsare taking into account only the actual position. Thereforethey
might be also called static. Thesemight be comparedto generalrules humans follow
when solving Go problems( e.g. don't ¯ll outside liberties, capture enemy stones).

search history related heuristics are using information from previous search or from the
shape of the search tree. Therefore it is possible to call them dynamic. When a
human is solving somevariant of a Go problem, he is using information he gathered
through search in the previous variants ( here belongsshape of stones,which moves
were e®ective, etc. ). Dynamic heuristics might be comparedto this human's abilit y.
Theseheuristics might not be even gamespeci¯c dependent ( e.g. killer heuristic, see
paragraphbelow ).

Probably the most known and widely usedheuristic is a kil ler heuristic. It is a search
history related heuristic which is applicable in chessas well as in Go and other games.The
idea ( quite elegant ) is following : a move which causedalpha beta cuto®in similar position
should be promoted. By similar position is meant position on the samelevel in the search
tree.

I facedtask of creating heuristicspreventing long and silly variants that might appear in
the "under the stones"problems( seex3.5 ). This requiresa set of static heuristicscovering
intuitiv e human's attitude ( e.g. connectingimportant stones,capturing opponents stones).
Usedheuristicsare ( order accordingto weight signi¯cance):

self atari heuristic A move into self atari is demoted. Moreover self atari on larger block
is cut o®( forward pruning method ).

larger blo ck connection heuristic A move connecting larger blocks is promoted ( only
in defender'snode ).

save connection heuristic An attacker's move which connectshis unsafestonesto safe
onesis promoted.

capturing heuristic A move which capturesenemy block of stonesis promoted.

atari heuristic A move which ataris enemy block of stonesis promoted.

connection heuristic A move connectingblocks ( of smaller size) is promoted.

lib ert y heuristic A defender'smove which takesaway liberty of attacker's ( unsafe) block
is promoted. A defender'smove which take's away liberty of ( safe) attacker's block is
demoted.
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This setof static heuristicssucceededin preventing long variants in the "under the stones"
problems and rapidly reducednumber of searched nodes ( seex4.1 ). Besidesthesestatic
heuristicsalsoonedynamic heuristic is implemented. It is inspired by killer heuristic and it
promotesmovesthat madegroup alive ( or dead in attacker's nodes) in similar nodes( in
previousnodesat the samedepth ).

Along with heuristicsseveral forward pruning methods are used. Thesemethods perform
cuto® basedon some game oriented knowledge related to the position. This way whole
subtreesmight be cuto®edthus speedingsearch signi¯cantly. However, thesemethods must
be createdvery preciselysincethe dangerof potential information lossappears. I usedonly
forward pruning methods which are supposedto keepsearch consistency( they don't cause
information loss):

Defenderis prevented to ¯ll his own full eye.

Selfatari on the larger block ( morethan 2 stones) of defender'sstonesis prevented. This is
a well known and widely usedpruning technique in life and death solversprogramming.

Too little defender'sstonesare recognizedasdead. SinceTGA hasrather weakeye recogni-
tion I madeup this pruning method to save searching in the deeper levelsof the search
tree. When there are too little defender'sstones( < 4 in attacker's node and < 3 in
defedender'snode ) group is stated dead. Such a little set of defender'sstonescannot
create a living group thus this pruning might be safely used. This method proved to
be very e±cient ( seex4.1 ).

2.5 Zobrist hashing

Zobrist hashing is a well-known method of creating hash code from a given position. It is
used a lot and with successin chessprogramming as well. The idea is basedon random
numbers. A table representing board is created: usually a typical two dimensional array.
Under each item ( coordinate ) there might be storedasmany keysasthere is possiblestates
for the coordinate - in go it is three : black , white , empty ( in chessthis would be 13,
for each color and ¯gure one + one for empty coordinate). This table is initialized with
random values. Now there is a randomly generatedhash key for every possiblecoordinate
and every possiblevalue ( e.g. black stoneat [17,4],empty point [10,2] ). Retrieving a hash
key for given position is simple : it is a result of XOR bit operation performedon hashkeys
related to all pairs [ coordinates - it's state ] in position. Sometimeshash keys for empty
coordinatesare all set to zero( or they are not taken into account at all). This simpli¯es the
wholesituation becausezerois neutral towards XOR operation ( I usedthis improvement as
well ). The last remaining task is consideringtwo equal positions with di®erent players to
move. This is actually very commonin solving Go problems. When comparingtwo position
keysalsocolor of players to move would have to be considered.This task is in TGA simply
solved by creating two extra random hashkeys( onefor black and onefor white ). Hashkey
for actual position is xored with hash key for a stone color corresponding to actual player
( position hash key is normalized by the color ). This keepsuniformit y in operations with
position hashkeys.

Now on it is supposedthat empty coodinateshave hashkey equal to zero. When moving
from one position to another by playing a move, new zobrist hashkey is retrieved from the
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old one by xoring hash key of new move ( e.g. black played [3,3] ) with the hash key of
actual position. When a move capturesan enemy stonesit is also neccessaryto xor out all
captured stonesfrom the newhashkey. This simpleway of retreiving newhashkey from the
old one makes zobrist method extremely quick and easyto use. The longer the hash keys
are the lower the probability of collision is ( collision meansthere apper two equalhashkeys
for two di®erent positions). Thereforeat least 32 bit typesbut rather 64 or 96 bit typesare
recommendedfor number type of hash key. One of main areasto use zobrist hashing are
Transposition Tables(seex2.6 ).

In TGA zobrist generatedhash keys are used in transposition tables and in repetition
checks as well. Since 64 bit hash keys are used it is possibleto treat a hash key ( after
normalization by color ) as a unique representation of position ( probability of collision is
generallyin degreeof 1/(2^60), what is imponderanble ). This way quite a lot of memory in
transposition tables is saved ( otherwisewhole position on somebit tape would have to be
storedalongwith hashkey ). Also wholeprocessof position saving and retrieving speedsup
a bit.

For more information on Zobrist see[14].

2.6 Transp osition Tables

Transposition tables ( or only tables in this chapter ) mean a signi¯cant step towards e±-
ciency in the tree search. It is natural not to search positions which were already visited in
the previous search and their result was decided. This is exactly the idea of the transposi-
tion tables ( transposition meansgetting into the sameposition by di®erent ways ). When
the algorithm comesto a new node it at ¯rst checks whether there is not a record in the
transposition tables with the actual position :

If there is a record in the table , algorithm retrievesinformation which werefound dur-
ing the previoussearch. Thesemight be very accurate( e.g. exact status of the group
) or rather inaccurate ( alpha and beta values used to narrow upcoming search). It
is much more commonto store innacurate information ( alpha and beta values) with
stored positions since theseare more generaland °exible ( in further text I presume
storing thesekind of information ).

If there is not such a record , solved position together with related relevant information
( group status or mentioned alphaand beta values) is stored into transposition tables.

By retrieving information stored in the transposition tables to narrow ( or even eliminate
) further search in the actual position whole subtreesmight be cut o® and thus e±ciency
of the search increasesa lot. There is a generalprinciple about relationship betweenalpha
beta pruning and transposition tables. The more e±cient alpha beta is ( good ordering and
heuristics ) the lesse±cient the transposition tables are. For the transposition tables to be
e®ective there must be a lot of saved positions in them, however when alpha beta is e®ective
it prunes a lot of positions itself and transposition tables are lacking. In TGA sincealpha
beta pruning is of rather mediocre e±ciency, transposition tables proved to speedup whole
searching procesvery measurebly( seex4.1 ).

Transposition tables are usually implemented as a hashing table where a hashing key
represents actual position. This is appropriate since transposition tables are searched in
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every node and thus high look up speedis demanded.Moreover very usual is using Zobrist
hashing( seex2.5 ) asa method for creating position hashkeys. HereZobrist clearly bene¯ts
from abilit y to create a new position hash key from the old one only by xoring performed
move.

Potential problems with transposition tables arise when position with estimated result
were stored into the transposition tables. Estimated result doesn't represent result with
optimal play by both players becauseof some cuto®s made on base of knowledgesfrom
searchesin previousvariants. This happensfor instancein caseof alpha beta pruning when
into transposition tables position with narrowed alpha and beta is saved. When retrieving
this position it must be checked whether actual alpha and beta are within the stored ones.
Otherwise it is not possibleto usestored results due to the possibleinformation loss. Also
possibleinformation updating must not be forgotten ( accuring information of previously
stored position ). Information updating is especially neccessarywhen using transposition
tables in interaction with iterativ e deepening depth-¯rst search ( seex2.3 ), becauseduring
shalow deepeningsvery inaccurate information are stored into transposition tables.

I implemented transposition tables are written above ( hashtables using Zobrist hashing
) and all complicationsmentioned in previousparagraphsare properly handled ( see[9] ).

2.7 Pattern matc hing

Pattern matching is a general name for methods where a given position or it's parts is
matched against someprepareddatabaseof positions or shapes. Pattern matching is quite
a promising method in Go programming. It is mostly used in the opening. There are Go
programsable to play reasonableopening moves ( around ¯rst 20 - 50 moves ) basedonly
on pattern matching against large databaseof professionalgames. In Go problemssolving
there are two main areasfor using pattern matching:

Matching shape of the group against position database.The idea is to retrieve a potential
problem solving move from the databaseof stored positions. If the retrieved move at
leastpartially solvesthe problem,search is a lot speededbecauseof much moree®ective
alpha beta cuto®s. However due to incredible variety of Go problems( a di®erencein
singlestonemight require completely di®erent solution ) this method requiresa large
( hundred thousandsto million positions ) position databaseto be e®ective.

Matching eye shape of the group. Herealgorithm tries to ¯nd actual eye shape ( alsostones
surroundingeyeshapeand their connectivity must betakeninto account ) in a database
of eye shapes to decidewhether actual eye shape provides two eyes or not without a
further search. This is a very elegant and e®ective method of early recognitionof living
group. Databasefor this matcher needsusually ten thousandsto hundred thousands
positions. This database( containing evaluations whether the single shape is alive or
not ) might be generatedby the program itself. Evaluation of the shapes would be
doneby simple tree search.

Organisationof positionsdatabaseis another important factor. Somesophisticatedmeth-
ods might be used in order to avoid comparing actual position against all positions in the
databaseasfor instance: dividing positionsinto groupsaccordingto their similarit y ( similar
position are together in the group ) and matching actual position only againsta representant
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of each group. Comparingalgorithm might be derived from somestandard string comparing
algorithm.

The original outline of TGA contained also pattern matching module ( of the ¯rst type
). This module was successfullyimplemented. I used simple databaseorganisation where
matching is done by sequential comparisonof the actual position against all positions in
database.Resultswereseveral best ¯tting positions ready to be usedin latter search. How-
ever, as I mentioned above this algorithm needsvery large databaseto be e®ective. Since
I didn't managedto obtain such a databasethis modul is useless( creating databasealone
is imposible and existing onesare only for purposesof Go programs they were created for
). I didn't even try to make this module cooperate with tree search module. It was a mis-
take in the program designation to implement pattern matching of this kind. Much more
useful would be an eye shape pattern matcher which would solve one of the main program
weaknesses( seex4.1) - early recognition of the group status basedon the eye shape of the
group.
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Chapter 3

Solutions to life and death solving key
issues

The most commonway of life and death solving is still sometree search algorithm supported
by pruning and heuristic knowledges.Howewer there are somealgorithms wheretree search
is usedonly as a secondaryencouragment to the results extracted from static analysis( for
instancesee [2] ). Thesealgorithms are usefulmostly asa modules in Go playing programs
becauseof their speed. In life and death analysesas a separatetask they are beatenby the
tree searching programs. In this chapter most important issuesin tree search approach to life
and deatharepresented togetherwith my suggestedsolutions. Theseideaswereimplemented
in TGA ( see[9] ).

3.1 Position represen tation

Position representation is a "basestone" for every life and death solvingprogram. E®ectively
designedposition representation with abilit y for quick playing and unplaying moves is nec-
cessaryfor every tree search algorithm. The usual approach is simpleand intuitiv e. Position
is represented as a two dimensional table. It might be implemented either with ordinary
two dimensionalarray or for speedingup asa onedimensionalarray with simplecoordinates
recalculation algorithm. In this table every item represents singlecoordinateson the board.
Capturing moves and suicide moves must be handled separately. In this approach playing
and especially unplaying stonesis very straightforward, simple to program ( the only task is
to properly handlecapturing moves), but providesno additional information to the position.
Especially information about liberties are very important in life and death analysis : how
many liberties a particular block has,which movesare capturing moves,etc.

Fact that it would be useful to possesmore information on position structure such as
about liberties led me to create"block oriented" position representation. Position is stored
as a set of blocks ( a block is a set of stonesof the samecolor connectedtogether from
the de¯nition ) and a two dimensional table representing board where each item of the
table is a pointer to the block occupying this coordinate ( or the NULL if it is an empty
coordinate ). Together with each block useful information are saved: the block color, the
block identi¯cation number, the number of the stonesin the block ( and list of them ), the
number of the liberties ( and list of them ). When playing a stone, neighbouring friendly
blocks are mergedinto a singleblock. It is checked whether someopponents blocks don't get
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captured, and of coursesimple suicidecheck is performed. Advantagesof such an approach
should be clear :

Additional information about particular blocks might be very helpful in performing opera-
tions connectedwith the actual block structure: for instancesetting movespriorit y in
"capture heuristic" ( movescapturing opponent's stonesare pre®eredto other moves:
seex2.4 ) is pretty simple and requiresminimal proccessoroperations.

When playing stone itself, capture or self capture checks are also simpli¯ed in comparison
with previousapproach.

This approach is more closerto the human approach. Humans seesblock of stones( and
bears in mind their liberties ) rather than separatestones. Howewer, they are accus-
tomed to view the position even more abstractly ( in terms of groupsof stones). But
for life and death solving, this more structured approach is not relevant.

On the other hand there arealsodisadvantages( comparedwith simple"t wo dimensional
array" representation ):

Unplaying stonesis much slower ( and alsomore complicatedfor the programmer). Before
a stone is played all neccessaryinformation for restoring actual position are saved in
appropriate data structure at the beginningof a dynamic list. All movesalongthe path
to the actual position are saved in order to be properly unplayed. When unplaying,
¯rst item of the dynamic list is taken and position is updated according to stored
information.

In somecasesthis approach might be slower than the intuitiv e one.

Whole algorithm is more di±cult to program.

3.2 Search stopping conditions

Another crucial areaof every life and death computer solver are search stopping conditions.
A trivial idea is to perform tree search until the whole defender'sgroup is captured or until
attacker has no possiblemove to play ( what meansthat group is alive ). This solution
must be supported by possibility of playing passmoves,otherwisethe defenderwould always
¯ll his eyesand got captured. However this approach might monsterizeeven rather simple
problems. There are much more sophisticated methods to state group's status without a
search. The most important search stopping condition is presented in following chapter.

3.3 Static eye recognition

A group with two eyesis alive. This is one of the ¯rst observations every human Go player
must go through in his beginnings. After sometime even beginnersdevelop an accurate
senseto distinguish which intersectionswill produce an eye and which will not. Together
with recognizingseveral dead shapes which produce maximally one eye, they gain a good
equipment to judgeupon life or deathof groupsin rather simpli¯ed problems. It is possibleto
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Figure 3.1: Example of living group with diagonally related eyes.

createa life and death solver which recognizesgroup asalive only when it hastwo pure eyes.
However, e±ciency calls for better recognition methods. Actually this task of life and death
is quite well analysedand in successfullGo problemssolving programse®ective approaches
exist. One of the most successfullmethods is to recognizeeye regions. An eye region is a
set of neighbouring intersectionssurroundedby defender'sstoneswhich are either empty or
possessingunsafeattacker stone. This de¯nition might vary accordingto understandingof
word "surrounded" in previous sentence and there might arise several typesof eye regions.
These eye regions are matched against an eye shape database( usually ten thousandsto
hundred thousandspositions) in order to reveal how many ( 0 , 1 , > 1 ) eyes the region
produces. There are many similar methods using the eye shape database,di®ering in e.g.
the way of the databaseorganisation,the comparingfunction ( for instance,see[7] ). There
are also methods researching eye shapes from the point of combinatorics, but this is out of
the scope of this paper.

I usedrather simplemethod paying cost to local ine®ectivitiesin the search. That means
that clearly ( to the humanor sophisticatedprogram) alive / deadpositionsmust besearched
deeper to recognizestatus of the group. The algorithm keepslist of potential eyes. At the
beginninghereare all empty intersectionsand unsafeattacker stones.Upon this list in every
node of the search tree static eye analysisis performed. When two full eyesare recognized(
accordingto the de¯nition in [3] ) and their connectivity is proved ( they must be connected
from de¯nition ) then the group is stated alive. On the other side when there is only one
potential eye ( from list of potential eyesfalseeyesare excludedin every analysis) group is
stated dead. Simple heuristic (see[9] ) is usedwhich makes program recognizesomebasic
dead shapes( e.g. three in a row with attacker's stone in the middle, crosswith attacker's
stone in the middle ) without any deeper search ( algorithm doesn't refer to coordinates
adjacent to attacker's stone as to actually potential eyes - becausedefendermust ¯ll them
to capture the attacker's stone- and thus is the eye shape restricted to a singlepotential eye
- the attacker's stone ). The algorithm prevents searching variants when defender¯lls his
own full eye ( this simpli¯cation losesno information becauseplaying into completedeye is
useless). The algorithm is capableof recognizingtwo diagonally related eyes as well ( see
Figure 3.1 ). Still, eye recognition is the weakest part of the whole algorithm. Becauseof
separateapproach to the potential eyes( not treating them as regionsbut as singlepoints )
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eye recognition is quite ine®ective and slows down the whole processbecausethe tree must
be searched deeper in order to reveal eye status of the group. Implementing more e±cient
static eye recognitionalgorithm is oneof main tasksfor future improvement (seex5.1 ). This
algorithm could be possiblybasedon ideasin [2] or I could createmy own eye shape database
with matching module, seex2.7.

3.4 Rep etitions

Repetition meansrepeating the position which already apperearedin a search tree along a
path to an actual node ( actually this includespassmovesand ko managingaswell, but since
theseaspects are handled separatelyI don't include them into the problem here ). I avoid
repetitions by storing positionsalong the path to the actual node. Very e±cient way how to
do this is to associate position with a hashkey and then usesomeappropriate data structure
for storing position's hashkeys- I usesimpleassociative map with the lookup in logarithmic
time. Actual position is always comparedwith all the stored ones. When an equality is
found the actual node is no more expandedand the control returns to it's father ( status
of the son is stated as "unknown" ). For hashing positions in order to reveal repetitions,
Zobrist hashingmethod ( seex2.5 ) is used. Repetition checks are inspired by the principle
of transposition tables ( seex2.6).

3.5 Under the stones

In computer Go applied on the life and death problemsmany complicationsariseafter some
block of stonesgets captured. Not only number of empty intersectionsincreasesat once(
and thus increasesfurther complexity of the problem ), but also possibility of repetitions (
seex3.4 ) or extremely long uselessvariants appears. To avoid thesecomplications,problem
is considerednot solved when an actual variant's lenght reaches100 ( "total depth cuto®"
terminatesthe program). This is reasonablesinceeventhe mostdi±cult problemsareusually
solved within 30 moveslong variants. When no countermeasureis taken peculiar variants of
incredible length ( even more than hundred moves) are likely to arisewhenboth playersare
playing into the capturedareaand possiblyrecapturingeach other( evenwithout repetitions).
Area wheredefender'sstoneswerecaptured is meant here,attacker's stonesdon't causethat
much trouble whenthey get captured. Actually very often it is neccessarypart of the problem
to capture larger attacker's group in order to obtain eye shape for defender.A simple idea is
to prevent the algorithm from playing into such areas( wheremore than three defedender's
stoneswere captured ). However, this fails sincethere is a special classof problemswhere
essenceof solution lies in playing under captureddefender'sstones.Theseare( togetherwith
problems where it is neccessaryto play under attacker's stones) sometimescalled "under
the stonesproblems" and belong to rather di±cult oneseven for humans ( for examplesee
Figure 3.2 ). There are several ways to deal with complication of playing under the stones(
orderedfrom worst to best in meaningof consistencyand e±ciency ) :

Forcea depth cuto®when actual node in the search tree is deeper than somestated depth.
Status of such cuto®edvariant is set asunknown and the search continues. This causes
stupid variants to cuto®but also"problem solving" variants might be cuto®leadingto
the information loss.

26



Figure 3.2: Exampleof very simple"under the stones"problem. Black can't kill white. After
black captures¯v e white's stones,his three stonesare trapped and white is alive

Refuse to play on intersections where a larger defender'sblock of stones was captured
prevents all silly variants but the information lossstill remains in solving "under the
stones"problems.

Implement clever "under the stones"heuristicshelping to cuto®uselessvariants.

Useiterativ e deepening depth ¯rst search algorithm. Iddfs goesthrough all variants ( thus
losing no information ) and iterativ e increasingof the search depth prevents stucking
at long uselessvariants as with the ordinary depth ¯rst search. Moreover previous
methods might be usedas supporting heuristics for alpha beta ordering ( seex2.3 ).

Actually the proper handling of playing under the stoneswasa big challengeto implement.
At ¯rst, it is possibleto ignoreplaying under the stonesby setting an appropriate parameter
( see[10] ). In that casethe algorithm prevents playing under any larger captured defender's
group and thus it is unableto solve the "under the stones"problems. However this approach
providesbetter performancein other problems. I implemented iterativ e depth ¯rst search in
order to solve this complication but dueto very poor results( seex4.1and x2.3 ) this solution
might be ( in TGA ) used in practice only for easierproblems and thus it is switched on
only when explicitly demandedby a program parameter. As a ¯nal solution playing under
the stones( more than three captured defender'sstones) is allowed and supported by a set
of di®erent heuristics ( seex2.4 ) which ( together with alpha beta pruning ) prevent those
long "stucking" variants. Generally performancewent down ( seex4.1 ) but this slowdown
is bearableand "under the stones" problems( even somevery di±cult ones) are correctly
solved. However, a little possibility that algorithm might fail on somevery di±cult "under
the stones"problem still exists ( and then "total depth cuto®is performed").

3.6 Ko

Ko handling is tightly connectedwith mostof the Go problems( eventhosenot resulting in ko
). Programhasto properly identify every ko and ¯nnd out resultsof the problemwheneither
side wins the ko. Ko detection itself is quite easy. It is su±cient to check whether possible
move on a given coordinates captures exactly one stone and after the capture the played
stonewill be surroundedby three opponents stonesor edgesof the board. Complications in
the proccessof ko evaluation are obvious:
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Figure 3.3: In the left ( multistep ko ) black has to win two ko in the row to capture white.
In the right ( approach move ko ) both playershave to make an approach move to win a ko.

Not every ko in the problem in°uences status of the group ( group might live/be killed
without this ko ).

Double ko ( seeFigure 3.4 ) meansunconditional live of the group if winning one of these
two ko makeswhite alive .

Sometimes( with interaction with passmoves) ko status must be transformedto the dead
status ( seex3.7 ).

There are di®erent kinds of ko ( direct ko seeFigure 1.1, approach move ko and multistep
ko seeFigure 3.3 ) and each of thesemust be recognized.

I handle theseobstaclesin an actual node in a following way. As for the di®erent kinds
of ko, there might be a dramatical di®erencein the number of neccessaryko threats between
winning a two-step ko or winning a direct ko. However, from the local point of view these
becomerather equal ( one side needsmore ko threats than the other to win the ko ) and
so I don't distinguish them in the algorithm. Let's now take for exampledefender'snode (
I will call him "observed node" ). Defenderis to move and he choosesthe most pro¯table
variant to him. Usual ko is analysednow, not the doubleko. During the proccessof applying
heuristicsand movessorting, thosemovescapturing stonein ko are marked and the ordering
is changedas follows: Ordinary movessorted accordingto heuristics ( searched ¯rst ) - pass
move - moves taking the ko. When the ko is not relevant to the status of the group in the
observed node, then the result is found in the ¯rst two "sections" of moves. Moreover, if the
the best status for the defenderfound in the ¯rst two sectionsis ko status and it is proved
that attacker cankill the group after retaking the ko ( simulated by pass) then the ko taking
moves( last section) are cut o®without information loss( defendercannot get better result
than life in ko from taking the ko). When defendercan live without playing the ko, the
result is decidedamong"ordinary" moves( group is alive ). Passmove represents situation
whenduring playing the ko attacker ignoresdefender'sthreat and then tries to kill the group.
At last the ko taking move is analysed. If defendercouldn't live with previous moves and
attacker wasable to kill after defenderpassed,then this ko might be relevant to the life and
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Figure 3.4: White is alive, he might always capture oneko securinghim life.

death of the group ( if defendercan live after winning it ). After defendertakesthe ko it is
attacker's move and he is not allowed to recapture the ko. The status of the group in the
observed node dependson the status of the group after taking the ko ( it is attacker's turn
to move), possibilitiesare:

Status is deadafter defendertakesthe ko meansthat group is unconditionally dead in the
observed node ( this ko was not relevant to the group status).

Status is alive after defendertakes the ko meansthat group is alive in ko in the observed
node. Thus status alive is transformed into status ko.

Status is ko after defendertakesthe ko meansthat status of the group in the observed node
is either alive ( doubleko ) or ko ( approach move ko or multistep ko ). Simplemethod
to recognizedouble ko is given below.

Actually it is neccessaryto recognizetwo slightly di®erent types of double ko positions
securinglife for the group:

Both ko are taken by the attacker and defenderis to move and he is allowed to capture any
ko.

Both ko are taken by the attacker, but one was taken last turn therefore defendercan
capture only oneko.

Both of these types are solved in the defender'snode. When defendercan start two
independent ko both leading to life of the group then the group is stated alive ( ¯rst type of
doubleko ). When defendercan start ko for life and attacker took ko last move secondtype
of double ko is recognizedand the group is stated alive as well.

3.7 Pass moves

Simulating passmoves in a processof the tree search has a special purposeto reveal two
typesof positions:

seki positions ( seeFigure 1.3 ).
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Figure 3.5: Example of simple "b ent four in the corner" problem. Black to move can get a
ko whenever he wants and every white's move leadsto his death, thus white is dead.

positions of "b ent four in the corner" type ( seeFigure 3.5 ).

In the programpassmoveis alsoapplied in the nodeswherepossibleko appears. However,
this situation is not of our interest ( it is discussedin x3.6 ) and I will refer to nodeswhere
no ko taking move appears. Passmovesare always tried as the last movesbecausethey lead
to the solution in the minorit y of the problemsand placing them to the end of the possible
moves list increaseschancesto avoid them ( by alpha beta cuto® ) and thus speedup the
search. In defender'snodepassmove is tried whenneither of sonsreturn status alive ( seeking
potential seki). And if it's result is alive then group is alive in seki ( neither defendercan
live nor attacker can capture ). Howewer, I considerseki status to be equal to alive status
( in both casesgroup cannot be captured by the attacker ) sincethey di®eronly in amount
of the territory group creates. If it's result ( of the passmove ) is ko then this status is
transformed to the status dead, becausewhen the attacker might get the ko whenever he
wants ( defenderpassed) then the group is dead ( this principle comesfrom "b ent four in
the corner", seebelow ). It is important to do this transformation already in the sonnode in
order to keeptransposition tables consistency. On the other hand in attacker's node when
all sonsreturn status alive and at least one returns status ko, passmove is tried in order to
uncover possible"b ent four in the corner" position. When passmove provesthe group to be
dead ( defendercannot live in his turn ) than the status of the group in attacker's node is
dead. This is becauseattacker can make a move and get a ko, but he can alsopass,wait to
the end of the game,then remove all ko threats and simply win the ko ( thereforesuch type
of position is in the Japaneserules stated deadas it stands,see[11] ).

Simple check is performedto prevent two passesin a row ( creating an endlessloop ). It
might seemthat applying passmoves slows down the search speedsigni¯cantly. Howewer,
using transposition tables in generalprevents any signi¯cant di®erencesin the search tree
sizes,becausethe more search is donein someparticular branch the more probable is trans-
position table cuto® in another branch. There is applied a simple pruning technique: pass
movesare tried only when number of legal moves( not suicides) in the node is lesserthan
given constant. I set this constant to 4 accordingto own empirical results from solving Go
problems. So far I have met only one go problem where this number was 4 otherwisein all
seki problemsand "b ent four in the corner" problemsthis number equals2.
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Chapter 4

Performance and testing

There is a little curiosite connectedwith the program testing. I found a very nice ( and very
di±cult: approximately for 5 dan ) problem in magazineGo world ( see[4] ). The title of the
problem was "white to live" and on the secondside there was a solution wherewhite could
live after around 17 moves long variant containing many under the stonesmoves. I gave
this problem ( ./data/solv ed very slow/p os 1.sgf) to TGA and it outputed ( after searching
around 200 000 nodeswhat was done under 30son my AMD64) "black can kill" ( what is
correct ) and "white can get a ko". This dissappointed me and I started to search in the
sgf output wherethe mistake is. But after seeingseveral variants to my surpriseI found out
that program found correct solution and white could not get more than a ko. Thus TGA
proved mistake in a well establishedGo magazine.This problem is provided in Figure 4.1 (
already marked accordingto TGA input demands).

4.1 Performance analysis

Program wastestedon a set of approximately 30 problemsrepresenting many di®erent kinds
of problemsand di®erent levels( 20k - 6d ). Generallyon this set of problemsprogram did (
with all speedingup arguments switched on ) very well solving all of them in under 300000
searched nodes( what represents around 35sof search time on my AMD64 processor).This
is very incomparablewith human's performance. I estimate that it would take at least 20
minutes to solve all the problemsin the set for a very strong human player. As mentioned
above the pillar of this ( relative ) e±ciency is cooperation betweenalpha beta pruning and
transposition tables. Alpha beta should never be switched o®sincefor instance"under the
stones" analysis is basedon the proper move ordering resulting in early alpha beta cuto®.
However, with alpha beta pruning alonealgorithm wascapableto reasonablysolve only sim-
ple problems( category"solved fast" ). It was transposition tables implementation together
with saving transposition tables from the ¯rst search for the secondone, that increased
search speedat simple and mediocry di±cult problemsup to ten times and openedthe door
to the di±cult problems. I didn't want to copy known alpha beta heuristics( I implemented
only those I made up by myself ) therefore TGA's alpha beta is rather mediocry e±cient.
However, this is compensatedby transposition tableswhich receive more information ( more
cached positions ) and thus can causemore later cuto®s. Next factor mostly in°uencing
speedof the search is a set of static heuristics. They make it possibleto solve "under the
stones" problemswith the very acceptableslowdown. Program searchesall problemsin the
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Figure 4.1: White can get ko. Di±cult problem from Go World magazine.

set approximately 15% slower than when "under the stones" analysis is toggled o® ( thus
program doesn't try to play under larger captured defender'sgroups - seex3.5 ). Without
theseheuristics ( and "under the stones" analysis toggled on ) many problems end in too
long variants and are not solved at all ( total depth cut o®is performed,seex3.5 ). Moreover
when this heuristic's set is switched o®( and "under the stones" analysisis swithed o®too
) whole search time is doubled and one problem in the set was not solved at all ( too long
variant occured). It should be clear that this static heuristics set is a very valuable instru-
ment for life and death analysis. On the other hand used dynamic heuristic doesn't have
much in°uence on the search speed( time of the search was shortented by lessthan 5% ).
However it is implemented as a secondaryadd on to the static heuristics thus this result is
not suprising.

Two most important forward pruning techniques( seex2.4 ) usedin the program are :

Recognizingtoo little defender'sstonesas dead. This method savesa lot of the search in
position's that are clearly dead( but are not yet recognizeddeadby the eye analysis).
BecauseTGA's eyeanalyzesis rather weak,this pruning method is extremelypowerfull.
If it would be switchedo®searching time at some( mediocry di±cult ) problemsmight
monsterize.

Preventing self atari on the larger block of defender'sstones. This good and well known
pruning technique saved approximately 20%of the search time.

The most slowing factor in TGA's current implementation is a poor static life and death
recognition. Program is not ableto recognizeclearly ( for mediocry experiencedplayer ) dead
or living groupswithout further search. Roughestimateis that with the e±cient eye analysis
( basedprobably on someeye shape database) program's search speedcould increaseby (
up to ) 40%.

Naturally there are a lot of problemswhereprogram's performanceis rather poor. This
category ¯t problemswith a lot of empty intersectionsin the beginning or problemswhere
somelarge group is captured and many new empty intersectionsarise. An exampleof such
a problem is given in Figure 4.2. The program searched over 1,300,000nodes to solve this
problem ( it took over three and half minute on my AMD64 ). However, strong human
playersare able to solve this problem under oneminute ( it is problem of 4 dan strength ).
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Figure 4.2: This problem took quite a long time to solve. Result is unsettled and estimated
di±cult y is 4 dan.

4.2 Program testing

In Go programming, especially in programming life and death solver there are always com-
plications with program testing. Since the outputs are rather very big ( ten thousandsor
hundred thousandssearched nodes are usual ) and to reveal bugs in the algorithm output
must be searched manually. There are alsomethods how to shortenthe output. For instance
I usedmethod when all uninteresting positions ( together with their subtrees) are pruned
out from the sgf output. "Unin teresting" position is oneof following:

Position which obtained uncertain status ( i.e. it is uncertain due to somealpha beta cuto®
).

Position in which defender played the last stone and it obtained dead status. This is
uninteresting since from defender it is expected to live thus a move which neither
makeshim alive createsa ko is uninteresting.

Position in which attacker played the last stoneand it obtained alive status. This is unin-
teresting sincefrom attacker it is expected to kill thus a move which neither kills nor
createsa ko is uninteresting.

In order to get more e®ective testing results sometimes"simultaneousmethod" is used.
Two Go problemssolving programsare given the sameset ( usually very large ) of problems
( standardizedto their input formats ) and those which are solved di®erently are furtherly
analysed( this however doesn't cover all potential bugs in programs). TGA was not tested
this way, since arrangment of this testing is very complicated. For instance Dave Dyer's
program ( see[7] ) was tested this way against Go Tools ( see[1] ).

4.3 Program input limitations

Each life and death solving program has it's own speci¯c limitations either to the format
of input position ( for instance Go tools acceptsonly problems where defender'sgroups is
absolutely- from sideto side- blocked by attacker's wall, see[1] ) or to the classof problems
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it solves( for instanceDave Dyer's Go problemssolver was in original versionlimited by the
depth of the problem). TGA's input format limitations lies in neccessity of marking position
to be solved. It must be shown to the algorithm whereare attacker's stonesthat might be
captured and whereare coordinateswhich are relevant to the problem ( see[10] ). Actually
theselimitations could be easily removed by adopting similar input format condition as Go
tools did, but there are alsobene¯ts of this approach:

Program is capableto solve practical problems( from actual games), which are not fully
enclosed.

Neccessity to properly mark the position changesgiven problem in minimal way and is done
very quickly.

Especially the ¯rst item I consider to be very important and gives TGA advantage in
comparisonwith Go tools ( see[1] ), whenby using TGA player might analysesomelife and
death situations that arosein his game. As to the classof the problemsacceptedby TGA,
it solves all common problem types including solutions like ko ( direct , approach move ,
multi step , ), doubleko ( meansalive ), seki. It is capableto recognizepecularitiesof "b ent
four in the corner" problems. Most problematic type of problemsare so called "under the
stones" problems. However in the end program is able to solve theseproperly as well with
acceptableslowdown ( seex3.5 ). Thus the only remaining major limitation is the sizeof the
problem. SinceTGA hasno "experiencesupport" ( doesn't pro¯t from previoussearchesin
similar problems) large problems( many coordinates to play on and possibly many stones
capturing resulting in new coordinatesto play on ) which might be solved in a while by very
experiencedhuman are very di±cult for TGA ( seex4.1 ). Also TGA's rather simpli¯ed eye
recognition algorithm contributes to this problematic.
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Chapter 5

Conclusion

Since( asmentioned above ) research in computer Go is on very high level, I focusedmyself
rather then trying to bring up somebrand new algorithm on implementing somewell known
one'sand on observingtheir cooperation. I think that as an contribution to Computer Go
might be following featuresof TGA: I createdmy own position representation ( seex3.1 ),
program providessimpli¯ed ( and thus ) readablesgf output of the problem, I createdset of
tree search heuristics ( seex2.4 ) making it possibleto solve under the stonesproblemsand
generallyspeedingup search, I had to ¯nd out my own ways ( seex3 ) to treat peculiarities
like ko, double ko, seki, bent four in the corner.

5.1 Future work

As a most important ( potential ) future improvements I seethesetasks :

Improvestatic life anddeathrecognition( asmentioned in x3.3) to makealgorithm statically
recognizeliving/dead groupsasearly aspossibleand thusavoid further ( almost useless
) search. Further search is helping only in cooperation with transposition tables, but
this pro¯t is insigni¯cant comparedto pro¯t taken by early life and death recognition
cuto®.

Implement support for ife and deathproblemscontaining potential connectionto the outside
defender'ssafe group. Program structure and organisation should allow this to be
comfortably done. However, complications arise with large increaseof new potential
coordinates to play on.

To improve performanceof usedheuristicsespecially dynamic heuristic.

To improve sgfoutput pruning to be capableof showing only several "in teresting" variants.
Programshouldbe ableto pick up only oneor two bestanswersto the attacker's killing
move ( or defender'sliving move ). Sofar sgfpruning is e±cient, however to attacker's
killing move at worst all answersare provided ( symetrically for defender'sliving move
).

To perform large scaletesting of the program ( seex4.2 ).
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5.2 Summary

Following generalizedtasks were successfullyaccomplishedin TGA ( tasks to be done or
improved are in x5.1 ):

A functional life and death solver was programmedalong with this thesis. TGA is fully
working solver having very good performances( seex4.1 ) in the representativ e set of
the testing problems. It is able to handlemany di®erent issuesin life and death solving
( seex3 ). It has looserdemandson type of input problems than other Go solvers (
seex4.3 ) thus might be better applicableon the problemsfrom practical games.

Basic algorithms ( seex2 ) were applied, combined and tuned ( especially di±cult task,
seex4.2 ) in TGA, together with their modi¯cations for special program purposes.

Personalelements wereincorporated to the programaswell. Almost wholegameknowledge
oriented parts were created without being familiar with implementation speci¯cs of
other Go problemssolving programs( e.g. position representation, ko handling, seki
handling, seex3 ). Set of ( in the result ) e®ective static heuristics was designed(
seex2.4 ) and simple( yet in TGA very e±cient ) forward pruning method wascreated
( seex2.4 ).

Generaloverview on life and death solving problematicscommented with personalopinions
and ideaswas provided in this thesiswhat should be a good study material to every (
rather ) beginnerin Go programming problematics.
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Chapter 6

Go terms glossary

Here are explainedall important Go terms usedin the text.

atari is a move which threatens to capture someopponent's block of stones in the next
move. This block thus has the last liberty after atari move.

approac h move ko is a situation when player must make an approach move while ¯ghting
the ko to win it. Thus this ko is much harder to win ( for player making an approach
move ) than the direct ko. Example of the approach move ko is at Figure 3.3.

bent four in the corner is a namefor situation whendefendercannot live in his turn and
attacker cancreatea ko by playing a "b ent four" shape( seeFigure 3.5). This situation
is stated deadin Japaneserules becauseattacker can start this ko whenever he wants,
thus wait to the end of the game,remove all white's ko threats and then start and win
this ko.

blo ck is a set of stoneswhich are ( transitiv ely ) connectedalong horizontal and vertical
lines.

double ko is a peculiar situtation when two independent ko appear in a singleproblem and
( winning ) any of them secureslife for defender.Then defenderis unconditionally alive
( attacker can never win both of them, seeFigure 3.4 ).

eye is an empty coordinate which full¯lls following conditions:

² At adjacent coordinatesthere are defendersstonesor thesecoordinatesare on the
edgeof the board.

² If no adjacent coordinate is on the edgeof the board then at leastat three ( of four
) diagonal coordinates there must be occupiedby defender'sstones( or another
eyes).

² If someadjacent coordinates are on the edgeof the board then at all remaining
diagonalcoordinates( which arenot on the edge) there must be defender'sstones
( or another eyes).

For exampleof eyesand falseeyes( points that cannot becomeeyes) seeFigure 1.2.

eye shape is a set of coordinateswhich might produceeyes.
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ko is a situation when both players could be (re)capturing a singlestone forever ( seeFig-
ure 1.1 ). Thereforethere is a simple rule preventing player to recapture the ko which
was captured last move by the opponent.

ko threat is a special move which threatens someaction against opponent and forceshim
answer. If he doesanswer player who played the threat retakesthe ko and then oppo-
nent looks for the threat.

ladder is a tactical manoeuvrefor capturing the block of stoneswith two libertiesin sequence
of atari moves.

lib ert y of a stone is an empty coordinate adjacent to this stone( horizontally or vertically
). Stonesin singleblock sharetheir liberties. If all liberties of the stone ( block ) are
¯lled by attacker's stones( or by edgesof the board ), the stone ( block ) is captured
( for more detailed rules explanation seex1.3 ).

multi step ko is a situation when there are several ( usually two ) back-to-back ko and
player who wants to win the wholeko ( and thus for instancekill the group ) must win
all of them consecutively ( thus ¯ghting ko in "steps" ). Example of multi step ko is at
Figure 3.3.

pass is a special kind of move when no stone is played and turn goes to the opponent. In
the gameusually passis played only in the very end of the game. But in the computer
go, especially Go problemssolving it has incredibly important role and is played very
often ( see x3.7 ). For instanceto simulate playing a ko threat or to recognizeseki.

seki is a namefor situation when two groups( of opposite color ) are living in "symbiosis"
( they cannot kill each other ). Both of them are consideredalive but they possessno
territory ( exampleof simple seki situation is at Figure 1.3).
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App endix A

TGA Programming manual

A.1 Ab out

This is TGA's manual main page. TGA is GNU/GPL life and death solver running under
Linux operating systems. TGA was programmed in C++ using standard liberies and stl
containers.

A.2 Do cumen tation hiearc hy

TGA's documentation consistsof:

² Sourcecode, which is legibly written and thoroughly commented.

² Doxygengenerateddocumentation about main classes,data structures,source¯les and
functions.

² Thesemanual pages

In thesemanual pagesgeneralrelationsamongprogrammodulesaredescribed. Moreover
used programming techniques and algorithms are shown together with short sourcecode
examples. These code examplesare always related to the closestparagraph above them.
TGA's documentation is built for purposeof future changesin program ( not neccessarily
done by author ). Therefore after reading this manual, then examining classesdescription
and spending little time in particular code reading an averageprogrammer should be able
to comfortably operate program sources. Similarly when there is someproblem to solve,
programmerat ¯rst ¯nds adequatetopic in manual pagesand then follows links to functions
and classesmanagingthis topic in the sourcecode( functionsareshortly describedin doxygen
generateddocumentation as well ).

Most important manual pages( and related source¯les ) are:

² Handling Parameters (p. 40) : p manager.cc p manager.h

² Starting search(p. 48) : main.cc main.h

² Tree search(p. 40) : t search.cc t search.h

² Position represen tation (p. 52) : board.cc board.h
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² Static eye recognition (p. 47) : eyes.cc eyes.h

² Sgf parsing (p. 50) : sgf read.cc sgf read.h

A.3 Handling Parameters

Parametersare handledby classParamsmanagerdeclaredin p manager.hand implemented
in p manager.cc. The idea behing is quite simple. At ¯rst ( in Paramsmanager::Params-
manager() ) a table whereeach recordrepresents oneparameter( Paramrecord ) is created.
This table is ¯lled with particular parametersand their records( parametertoken,parameter
alternative token, parameter type, a pointer to the corresponding variable ).

² Parameter token is the nameof parameter itself ( e.g. "-i", "-ntt" )

² Parameteralternative token is the secondnameof parameteritself, in GNU style ( e.g.
"{input", "{no t tables")

² Parameter type tells whether the parametervalue is of type bool ( heretwo valuesfor
¯lling adequatevariable with true and false are distinguished- seeParamtype ) or
string or int

² Pointer to the corresponding variable that serves for quick ¯lling this variable with a
new value. The latter algortihm dealsonly with thesevariables ( they are de¯ned in
Paramsmanageritself )

After the program is started,the algorithm goesthrough the given parameters( Starting
search(p. 48) ) and according to Paramsmanager::param table sets ( done by Params-
manager::set variable() ) variablescorrespondingto particular parametersto their proper
values( usually only setsthe variable to true : most of parametersare "switchers" ).

A.4 Tree search

Treesearch is the most interestingsectionof the wholeprogram. It is mainly implemented in
t search.cc and t search.h , search itself is managedby classT searcher ( especially func-
tions T searcher::search and T searcher::search son which createsan indirect recursion
relationship ). Other classesde¯ned in t search.h have supporting tasks :

² Sgf printer takescareof creating sgf output of the problem.

² Hashtable item represents item stored in transposition tablesor for repetition recog-
nition purposes.

² Hashtable managerconductstransposition tables.

² Hashrepset managerguardspossiblerepetitions.
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A.4.1 Tree search implemen tation description

Tree search is ( as mentioned above ) done in two functions ( T searcher::search and
T searcher::search son ). Let's seehow is the tree search implemented ( I will describe
most important things happening in a singlenode ). After someneccessaryinitializations it
is checked ( only if option -ntt is not switched on ) whether actual position doesn't match
someposition stored in transposition tables. In casethat iddfs is active it is important to
include transposition table cuto® ( for gs unknownstatus ) even when status stored in the
tablesis gsa depth uncertain ( if cuto®would not beperformedsamesearch asin the saved
position would be doneand gs unknownstatus would be gainedagain ).

Group_status act_status_ = hash_table_manager.get_item_status(
Hash_table_item( board_manager.hash_board_manager.get_position_hash(),

stone_color_to_move_, board_manager.ko_manager.get_retake_coordinates(),
alfa, beta)); // retrieveng status from transposition tables

... // adjusting alpha and beta according to saved values

// iddfs, this node was already searched ( and gsa_depth_uncertain status was obtained )
if ( same_depth_limit && act_accuracy_ == gsa_depth_uncertain

&& params_manager.get_iddfs())
return Search_result( gs_unknown,gsa_depth_uncertain, act_tree_size_);

// act_status_ is set from t_tables if stored alpha == stored beta
if ( act_status_ != gs_unknown) {

sgf_printer.buff << "Transposition table cutoff for status: " << act_status_ << endl;
...
return act_status_; // control is returned to father

}

If this test is negative ( position hashkey wasnot found in Hashtable manager::hash -
table ), static life and death analysestogether with simple capture recognition cuto®( too
little defender'sstonescannot createa living group ) is performed:

if (( stone_color_to_move_ == sc_black &&
board_manager.number_stones_de < TOO_LITTLE_TO_LIVE)|| // TOO_LITTLE_TO_LIVEis 4

( stone_color_to_move_ == sc_white &&
board_manager.number_stones_de < TOO_LITTLE_TO_LIVE-1))

act_status_ = gs_dead ; //too little stones to live
else

act_status_ = eye_manager.is_alive( board_manager.get_point_board(),
board_manager.get_pot_eyes_map_pt()); // static life and death analysis

If this analysesdoesn't succeedin recognizingthe group neither alive ( act status -
== gs alive ) nor dead ( act status == gs dead ), then status of actual node will
be decidedfrom statusesof his sons. At ¯rst di®erent static heuristics are applied. Each
heuristic might changemovespriorit y by speci¯ed margin. The lesserthe priorit y the more
important move becomes( and thus more probable is that it will be tried ¯rst ). E®ects
of di®erent heuristics might be cumulated ( somemove might be recognizedas very good
by more heuristics ). Moves are sorted ( according to their priorit y decidedby heuristics
) in order to make pruning techniques ( especially alpha beta ) more e®ective. Self atari
pruning technique is applied aswell ( larger defender'sblocks are not allowed to self atari ).
Application of someheuristics is shown below:
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//checking whether a played move is a self atari
if (( board_manager.check_self_atari( stone_color_to_move_, last_item.first,

&stone_in_atari_num))) {
if ( stone_color_to_move_ == sc_black && stone_in_atari_num <= 2 )

last_item.second.increase_act_heuristic_pp( 5); // this selfatari is mediocry demoted
else

last_item.second.increase_act_heuristic_pp( 10); // this move is very much demoted
if ( stone_in_atari_num >= 3 && stone_color_to_move_ == sc_white ) {

last_item.second.set_act_main_pp ( pp_none ); // this prevents move to be played
continue; // no search when atari on more than 2 defender's stones

//capture heuristic
if (( node_type_ == nt_max ) &&

( board_manager.check_capture( stone_color_to_move_, last_item.first)))
last_item.second.increase_act_heuristic_pp( -5); // this move is promoted
... // Other heuristics. The lesser the evaluation of the move the more it is promoted

Passmoves are included in the list of moves as well. Generally moves are ordered in
the following way ( this is a primar ordering, secondaryordering is represented by heuristic
results ):

² At ¯rst "ordinary" moves" ( not pass,not ko taking moves) sorted by heuristic evalu-
ation.

² A passmove.

² At last ko taking moves( there is a possibility of starting the ko for life of the group ).

After the moves are sorted (according to their priorit y), they are stored in Playable -
vector . Then the program goesthrough this vector of possiblemovesand tries to play them
out. The line of algorithm slightly di®ersaccordingto the type of the node ( nt min , nt max
). Howewer the principle is the same( I will give code examplesfor defender'snode since
that one is a bit more complicated):

² At ¯rst somechecks related to playing a passare performed. Passis always involved in
the list of the movesto be played, however whether it is really played is decidedright
beforeplaying it). Passis played ( this is expressedby variable play pass allowed )
only in following cases:

{ Ko taking move ( potentially making group status ko ) is present. Then passis
neccessaryto decidewhether the ko taking move is relevant to life and death of
the group ( passsimulates situation when opponent ignoresa ko threat and tries
to yield from the ko ).

{ In defender'snode, none of the searched sonsdidn't reach status gs alive and
there are maximally 4 legal moves( then passis looking for possibility of seki ).

if ( stone_color_to_move_ == sc_white ) {
//next condition is neccessary for seki status
if ( act_status_ != gs_alive && legal_moves_num <= 4 )

play_pass_allowed = true; } // pass is allowed

42



² In attacker's node, at least one son have reached ko status and none of sons have
reached deadstatus. Then ( if there are maximally 4 legalmoves- pruning technique )
passmove is tried in order to reveal potential dead group status becauseof "b ent four
in the corner".

² Afterwards, the actual move is played ( Board manager::play a stone ). When it is
illegal ( Board manager::play a stone returns false ) next move is tried.

if ( ! board_manager.play_a_stone ( sc_white ,(*it).first))
continue;

else
legal_moves_num++;

² Son of the actual node is searched recursively by calling T searcher::search son
function ( however recursion is indirect since method T searcher::search is called
from T searcher::search son ). In T searcher::search son there is also handled
part of the sgfoutput for the son( e.g. outputting move'scoordinates,potential output
pruning ). Moreover repetitions aretestedandpossiblerepetition cuto®is done. Reason
for this indirect recursionis that actions related with searching the sonis in defender's
and attacker's pretty identical ( the only practical di®erenceis the color of the played
stoneprinted to the sgf output).

son_result = search_son( (*it).first, nt_min, level, alfa, beta, play_ko_for_life);

² Possiblespecialhandling for ko/double ko is performed. This is a very interesting ( and
also was quite di±cult to programm ) sectionof the algorithm. As mentioned above,
when there is a ko taking move it is being searched asthe last one( becausethis raises
probability of cuto®beforesearching the ko taking move). After searching this move,
it's status might be transformed ( seebelow ) to gs ko ( transformation takes place
when variable play ko for life is true ). When value of play ko for life is false
( in the moment when sonwhereko was taken should be searched ) then the ko is not
relevant to the result and thus outcoming status of the son is not transformed( to the
gs ko status ). Varibale play ko for life is set ( actually this is donebeforethe son
is searched ) as follows ( in defender'snode):

if ( play_ko
&& after_pass_group_status != gs_unknown //unconditionaly alive
&& after_pass_group_status <= gs_ko //after pass black can get at least ko
&& ( act_status_ != gs_alive ) ) //defender cannot live without ko

play_ko_for_life = true;

Hereevenwhenact status is gs ko it is still possibleto get unconditional livethrough
doubleko ( thereforetaking the ko is tried ). In attacker's node, conditions ( last three
in the "if" statement ) for stating play ko for life are almost symetrical with the
exception that gs ko value of act status causescuto® ( if attacker can get the ko
there is no reasonto try taking the ko becausehe cannot get a better result ).
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² After searching the ko taking move, son'sstatus ( son result.group status ) is trans-
formed as follows ( beforepassingit to sectionof comparingagainst actual status :
seecomparing (p. 44)): When play ko for life is true ( all preliminary conditions
for gs ko status are ful¯lled ) then value gs alive ( gs dead in attacker's node ) of
son'sstatus is transformedto gs ko. This operation says: whendefendercan live after
taking the ko ( attacker in son'snode is not allowed to recapturethe ko, but in his turn
passmove "simulating" possibledefender'signoration of ko threat is naturally involved
) then he is alive in ko. And symetrically for the attacker taking the ko. Moreover in
defender'snode double ko test is performed:

// double ko handling, ko was taken this turn - possible double ko check
if (( ! params_manager.get_no_ko_handling() ) &&

(play_ko_for_life && son_result.group_status == gs_ko )) {
if ( possible_double_ko ) { // two independent ko's which white can start -> life

sgf_printer.buff << "Alive in double ko" ; sgf_printer.print_comment(true);
son_result.group_status = gs_alive;

}
else

possible_double_ko = true;
if ( last_move_ko ) {

// last move started ko for life and defender found another ko => double ko
son_result.group_status = gs_alive;
sgf_printer.buff << "Alive in double ko" ; sgf_printer.print_comment(true);

}
}

² Gathered status of the son is comparedto actual status ( the best ¯tting status
so far ) and possiblealpha beta cuto® is performed. In this part it is neccessaryto
take into account accuracy of the actual group status as well ( expresedby act -
accuracy of Group status accuracy type ). Value gsa certain accuracyexpresses
that status represents best play of both players. On the other hand value gsa alfa -
beta uncertain means that since alpha beta cuto® was performed retrieved group
status might be incorrect, however in relation to the previoussearchesand previously
set alpha and beta it is satisfying. It is clear that gsa certain accuracyis prefered
to gsa alpha beta uncertain . Thus, algorithm tries to propagateupwards the tree
group statuseswith gsa certain accuracy. Therefore,if in onenode there are two sons
with samegroup status ( usually this is gs ko ) and with di®erent accuracies( gsa -
certain and gsa alfa beta uncertain ) than the one with gsa certain surpasses
the secondone. As a sidenote: it is clear that group statuseswith uncertain accuracy
( gsa alfa beta uncertain , gsa depth uncertain ) are not included in the pruned
sgf output ( -ps is switched on ), becausethey might provide confusing information
( human doesn't take into account alpha beta values when browsing search results).
This natural part of minimax algorithm with alpha beta pruning is in defender'snode
( attacker's node is symmetrical ) programmedas follows:

if ( son_result_.group_status != gs_unknown &&
act_status_ <= son_result_.group_status || act_status_ == gs_unknown)) {

if ( act_status_ == son_result_.group_status ) {
if ( act_accuracy_ != gsa_certain ) //better accuracy ( certain )
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act_accuracy_ = son_result_.group_status_accuracy;
}
else // act_status_ < son_result_.group_status, accuracy of better solution

act_accuracy_ = son_result_.group_status_accuracy;

act_status_ = son_result_.group_status;
if ( ab_pruning && alfa < act_status_) // alpha update

alfa = act_status_;
}

// alpha beta cutoff
if ( ab_pruning && ( act_status_ >= beta ) ) { //pruning

...
board_manager.unplay_last_stone(); //unplays son's move
... // storing actual position to transposition table
return act_status_;

}

² Actual move is unplayed and another one is tried. This is done by simply calling
function Board manager::unplay last stone() and continuing to cycle through the
possiblemoves.

² Returning status of the actual node. Two things must not be forgotten beforereturning
a status ( result of the node ) of the group in the actual node:

{ Keeping consistencyof the position. This is done by calling function Board -
manager::unplay last stone() in caseswhen status of the node is returned
beforeall son'sare resolved ( due to somepruning, usually alpha beta ).

{ Storing actual position to transposition tables( only whenoption -ntt is switched
on ) with appropriately set input and output alpha beta values together with
accuracyof actual result and other information. This is doneby following source
code:

hash_table_manager.store_item (
Hash_table_item ( board_manager.hash_board_manager.get_position_hash(),

stone_color_to_move_,
board_manager.ko_manager.get_retake_coordinates(),
in_alfa, in_beta, act_accuracy_, act_status, act_status_));

A.4.2 Transp osition tables implemen tation

Very closeto the tree search is the implementation of transposition tables. It is done in t -
search.cc and t search.h . Transposition tables are handledby classHashtable manager
which contains a table representing saved positions and provides functions to perform op-
erations upon the table. Transposition table itself ( Hashtable manager::hash table ) is
implemented as an array of pointers to the Hashtable item ( representing one saved posi-
tion ). Sincetoday's computersdon't struggle with memory shortageas it was usual in the
past I decidedfor ¯xed-size table with over two million entries ( therefore an empty table
takesaround 8MB RAM on 32 bit architecture ). During the search processtable grows as
there are new positions being stored in. Size( number of items ) of the hash table doesn't
changein the processof solving Go problem. When a table becomesrather full ( number
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of storedposition equals1/2 of the sum of pointers from Hashboard manager::hash table
) then saving mode is toggled on and new positions are stored on the place of old ones.
Hashingfunction is ordinary modulo on the higher bits of position's hashkey ( representing
the position ). Reasonfor this is that random generators( hashkey'saremadeup of random
numbers : seePosition represen tation (p. 52) ) are "more random" in the higher bits. For
collision solving typical method of separatechaining is used: each item in the table is a head
of a chain containing items with samemodulo ( result of hashingfunction ) of hashkey. New
items are stored to the end of the chain. When searching for a particular item whole chain (
in the worst case) must be searched. The key operations upon the table are:

² Inserting new item into the table ( Hashtable manager::store item ) At ¯rst, posi-
tion's hashkey must be normalizedby the color of the player to move. This is doneac-
cording to Zobrist method in function Hashtable manager::get normalized hash -
key() . Then hashingfunction is applied on the normalizedhashkey :

unsigned long pos = ( item.hash_key >> shift_num ) % hash_table_size;

If saving mod is toggled on ( there are too many positions in the hash table ) then
actual position is stored to the ¯rst place in the appropriate chain ( replacing some
previous position ). Usually ( not in saving mod ) algorithm goes through chain and
tries to update somealready stored item ( actual item is a "new version" of a position
storedpreviously ) with function hash board manager::actualize item() . When no
actualization is donenew position is simply stored to the end of the chain.

for ( act_row = 1 ; act_item->next != NULL; act_row++ ) {
if ( actualize_item ( act_item , item ) )

return; // successfull actualization
act_item = act_item->next; // next item in the chain

}
act_item->next = new Hash_table_item ( item); // saving actual position to the end

² Retrieving information from the table ( Hashtable manager::get item status ) As
in the previousmethod position's hashkey is normalizedand position in the table ( pos
) is retrieved. Then cyclegoesthrough chain of the storeditems until it reachesthe end
or it foundscorresponding item ( this is decidedby applying function corresponds()
to both actual and stored item ). Function coorresponds() compareswhole ( not
shortenedby modulo ) hashkeysand ko retakecoordinates( this is important : position
is determined by it's hash key and position of potential ko ). Moreover it compares
input alpha and beta valuesof both stored position and the actual position ( in the
processof treesearch ) and takesinto account savedposition accuracyto decidewhether
saved output alpha and beta valuesmight be provided for actual position.

//certain status provides more general condition to apply transposition table cutoff
if ( saved_.accuracy == gsa_certain ) {

if (!((( saved_.node_type == nt_max ) && (( new_.beta <= saved_.beta )
|| ( saved_.new_alfa < saved_.beta ))) ||

(( saved_.node_type == nt_min ) && (( saved_.alfa <= new_.alfa )
|| ( saved_.alfa < saved_.new_beta )))))

return false;
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}
else // more resolute conditions, because group status is not certain

if (!(( new_.beta <= saved_.beta) && ( saved_.alfa <= new_.alfa)))
return false;

A.5 Static eye recognition

Static eye recognition is dealt in quite a simple way in TGA. It is implemented in eyes.h
and eyes.cc and the most important classhandling static analysisis Eye manager.

A.5.1 Recognizing status of the group

Generally, the method of static analysis is performed in ( almost ) every node ( calling
Eye manager::get group status() method ) and can be described as follows:

² For every potential eye it's Eye status is found. Meaning of possible Eye status
valuesis clear,maybe exceptfor es produces no eye. This status expressesthat given
coordinate is not a potential eye ( usually adjacent point to attacker's unsafestones
- defendermust play here to capture the attacker and therefore it is not a potential
eye), but it is not clear falseeye ( it might becomea potential eye in the future when
unsafe attacker plays here and then gets captured ). Therefore it deserves an own
Eye status and particular treatment ( it is not excludedfrom the potential eyesset,
but in actual static analysisit is not counted as a potential eye ). Points that obtain
status es false eye are expelled from the list of potential eyes.

² If therearetwo or morefull eyestheir connectivity is checkedand ( if they areconnected
) group is stated alive

if ( full_eyes_num >= 2 )
if ( board_manager.check_eyes_connection ( full_eyes_set))

return gs_alive; // At least two full eyes are connected

² If there are lessthan two potential eye producing points, group is stated dead.

if ( pot_eye_map_pt_->size() - produces_no_eye_num< 2)
return gs_dead;

² If noneof the previoushappens,simple heuristic is tried: if group hasonly two poten-
tial eyes( not counting points that gainedstatus es produces no eye) and theseare
adjacent, then group is dead( there cannot arise two eyes).

if (( pot_eye_map_pt_->size() - produces_no_eye_num) == 2)
if ( board_manager.check_coordinates_adjacency( coordinates_1, coordinates_2))

return gs_dead; //two potential eyes and they are adjacent => group is dead

² Otherwise( what happensin most cases) group is stated unknown.

47



A.5.2 Recognizing status of the poten tial eye

This is not very algorithmically di±cult operation but quite a lot of casesmust be handled.
Here very important role is played by point board which is used to ¯nd out whether a
particular coordinates is empty ( ps empty ) or is occupied by defender'sstone ( ps de )
or attacker's stone ( safeattacker ps at x unsafeattacker ps uns at ). Checking what eye
status potential eye hasconsistof three steps:

² checking whether the eye point itself is empty or ocuppied by unsafeattacker

² checking adjacent coordinates

² checking diagonal coordinates

First two items are very easyand the only problem is how to perform checking of the
diagonal coordinates. Sincethere is a possibility of so called "diagonal related eyes" ( two
eyeswhich are diagonal points to each other ). Here is neccessarypieceof recursion: when
an eye seemsto be potential diagonal eye ( all adjacent neighbours are defender'sstones
and there is an empty diagonal point which occupiedby safeattacker destroys the eye and
occupiedby defender( or becoming"diagonal related eye" ) createsfull eye ) the recursive
calling of Eye manager::get eye status() with check diagonal eye parameterset to true
is performed. When this recursive calling ( parametr check diagonal eye prevents cycling
and also states full eye on actual eye point when there is a potential diagonal eye ( the one
recursive calling wasperfrormedfrom )) returns gs full eye than both diagonalrelatedeyes
are full eyes.

A.6 Starting search

All program actions start in main() function de¯ned in main.cc .

A.6.1 After the start

At ¯rst, program arguments are parsedand variables corresponding to parametersare set
to their proper values( by calling Paramsmanager::set variable() ). After this, program
choosesoneof two possiblecontinuations :

² Single position search mode. This is the most commonly usedmode. The algorithm
simply calls handle single problem() function, which takescareof proper actions in
a singleproblem tree search.

² Multiple positionssearch mode. The programopensa ¯le with problemnamesand then
goesthrough them and on each oneof them calls function handle single problem() .
The di®erencewith single position mode is also in the output: e.g. the information
about group status, time of search are di®erently formated.

A.6.2 Handling a single problem

This task is doneby function handle single problem() and consistsof:
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² the initialization of possiblepersistent transposition tables ( when nor -ntt neither
-nst options are given )

if ( params_manager.get_transposition_tables() && params_manager.get_save_tt()) {
t_searcher.hash_table_manager.hash_table_activate(); // hash table is initialized
board_manager.hash_board_manager.init_hash_board();

}

² covering neccessaryprints

² analysing the single position for the attacker moving ¯rst and then for the defender
moving ¯rst ( if their movesaren't blocked by given argument ). Example of "defender
moving ¯rst" section:

if ( params_manager.get_defender_moves_first() ) { // defender moving first
... // output prints
status_de = analyze_single_position ( filename , sc_white);

print_group_status ( sc_white , status_de );
}

A.6.3 Analysing single position

By the term analysingsingleposition is meant to search a problem with a speci¯ed color to
move ¯rst ( attacker or defender). This task is performed by function analyze single -
position() and consistsof three main steps:

² initialization of data structures:

sgf_parser.init();
board_manager.init();
... // potential init of transposition tables if these are switched on

² parsing sgf sourceof the input position

sgf_parser.parse_sgf( pos_name.c_str()); // parsing sgf input
//board initialization from temporar data structure follows

board_manager.init_from_temp_board_manager(
sgf_parser.get_temp_board_manager());

² performing search itself ( for a certain player playing ¯rst - seeparametersof function
analyze single position() ) Here must be distinguished whether the option -id (
iterativ e deepening depth ¯rst search ) is switched on. If it is, search is performed in
the cyclewith iterativ ely increasingmaximal depth of the search, until certain status (
the accuracyof the status is gsa certain ) is not obtained.
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if ( params_manager.get_iddfs() ) { // iddfs activated
while (( result.group_status_accuracy != gsa_certain)){ // iterative search

...
switch ( color_to_move ) {

case sc_white:
sgf_printer.set_output (save_filename);
result = t_searcher.search(nt_max, 0 , gs_dead, gs_alive, false,false);
break;

.. //symetrically for sc_black
}
t_searcher.increase_max_depth(); // increase maximal depth of the next search

}

If no iddfs is demandedonly a singlesearch is performedand afterwards the information
on the number of searched nodestogether with search time is printed.

A.7 Sgf parsing

Parsing sgf input is handled in sgf read.cc and sgf read.h .

A.7.1 Sgf format

The sgf inner structure is very logical and easyto parse. Plain text in sgf sourcemight be
interpreted as oneof followings:

² Special characters( asfor instance"[", "]" , ";" , ... ) createstructure of the sgfsource
( e.g. outline variants, show wheredata and tokensstart )

² Tokens are plain text not enclosedin squarebrackets. Their function is to correctly
interpret data that are connectedwith them.

² Data areplain text enclosedin squarebrackets and they provide information about the
position.

Example 1:

B[aa]

² "B" in this example is a token for "Black's move" ( that meansthat data related to
this sectionare interpreted as a move played by black )

² "[" and "]" are special charactersto mark up data section

² "aa" are data related to "B" token and expresscoordinates on which black played (
here it is [0,0] ).

Example 2:

(;GM[1]FF[4]CA[UTF-8]AP[CGoban:2]ST[2]RU[Japanese]SZ[11]KM[0.00]
CR[ga]AW[bb][cb][eb][fb][ac][bc][cc][dc]
AB[da][db][gb][ec][fc][gc][ad][bd][cd][dd][fe] SQ[aa][ba][ca][da][ea][fa][ab][db])

This is an exampleof the whole position written in sgf.
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A.7.2 Parsing automata

Class Sgf parser represents ¯nite automata managing sgf parsing. Set of possible au-
tomata's states is represented by Parser state enum. State function is simulated by a
vector ( State function vector ) whereeach item is instanceof State function record .
Automata changesstate when there comesa special character in sgf input and there exists
an adequaterecord in the state function ( Sgf parser::state function ). Moving from
one state to another is implemented in a straigt way: if there is a record for actual state of
automata and actual character in sgf input ( this is found out with simple operator == for
State function record ) then new state is resolved from actual record in state function.

for ( State_function_vector::iterator it = state_function.begin();
it != state_function.end(); it++) // search state function vector

//checking existence of the record in the table. Third parameter is unimportant
if ( State_function_record( actual_state, act_char , actual_state ) == (*it) ) {
found_ = true; // a record was found
new_state_ = (*it).get_new_state(); // retrieve new state
break;
}

if ( found_ ) {
actual_state = new_state_; //set up a new state
...

A.7.3 Parsing pro ccess

The result of sgf parsing is Sgf parser::temp board managerwhich serves for setting up
a position in Board manager( that is done by Board manager::init from temp board -
manager() function ).

Processof sgf input parsing is conducted by Sgf parser::parse sgf . Function goes
through input sgf ¯le character by character ( white characters are skipped ) and actual
valuesare worked out by function Sgf parser::resolve .

if ( sgf_parser.resolve(act_char, act_text ) )
act_text.clear(); // it is significant character [ , ] , ; , ...

else
act_text += act_char; // it is not significant character- part of token or data

Variable act text represents actually read part of text ( actual token name,actual data,
... ). If actual character is a signi¯cant one,act text is worked up in Sgf parser::resolve
and thus it is clearedand ready for the next use.

Function Sgf parser::resolve managesautomata transitions and Sgf parser::temp -
board manager̄ lling. At ¯rst it foundsadequatetransition in Sgf parser::state function
vector ( seeresolving new state (p. 51) ). When there is no such a transition it meansthat
actual character act char has no signi¯cant meaning in the sgf structure and function re-
turns false ( thus readingsgf input proceeds). Otherwise( possibletransition was found )
new state of automata is set and actions are taken accordingto this state.

if ( found_ ) { // new transition found
actual_state = new_state_; // setting up a new state
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switch ( new_state_ ) {
case aw_data : // new state is awaiting data -> actual token must be updated

if ( ! act_text.empty() )
actual_token = act_text; // updating actual token
break;

case aw_next_token : // awaiting next token -> it old token must be handled
if ( actual_token == token_adjust_b_stone ) { // putting black stone on the board

Coordinates coordinates_ = Coordinates ( act_text );
// storing coordinates to temporar data structure
temp_board_manager.stone_vector.push_back(Stone(sc_black, sm_none, coordinates_));

}
if ( actual_token == token_comments ) {

temp_board_manager.comments= act_text; // potential commentsto the problem
}
... // other possible actions for different values of actual_token

Actions when handling awdata state should be clear. In awnext token state last token
( Sgf parser::actual token ) together with it's data ( act text ) is interpreted. Thus
Sgf parser::temp board manager is here ¯lled with information about position such as
in example code. Comments in the sgf ¯le are extracted ( and saved in temp board -
manager.comments) and they are printed when problem is being solved ( here might be
for instanceinformation about di±cult y of the problem or problem's special features). No
other statesof automata needssuch a handling.

A.8 Position represen tation

Module handling position representation is implemented in board.h and board.cc and it
is a largest one in the whole program. Tree search module requiresan abstract Go board
wheremove might be played ( and unplayed ) accordingto the valid rulesof go. This module
provides such an abstraction. It full¯lls following functions :

² Position initialization from the results of sgf parsing.

² Playing a move on given coordinates together with all neccessaryactions.

² Unplaying the last played move.

² Providing methods supporting static heuristics.

² Managing position hashkeys.

The whole functionality the module o®ersis managedby classBoard manager. However,
there are many classesful¯lling specializedtasks ( e.g. Ko manager, Unplay manager, ... )
but all of theseare included in Board manager, board manageris the only instanceof this
classde¯ned in main.h.

A.8.1 How is position represen ted

Position is understood as a set of block of stones( block is a set of connectedstonesof the
samecolor and in programis represented by instanceof classBlock ). Go board is abstracted
by a two dimensionalarray Board manager::board whereeach item of this array is a pointer
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to the block occupying actual coordinates ( represented by classCoordinates ) or to NULL
if there is no stone. Along with this "block oriented" representation simple two dimensional
array where every item represents actual coordinate ( possiblevalues for single coordinate
are listed in Point status enum ) is held in Board manager::point board for purposesof
Eye manager. For tree search purposesit is neccessaryto keepa list of coordinates where
it is possibleto play in actual turn ( Board manager::playable map) and list of potential
eyesin actual turn ( Board manager::pot eyes map).

A.8.2 Position initialization

After a successfullsgfparsingprocessall information neccessaryfor the position initialization
( position of stonesand position of marks ) are stored in Sgf parser::temp board manager.
The position initialization is done by function Board manager::init from temp board -
manager(). It is neccessaryto createblocks ( andpointers to them in Board manager::board
) accordingto the position structure. This is doneby simply playing every stoneon the board
( seebelow ) as if they wereplayed in the game.

for ( Stone_vector::iterator it = temp_board_manager.stone_vector.begin();
it != temp_board_manager.stone_vector.end(); it++) //cycle through stored data

// if item is a stone it is played out
if ( ( (*it).get_stone_color() == sc_black) || ( (*it).get_stone_color() == sc_white))

play_a_stone( (*it).get_stone_color() , (*it).get_coordinates() ); // playing

Afterwards sgf marks are handled:

² Someattacker's blocks are stated safe ( Block::safe ) if it's stonesdoesn't have a
"playable mark" ( smplayable ).

² According to "playable mark" ( smplayable ), appropriate coordinates are added to
the Board manager::playable map( empty points marked) andBoard manager::pot -
eyes map( all marked - even unsafeattacker's stonesare potential eyes). Moreover
attacker's stonesmarked with "playable mark" are stated unsafe.

² Coordinateson the "edge" of the problem ( marked with smat playable ) are added
to the map of playable moves with priorities pp none for defender( he cannot play
there ) and pp low for attacker ( attacker's playing priorit y here is low ).

Finally, Board manager::Point board is initialized by calling Board manager::fill -
point board() .

Besidessometrivial variablesinitialization in Board manager::init it is alsoneccessary
to initialize mechanism for producing Zobrist hashing keys. This is done by Hashboard -
manager::init hash board. In this function for every possibleposition on the Go board
an it's every possiblestate ( containing black or white stone - empty points are not taken
into account when hashing) a long random number is generated. Unsignedlong long type
( 64 bit ) is used for thesenumbers. Theserandom numbers ( organizedin Hash board -
manager::hashboard ) provide basefor generatingZobrist hash keys for every position on
the Go board and thus make enginein transposition tablesand repetitions checks work ( see
Tree search(p. 40) ). This initialization function is run from main.cc for every position to
be solved.
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A.8.3 Pla ying a move

This is the most complicated operation in the whole position representation. It is done by
function Board manager::play a stone ( this function is "a heart" of the whole module )
supported by other Board managerfunctions. The generalprocesscan be described in three
basicsteps( in function they are not strictly sequential, rather they interfere ):

² creating Unplay managerrecord for future stonesunplaying

² adding the played stone into the block structure and updating it ( adjusting liberties,
mergingblocks, someblock might get captured, ... )

² updating other data structures ( e.g. Board manager::point board )

If move is a passmove, only shortenedrecordis savedfor unplaying purposesand function
returns true ( playing a movewassuccessfull). Sometrivial checks areperformedafterwards
it was found move is not a pass( e.g. there is no stone on desiredcoordinates, it is not
violating ko rule ). A complete record for unplaying is created and ¯lled with the actual
infromation.

Unplay_node * act_node = new Unplay_node(); // creating new node of dynamic list
act_node->next = unplay_node_handle; // adding a node to the beginning of list
unplay_node_handle = act_node;
//node is filled with unplaying information
unplay_node_handle->unplay_manager.stone_to_unplay = coordinates_;
unplay_node_handle->unplay_manager.number_stones_de = number_stones_de;
... // saving other datastructures: playable_man, pot_eyes_map, ko_manager, position_hash

If the move is a ko taking move ( checked by function Board manager::takes ko ),
Board manager::ko manageris activated and ¯lled with actual ko information ( where it
takesplace,which are retake coordinates,which player took the ko ). Now it comestime to
add a stone into the block structure. First, new empty block is createdand actual stone is
addedinto it together with updating position hashkey.

Block * act_block_ = board_manager.create_new_block( stone_color_); // creates empty block
act_block_->add_stone ( coordinates_ ); //
board[coordinates_.get_co_row()] // sets a pointer from a board to the block

[coordinates_.get_co_column()].set_present_block_pt( act_block_);
hash_board_manager.xor_with_position_hash( coordinates_, stone_color_); // update hash key

Now, more complicatedpart comes.At ¯rst cycle through the new block's neighbouring
coordinates is performed and liberties are added to the block as well as neighbour blocks
of stonesare saved for unplaying purposes( seeUnpla ying moves(p. 56) ). Afterwards
another cycle managingblock structure updating is performed. It goes through new block
( actual ) neighbours again and mergesactual block with neighbouring friendly blocks ( by
calling Board manager::merge blocks ) into a singleblock of stones.This cyclealsoremoves
liberty from enemy neigbouring blocks and possiblyperformsfunction capturing this enemy
block ( Board manager::capture block )

for ( int i = 0; i < 4 ; i++ ) {
...
// getting pointer to adjacent block
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adjacent_block_ = board[adjacent_coordinates_[i].get_co_row()]
[adjacent_coordinates_[i].get_co_column()].get_present_block_pt( );

adjacent_block_->remove_liberty( coordinates_ ); // played stone removed block's liberty
if( adjacent_block_->stone_color == stone_color_) { //adjacent block is friendly one

merge_blocks( act_block_ , adjacent_block_ ); // merging adjacent and actual
}
else { // adjacent block is an enemy one

if ( adjacent_block_->is_captured() ) { //last liberty was removed => capturing block
capture_block( adjacent_block_ );

}

Capturing a block ( Board manager::capture block ) is connectedwith updating the list
of potential coordinates to play ( Board manager::playable map) and the list of potential
eyes( Board manager::pot eyes map- coordinatesunder captured stonesbecomepotential
eyes ). Liberties are added to the neigbouring ( opponent's ) blocks and the position hash
key is updated as well ( stonesof the captured block are xored out ). At the end the block
is removed by function Board manager::remove block ( updates pointers from Board -
manager::board and items in Board manager::point board and destroys the block ). It
is neccessaryto take appropriate actions when "under the stones" treatment is switched o®
( -nus parameter ). In that casewhen a defenderblock of at least 3 stonesis captured (
expressedby variable possible under the stones ), coordinatesunder the captured stones
are not added to the Board manager::playable mapnor Board manager::pot eyes map.
Thus, the algorithm doesn't try to play under them. When no "under the stones" analysis
is demanded,unsafeattacker's stonesthat captured this defender'sblock are excludedfrom
the list of potential eyes( they cannot be captured thus are not potential eyes). Backbone
of capturing function is programmedas follows:

for ( Coordinates_vector::iterator it = block_->stone_vector.begin();
it < block_->stone_vector.end() ; it++ ) { //cycle through captured stones

// if playing under the stones is not forbidden, data structures are actualized
if (( ! possible_under_the_stones ) || ( ! params_manager.get_no_under_the_stones())) {

playable_map.insert ( make_pair ((*it) , Playable_data())); //playing under the stones
pot_eyes_map.insert ( make_pair ((*it) , 0 ));

}
hash_board_manager.xor_with_position_hash((*it), block_->stone_color); //hash key update
... // adding liberties to adjacent blocks

}
remove_block( block_); // destroying the block

Finally in the processof playing a stone, Board manager::point board and the list of
potential coordinates to play ( Board manager::playable map) are updated according to
the played stone. In the end it must be checked whether a played stonewasnot a suicide. If
it wasa suicide,stoneis immediately unplayed ( thus keepingconsistenceof playing function
) and function returns false marking that move was illegal.

if ( act_block_->is_captured() ) {
unplay_last_stone(); // stone must be prevented to commit a suicide
return false; // stone was not played

}
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A.8.4 Unpla ying moves

A single instanceof Unplay manageris capableof storing all information neccessaryfor an
unplay of a singlemove. Theseinstancesareorganizedinto a dynamic list in order to properly
unplay all movesalongthe path to the actual position. Dynamic list thusconsistsof instances
of Unplay node( containig instanceof Unplay managerand pointer to next node ). Actually
this dynamic list is backward organized( new nodesare addedto the beginning) thus nodes
related to last movesarein the beginnningand thoserelated to movesplayedearlierarein the
end. Pointer Board manager::Unplay node handle marksthe beginningof this dynamic list.
As shown above a new record ( instanceof Unplay node) is addedto the dynamic structure
in function Board manager::play a stone . Processof unplaying last played move ( another
move cannot be unplayed ) is coveredby function Board manager::unplay last stone .

Unplaying passmoves is handled at ¯rst. There are created special ( almost empty )
unplaying recordsfor passmovescontaining only information that passwasplayed and copy
of Board manager::ko manager(this is neccessarybecauseafter passit is possibleto retake
someko which was forbidden before). If move is not pass, at ¯rst somedata structures
( playable map, ko manager, numberstones de, pot eyes map, position hash) are just
copiedfrom the unplay record to the data structures in Board manager.

playable_map = unplay_node_handle->unplay_manager.playable_map;
ko_manager = unplay_node_handle -> unplay_manager.ko_manager;
... // copying other data structures

Now the block structure hasto berestored. In the processof playing actual stone( the one
to unplay ) algorithm storedcopiesof blocks neighbouring to coordinate on which stonewas
played( seePla ying a move(p. 54) ). Actual block and block's neigbouring to coordinate on
which stonewasplayed are simply removed ( using function Board manager::remove block
). Now position on the board is updated by adding stored blocks into the block structure.
This is doneby the cycle through all stonesin every of theseblocks ( maximally four neigh-
bouring blocks ) and setting pointers from adequatecoordinates in Board manager::board
to the actual block, moreover Board manager::point board is updated.

for ( int i =0 ; i < FOUR; i++ ) {
at_block_ = unplay_node_handle->unplay_manager.neigbour_blocks[i];
...
for ( Coordinates_vector::iterator it = act_block_->stone_vector.begin();

it < act_block_ ->stone_vector.end() ; it++ ) { //cycle through
// setting a pointer from Board_manager::board

board[(*it).get_co_row()][(*it).get_co_column()].set_presen t_block_pt( act_block_ );

// updating Board_manager::point_board according to actual stone( color,safe/unsafe )
if ( act_block_->stone_color == sc_white )

point_board[(*it).get_co_row()][(*it).get_co_column()] = ps_de; // defender's stone
else { // handling variants for ps_at and ps_uns_at

if ( act_block_-> safe )
...

}

Last obstacleis that someof neighbouring blocks might got capturedby playing an actual
stone ( in Board manager::play a stone ). In that caseall stonesof this block are cycled
through and liberties representing thesestones( block was captured, therefore it provided
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liberties for adjacent blocks ) must be removed from all adjacent blocks. Finally handler to
actual stone to unplay ( Board manager::unplay node handle ) is forwarded to the next
item in the dynamic list ( thus list gets ready for the next unplay ) and actual Unplay node
is destroyed.

A.8.5 Static heuristics metho ds

Board managercontains set of methods supporting static heuristics neccessaryfor e±cient
tree search. They are quite similar and clearly bene¯t from chosen"block oriented" position
representation. As an example I provide detailed description of Board manager::check -
take liberty . This function is usedto check whetherplayedmove captures,ataris or simply
takesaway liberty of opponent's unsafeblock. Thesedi®erent actions are distinguishedby
demandednumber of opponent's block's liberties : 1 for capture , 2 for atari , 0 stands for
morethan 2 and represents simply taking away the liberty. At ¯rst it is checkedwhetherinput
Coordinates are valid ( not equalto Coordinates (-1,-1 ) ). Then in the cycleneighbouring
coordinatesof coordinate in check areretrievedand soare the blocks of stonescovering them.
After neccessarytrivial checks ( negihbouring coordinates are on the board, neighbouring
block is present ) a simple test whether neighbouring block matchesthe conditions is done
It matchesthe conditions if it is an unsafeopponent's block with an appropriate number of
liberties.

for ( int i = 0; i < FOUR; i++ ) {
// obtaining neighbouring coordinates
adjacent_coordinates_ = get_adjacent_coordinates ( coordinates_ , Direction ( i ) );
if ( Coordinates ( -1, -1 ) == adjacent_coordinates_ ) // out of the board

continue;
adjacent_block_ = board[adjacent_coordinates_.get_co_row()] // getting neighbour block

[adjacent_coordinates_.get_co_column()].get_present_block_pt();

// if all conditions of taking the liberty away are fulfilled ...
if ( adjacent_block_ != NULL&& adjacent_block_-> stone_color != stone_color_ &&

! adjacent_block_->safe &&
( adjacent_block_->liberty_count == liberty_num_ || liberty_num_ == 0 ) ) {

... // here function returns pointer to block whose liberty is taken
return true; // test was successfull, move takes away liberty_num_ liberties

}
}

All static heuristic methodsaredeclaredwithin Board managerand beginwith a keyword
"check".
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App endix B

TGA User manual

B.1 Ab out

TGA is a program solving life and death problemsin Go ( for more information about Go
see[11] ). Program is designedto solve problemswhere one group ( defender's) is rather
closedfrom the rest of the board by the opponent's securegroup ( attacker's ) and it's life is
in question( it meansthat it cannot connectoutside). Search algorithm is able to deal with
such peculiarities as for example: seki, ko ( direct ko, approach move ko, multi step ko ),
double ko, bent four in the corner, under the stonesproblems. I estimate program's overall
solving strenght to be at low dan level ( around 1d ). However, it showed somepleasant
results in solving rather very di±cult ( 5d, 6d ) problems. Program might be very useful in
Go problemsanalyseseven for low dan playersand for all kyu players.

B.2 Installation & miscellanous

So far program is accessibleto Linux/Unix usersonly. Installation is pretty simple : copy
archive ¯le tga.tar.gz to desired location on your computer, then extract it and follow
instructions in ./INST ALL ¯le ( classicalmakecommand covers whole installation). Pro-
gram usesno special libraries and for successfullinstallation is su±cient the presenceof gcc
compiling program with standard libraries. Program is distributed under GNU/GPL free of
charge.

After the installation the directory structure ( besidesothers ) contains:

tga is a program itself.

clear sgf is a bashscript removing all sgf ¯les from tga directory ( usefulafter TGA is ran
in multiple position mode ).

src is a directory with program sourcecode.

ob j is a directory with program object modules.

data is a directory with a small Go problems collection on which program was tested (
problemsare categorizedaccordingto di±cult y for the program).

license is a directory containing generalinformation on GNU/GPL.
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sgf ¯les list is a list of problemson which wasprogram tested ( this ¯le wasusedas input
in TGA multiple position mode ).

ABOUT is a simple text ¯le with information about project.

B.3 Input

B.3.1 Options

Sincethere is no needof interactive communication betweenuser and program, TGA is a
"command line" program. It is launchedby typing ./tga ...-i input position filename
in program directory , where. . . represents program options and input position ¯lename rep-
resents problemto be solved in SGF format ( see[12] ) with appropriate marking ( seexB.3.2
). There is no con¯guration ¯le, therefore requestednon-default options must be included
in every launch. Options might be written as usual ( e.g. -nab ) or in GNU format ( e.g.
{no alpha beta ). Here is a list of all possibleoptions and a detailed explanation of their
meanings:

-nab ( {no alpha beta ) Deactivates alpha beta prunning ( slows down the search ). Alpha
beta prunning signi¯cantly reducesnumber of nodesneccessaryto be searched in order
to retrieve a result, thus reducing the search time.

-af ( {attacker ¯rst ) Searches only for the result when attacker moves ¯rst in the given
position.

-df ( {defender ¯rst ) Searches only for the result when defendermoves ¯rst in the given
position.

-to ( {testing output ) Useful testing informations are included in every node's info of the
sgf output ( testing ).

-nkh ( {no ko handling ) If this option is switched on, algorithm doesn't try to solve ko. It
hasmainly testing purposesand given results might be wrong ( testing ).

-ta ( {testing area ) No search is made and main program line is switched to the testing
area, thereforeprogram won't give any reasonableresults (testing ).

-ps ( {pruned sgf ) Sgf output is pruned signi¯cantly. If attacker moves¯rst, only variants
ending with death of a defendersgroup or with a ko are included in sgf output. If
defendersmoves ¯rst, only variants ending with live of his group or with a ko are
included.

-mp ( {multiple pos mode ) Switcheson multiple position mode. Instead of one input posi-
tion given after -i option program expects list of positions ( path to singleposition on
single line ). This is useful for statistic testing and comparisonwith other programs.
Naturally sgf output is generatedfor every problem into adequate¯le ( transformed
input ¯lename).

-ntt ( {no t tables) Deactivatestransposition table ( slowsdown the search ). Transposition
tables causerepeated positions in search to be solved in instant time from cached
previousresults thus shorteningsearch time a lot.
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-nst ( {no savet tables) Deactivates saving transposition tables afrer ¯rst search ( slows
down the search ). Saving transposition tablesafter ¯rst part of search ( i.e. defenderto
move in the position ) speedsup secondpart of the search becauseof larger information
base.When either -af or -df areswitched( not both together) then saving transposition
tables hasnaurally no e®ect.

-id ( {iter ative deepening ) Activates iterativ e deepening depth ¯rst search ( slows down
the search ). This is rather obsolete( in TGA ) method for solving under the stones
problems. Generally problemsare solved in longer time with this option.

-ndh ({no dynamic heuristics) Prevents using dynamic heuristics. This option has mainly
testing purposes( testing ).

-nsh ({no static heuristics) Prevents using static heuristics. This option hasmainly testing
purposes( testing ).

-nus ({no under the stones) No under the stonesanalysis is performed and algorithm is
prevented to play under larger captured blocks of defender'sstones.This might cause
someproblemsto be solved incorectly ( testing ).

-od ({sgf output depth ) numberNo sgf output is producedwhen actual position is ( in the
search tree ) deeper than number. This helpsto signi¯cantly reducesgf output in very
large problems. Also this option is useful when user is interestedonly in several ¯rst
movesof the solution.

-h ( {help ) Shows short help about program input and options.

Program's variables are implicitly set to perform the most e®ective search ( all follow-
ing speedingmechanism's are used: alpha beta , transposition tables, transposition tables
saving, dynamic and static heuristics ). Most often are usedfollowing co¯gurations of input
parameters.

./tga -i problem nameClassicalco¯guration with all speedingmechanismsswitched on.

./tga -ps -i problem name Heremoreover pruned sgfoutput is demanded( for larger prob-
lems).

./tga -ps -od 10 -mp -i problem list Hereprogram is in multiple position mode and every
singlesgf output is pruned and it's depth is limited by constants 10.

B.3.2 Input sgf ¯le

As an input ¯le for the search ( after -i option ), legalsgf( see[12] ) ¯le is expected. Moreover
there are special requirements on the input format. Algorithm expectsgiven Go position to
be on the Go board of 19x19 size in the root node of sgf tree. That meansthat position
must be created( by editing stonespositions ) not played out ( as it is usual in the game).
It is moreover expected that black's stonesrepresent attacker and white's defender. Also
following marks are required :
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Figure B.1: Example of input position

Square to mark empty coordinateson which areboth defenderand attacker allowed to play
and also to mark attacker's unsafestonesi.e. stonesthat might be captured by the
defender( non marked attacker's stonesare expectedto be safe).

Circle to mark empty coordinateson which is attacker allowed to play but defenderis not.
By theseare meant coordinateson the "edge" of the problem ( seeFigure B.1).

Moreover somecomments ( accordingto sgf format ) might be addedto the problem ( in
the root node ), thesewill be included in the output. Example of input position is shown in
Figure B.1.

Sgf sourceof problem given in Figure B.1:

(;GM[1]FF[4]CA[UTF-8]AP[CGoban:2]ST[2]
RU[Japanese]SZ[11]KM[0.00]
CR[ga]AW[bb][cb][eb][fb][ac][bc][cc][dc]
AB[da][db][gb][ec][fc][gc][ad][bd][cd][dd][fe]
SQ[aa][ba][ca][da][ea][fa][ab][db])

B.4 Output

B.4.1 Output sgf ¯les

Besidestesting messageswhich are switched o® for usual user, program generatesshort
informing messages.Beforethe search shows information storedat the problemascomments.
After the search informs user of a result of the search, number of searched nodesand time
taken in the search. The most important output of the search are output sgf ¯les. Names
of output sgf ¯les is generatedfrom transformed input position ¯lename ( '/' and '.' are
transformed to ' ' ) by adding su±x at.sgf ( solution with attacker to move ) or de.sgf(
solution with defenderto move ). In every sgf node there is a short information about depth
and status of the node. In nodes where transposition tables cuto® was performed ( same
position in transposition tableswasfound ) or repetition cuto®wasperformed( sameposition
along the path to actual node was found ) there is a short information about this action. If
-to is switched on node's description are longer containing information about e.g. potential
eyes,possibleko. When -ps option is switchedon, sgfoutput is pruned to show only relevant
information. Thus when attacker moves¯rst all nodesresulting in the life of the group are
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Figure B.2: Position in the sgf output.

pruned and on the other hand when defendermoves¯rst all nodesproving the death of the
group are pruned. This restricts the number of nodesa lot and together with marking the
output and possibleoutput depth limitation ( option -od number ) signi¯cantly increases
output's legibilit y. There are three marks usedin sgf output:

Circle marks the last played move.

Cross marks the opponent's movesanswering last played move.

Triangle marks the coordinate whereko arosein the last turn, thereforeopponent cannot
play there now.

Example of position in the singlenode in the sgf output is shown in Figure B.2.
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