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概要：現在、小さな分子同士の特定の箇所を既知の酵素によって結合させ、次第に大きな分子を

合成していくことによって未知の分子を合成することが研究されている。この際目的分子のグラ

フ構造を与えられた分子のグラフ構造を用いて敷き詰めることが必要となるが、この問題は一般

に非常に難しく膨大な計算コストがかかることが知られている。我々は分子の特徴を用いたアル

ゴリズムを構成し、敷き詰められる対象の分子の原子数を１Ｖ、敷き詰める部品となる全ての分子

に含まれる原子数をＭとしたときにＯ(ⅣＭ３)の前処理を行うことによって可能な敷き詰め方を
一つあたり定数時間で高速に列挙できることを示す。またそれを実装してこのアルゴリズムの有

用性を検証する。さらにその後、同じ前処理がｏ(ⅣＭ)で実行可能であることを示す。

Graphtilingalgoritllmfbrmolecularsynthesisanalysis 

↑KoichiSuematsu＊MiChihiroArakiontsuoShibuya 

iDepartmentofComputerScience,GraduateSchooloflnfOrmationScienceandlbchnology〉
UmversityofTbkyo 

７L3-1Hongo,Bunkyo-ku,Tbkyoll3-OO33,Japan・

E-mail:pascalois・su-tokyo､ac､ｊｐ
＊HumanGenomeCenter,InstituteofMedicalScience,Umversityoflbkyo 

4-6-1Shirokanedai,Minato-ku,TokyolO8-8639,Japan、
E-mail:maraki､hgc・jp

oHumanGenomeCenteriInstituteofMedicalScience,UniversityofTbkyo 
4-6-1Shirokanedai,Minato-ku,nkyolO8-8639,Japan、

E-mail:tshibuyaohgcjp 

Abstract：AnenzymeworksbetweenspecificmoleculestocompoundalaJFgermoleculeand 
lotsofsuchreactionisalreadyknown，thustodiscoveranewsyntheticpathwaybyusmg 
suchreactionSisbeingresearched・Ｉｎｔｈｅｍｅthod,itisneceSsarytotnethetarget，smolecular
structurebyusingthegraphstructuresofgivenmolecules・Ｔｈｅｐｒｏｂｌｅｍｉｓｓｈｏｗｎｔｏｂｅｖｅｒｙ

ｄｉｆＩｉcultandusuanytakesverylongtime・WehereshowanaJgorithmwhichconsidersthe

moleculargraphstructureandshowsthateverypossibletningresultscanbegotinconstant 
timeaftershorttimepre-calculation、WealsoimPlementedthealgorithmandconfirmedthat
itworksatveryhighspeed 

llntroduction 

Inbiology，compoundmganloleculesuchas 

medicinewiththegivenmolecularstructureis 

attractingabiginterest・However，thereisno

generalmethodtoachievｅｔｈｉｓｎｏｗ,becauseｔｈｅ 

syntheticpathwayusedtocompoundamolecule 

isgivenonlybythepastexperiencesofanalyz‐ 

lngpathways・ThereaJFealsosomemolecules

whosepathwayisknownbutwhichcannotbe 

synthesizedbecauseoftechnicalproblems・Be-
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Figurel：Exampleoftreetilingproblem Figure2：ExampleoftreetilingprOblem 

causeofsuchreasons,therearemanymolecules 

that麺emedicallyofgreaMnterestsorimpor-

tancebutcannotbesynthesizedThisresultsin 

aproblemthatsuchmoleculecannotbemass-

produced 

Themethodusednowcostshighbecausｅ 

ｉｔｉｓｎＯｔｃｏｍｐｌｅｔｅｌｙａＵｔｏｍａｔｅｄＡｎｅfficient 

andeasysyntheticpathwaｙｔｏｍａｋｅａｍｏｌｅｃｕｌｅ 

ｗｉｔｈｔｈｅｇｉｖｅｎｓｔructureisexpectedtoenable 

massproductionofcheapermedicalmolecules〃

Moreover，discoveringthebestsyntheticpatlL 

waywithfbwerprocedures，betterrea心tionef

ficiency，１esstechnicallimit帥ions，etcofthe

moleculeisalsoimportantwhenthemolecule 

hasmultiplesyntheticpathways・Thesefbatures

enablesynthesizingalotofmoleculeatlowcost、

Thuswefbcusedondesigmnganalgorithm 

tosuggestanewsyntheticpathway，Findinga 

newpathwaythroughcombmmgtheindividual 

reactionisaPossiblewaytohelpthis 

Anenzymeworksbetweenspecificmolecules 

tocompoundalargermolecule,andlotsofsuch 

reactionsarealreadyknownThesereaction 

dataofbiologicalpathwayisopentopublicby 

KEGG[6Landwecangetbiologicalpathways 
ontheinternehNow，somemolecularblocks 

whichconsistmoleculesappearinthesepath-

ways麺ebemglistedMolecul麺blockisagroup

ofatoms，ａｎｄｔｈｅｕｎｉｔｉｎｇｏｆ誠omsinablock

doesnotchangebefbreandafterthereaction 

AsampleofmolecularblOckisshowninFigure 

LTherearefburblockSinthefigUreandtheir 

changeofunitmgmeanschemicalreaction 

lbfindanewpathwayぅｔｈｅｎｅｘｔｓｔｅｐｉＳｔｏ
ｆｍｄｔｈｅｂｅｓｔｃｏｍｂｉnationofthesemolecular 

blockstocomposeataJPgetmoleculelikeFigure 
２． 

Ｉｎｔｈｉｓｐａｐｅｒ,weajmtoproposeanefIicient 

graphtningalgorithm・Ｔｈｅgraphsweconsider
azemoleculaｪstructures,thusthemaximumde 

greeislimitedtｏ４ａｎｄｔｈｅｇｒａｐｈｉｓｎｏｔｓｏｃｏｍ－ 

ｐｌｉｃａｔｅｄａｓｔｏｂｅｒｅｐｒｅｓｅｎｔｅｄａｓｓｏｍｅｃｏｍｂina戸

tionoftrees， 

IbsuggestanefIicientalgorithmfbrthe 

problem，ｗｅｆｉｒｓｔｇｉｖｅａｐｏｌｙｎｏｍｉａｌｔｉｍｅａｌ‐ 

gorithmtotileatreeofboundeddegreewith 
somesmallerunorderedunrootedlabeledtrees 

Thealgorithmaimstoreduceredundantcal‐ 

culationineverystepthroughdetectmgmany 
kindsofsymmetryandidentifymgtheisomor-

phicgraph８.ItwmksatO(ⅣＭ３)time,where 
jVisthesizeoft麺gettreeandMisthenumber

ofallverticesinpatterntrees、

Thealgorithmgivesacombmationofpat‐ 

temsthatareusedintilingresults・Byusing
theresult，eaChtilingresultscanbeobtained 
inconstanttime・Ｉｔａｌｓｏｅnablestoobtajnthe

numberoftningresultsinthetimeproportional 
tothesizeofthetargettree・

Wealsoimplementedthealgorithmand 

showedtheorderisjustaredundantupper 

boundofthealgorithm・Thealgorithmworks

almostlmeartoNandMwithpracticaldata 
wetested 

Thenweimprovedthealgorithmandshow 
thatthecalculationtmｅｃａｎｂｅｒｅｄｕｃｅｄｔｏ 

ｏ(ＭⅣ)． 
Wealsoshowaplanfbrtilingagraph,which 

maybeeflicientmsolvingtheproblem． 

２PreIiminaries 

GraphtilingproblemGraphtilingprOblem 

isdehnedasfbUows・Ｔｎｉｎｇａｇｌｖｅｎｇｒａｐｈ

Ｇｗｉｔｈａｇｉｖｅｎｓｅｔｏｆｇｒａｐｈ９ｉｓｔｏｄｉｖｉｄｅ 

ＧｉｎｔｏＳ＝{91,92,…9,}whichsatisnesthe 
fbllowingconditions． 

Ｌ仇isisomorphictooneoftheelements

1，９． 

２．Ｕ廷,Ｖ(９Ｊ＝Ｖ(G）

３．Ｖ(“)ｎＶ(gj）＝の(fOreveryl≦ｉ＜
'三、）
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Noticethatagraphinthegivensetofgraphs 

gcanbeusedmorethanonce,ｏｒｃａｎｂｅｌｅｆｔ 

ｗｉｔｈｏｕｔｂｅｉｎｇｕｓｅｄ 

ｎｅｅtilingprOlD1emThetreetilingproｂｌｅｍ 

ｉＳａｋｉｎｄｏｆ印aphtilingproblem，witha

restrictionthateverygraphappearsinthe 

problemlsatree・Theproblemarguedm
● 

thisthesisisrelatedtolabeledｏｒ'】nlabeled

unorderedunrootedtrees， 

OtherdefinitionsWeusetheword，target 

tree，ｆＯｒｔｈｅｍｅａｎｍｇｏｆｔｈｅｔｒｅｅｔｏｂｅｔｉｌｅｄ， 

ａｎｄ，patterntrees，ｆｂｒｔｈｅｍｅａｎｌｎｇｏｆｔｈｅ 
● 

ｔｒｅｅｓｔｏｔｉｌｅａｔｍｇｅｔｔｒｅｅｗｉｔｈ． 

methods・

mPeenormalizingalgorithmAnalgorithm 

oftransfbrmingalabeledorunlabeled 
unorderedtreeintoanorderedtreeis 

designed[7]・Thisalgorithmseemstotrans
fbrmthetilmgproblemwithunorderedtree 

intotheproblemwithorderedtreethat 

makesitpossibletoapplytheconIpilertiling 

algorithmtothisprOblem,buttheproblem 

isthatthisalgorithmisakindofnormaliz‐ 

lnganunorderedtree,ｓｏｔｈｉｓａｌｇｏｒｉｔｈｍｃａｎ 

ｂｅｕｓｅｄｏｎｌｙｗｈentheremainingtreesafter 

tilingsomeofthetargettreeareguaranteed 
tobenormalized・

Numberingtreestructures 

Analgorithmtorepresentatreestructure 

asanumberexists[71.Themmlbercannot 
reconstructtheoriginaltreebutthepoiｎｔｉｓ 
ｔｈａｔｔｈｅｔｒｅｅｓｗｉｔｈｔｈｅｓａｍｅｓｔｒucturehave 

thesamenumber・Inthethesis，thenumP

berisgenerateddynamicalｌｙａｔｅｖｅｒｙｄｅｐｔｈ 

ｏｆａｔｒｅｅｔｏｒｅｄｕｃｅｔhecomputationalconr 

plexity)buttheideaofrepresentingatreeiｎ 

ａｎｕｍｂｅｒｃａｎｂｅｕｓｅｄｉｎｏｔｈｅｒｗａｙｓ・This
thesisshowsalineaJPtimealgorithmfbrenu‐ 

meratingthetreeswhoazeisomorphictothe 

bottom-upsubtree， 

rbatureofbiologicalmoleculeslngeneral， 

problemsofcomparingtwographsareinP 

tractable・Fbrexample，subgraphisomor‐

phismproblemisNP-hardManyofbio‐ 

logicalstructurearerepresentedusinggraph 

structure,ｂｕｔｆｂｒｔｈｅｒeason,methodsusing 

graphtheorywasnotamainstreamofan-

alyzmgbiologicalpathway6However，ｔｈｅｉｒ 

ｗｉｄｔｈｏｆｔｈｅｇｒａｐｈｗａｓｓｈｏｗｎｔｏbevery 
small[9],whichmeansthatthestructureis 
noｔｖｅｒｙｆａＪ?ｆｒｏｍtrees、Inotherwords，a
biochemcalcompoundbecomestrｅｅｗｈｅｎ 
ｓｏｍｅｏｆｔｈｅｉｒａｔｏｍｓａｒｅｒｅmoved 

SRelatedworks 

GraphtilingproblｅｍＧｉｖｅｎａｇｒａｐｈＨ,the 

H-decompositionproblemisstatedasfbllow： 

ＣａｎtheedgesetofaninputgraphGbepaエー

titionedintosubgraphs,isomorphictoH？ 

TheproblemisshowntobeNP-complete[３１ 
TheprOblemofgraphtilmgjustexchanged 

theverticesandedgesofthisproblem,which 

ｓｈｏｗｓｔｈａｔｔｈｅｐｒｏｂｌｅｍｏｆｇｒａｐｈｔｉｌｍ９泊

essentiallyNP-complete・Ourproblemis

statedasarestricteｄｐｒｏｂｌｅｍｏｆｔｈｉｓｐｒｏｂ－ 

ｌｅｍｏｎｔｈｅｐｏｉntthatthegraphsinourprol＞ 

ｌｅｍｈａﾊﾞﾉeboundeddegree4，fbrtheyare 
molecules 

nPeetilingalgorithmTheproblemoftning 

atreeｏｒｔｎｉｎｇａｇｒａｐｈｈａｓｂｅｅｎｈａｍｌｙｄｏｎｅ 

ｕｐｔｏｎｏＷ,butakindoftreetinngproblem 

simil麺toourproblemexistsincompilerthe-

oryうｗｈｉＣｈｉｓｕｓｅｄｔｏｃｏｎｖｅｒｔｔｈｅｔｒｅｅｄａｔa

structureintosequentialinstructionsbyus-

ingatningresult[4]・Intheproblem,some
existmgmethodsusedynalnicprogramming 

andsolvetheprobleminline紅time[１１The
limitationisthat，thosemethodsonlycon-
siderslabeledorderedtrees・

Theproblemwithunorderedtreehasnot 

beenconsideredintheexistmgalgorithms， 

ａｎｄｔｈｅｙｃａｎｎｏｔｂｅｓｉｍｐｌｙａｐｐｈｅｄｔｏｏur 

problem・Butthemethodincompilershows
th帥bottom戸Uptilingmethodwithdynamic

prograｍｎｎｇｉssuitablefbrobtajnmgtiling 

resultsefIectively6 

Generalmethodusedintreeproblem 

lbp-downandbottom-Uptilingstrategies 

weremadeupinordertofindapattern 

fromtreeseffbctively[５１ManyefIMiveaL 
gorithmswereconstructedbyusingthese 

４ApproachtotheGraph 

TilingProblem 

Later，weshowanefIicientalgorithmfbrtree 

tiling,whichtakestimeproportionaltothｅｓｉｚｅ 

ｏｆｔ麺gettree、TheeHiciencydependsonthree
features、

１．Abottom-uptilmgapproachcanbetaken 

whichenablesefIicientbranchhunting、

2.Identifyingalargerstructurefromtheirchil‐ 

－２７－ 



drenanditslabeliseasy6 

３．Thenumberofbottom戸upsUbtreesgotmthe

imtia1izatioｎｐｒｏｃｅｓｓｉｓｌｍｅａｒｔｏｔｈｅｎｕｍｂｅｒ 

ｏｆｖｅrticesinpattemtree・Ｔｈｉｓｗｏｒｋｓｉｎ

ｔｗｏｗａｙｓ，lessprocessingtimeandlessuse 

ofmemory 

Ontheotherhand,graphtilingproblemcanP 

notbesimplysolvedbyusingbottom-upap-

proaChbecausethereisgenerallｙｎｏｌｅａｆｉｎａ 

ｇｒａｐｈＴｈｉｓｍａｋｅｓｉｔｄｉｆｌiculttoapplythese‐ 
quence：findamatch，removethematched 

treewhichisisomorphictoapatterntree，and 

makestheproblemsmaller・Moreover,ｗｈｅｎwe

trytousethesimilarapproach，itisnecessamy 

toenumeratethesubgraphofallpatternsin 

thepreprocessing，ｂecausethebottom-upap-

proachcannotbetaken研Ｔｈｅｎｕｍｂｅｒｏｆｓｕｂ‐

treesisenormous2thentheprocesｓｉｎｇｔｉｍｅａｎｄ 

ｔｈｅｍｅｍｏｒｙｕｓｅｄｂｙｔｈｅａlgorithmbecomesso 

large,whichisnotpracticaL 
Thuswedecidedtodeviseanothermethod 

lngeneral,molecularstructuresdonotunittoo 

closely6Moreover，ｔｈｅｙ、Feoftenconsistedof
astructureneａｒｔｏｔｒｅｅａｎｄｓｏｍｅｓｍａＵｃｏｍ－ 

ｐｌｅｘpaJFt、Homthesefbatures，wecantreat

molecUlaJFgraphsassｏｍｅｔｒｅｅｓｗｈｅｎｓｏｍｅｖｅｒ－ 

ｔｉｃｅｓｏｆａｇraphandedgesWhichcontainsre-

movedverticesastheiredgepointareremoved 

Mostmoleculesappearinpathwaysbecome 
sometreeswhenatmost3verticesareremoved 

ThuswemaysolvethegraphtningproblemefL 

ficiently． 

mconstanttimebycombiningthem・Moreover，

aftergettingthecombination,wecancountUp 

thenumberofaUtilingresultsinO(")time， 
wherenisthesizeofthetaJFgettree・

WehereeXplainafastalgorithmtocalculate 
suchcombmation， 

5.2MainldeaoftheA1gorithm 

Weorganizedanalgorithmbyusingadynanuc 

programmingmethodwithbottom戸upsearching

method,whichmakesitpossibletofindsubtrees 

whicha工eisomorphictoapattemtreemshort

time、MOreover，wereducedthetimeincheckP

ingisomorphismoftreesfiFomO(〃)ｔｏｏ(1)ｂｙ
usingthestrategyoftree-indexdescribedbelow， 

wherenisthesizeoftrees・Wepre-calculatelay‐

eredstructureoftreestomakethecompamson 

andtocombinestreesfaster・ThemainprOb‐

lemmtreetningistofindtheisomorphictree 

thatcanappearinthetilingresultfast，sothe 

pre-calculationmethodofthiskindise田cient・

Inaddition，ｔｏａ(Didtestingthesametree 
morethanonce,weidentifiedthesamestructure 
indifferenttrees・Thisalsoenablestodetect

symmetryinatree,sothismethodworksmtwo 

ways,ａｎｄgreatlyreducesthecomputingtime． 

5.2.1BottomPuptilingapproach 

DefinitionWhenarootedtreeTisgiven，Ｓ 

ｉｓａｂｏｔｔｏｍ－ｕｐｓｕｂｔｒｅｅｏｆＴｉｆｆｂｒａｎｙｖｅｒ－ 
ｔｅｘＵｅＶｔｈａｔｉ８ｎｏｔａｌｅａｆｏｆＴｗｅｈａｖｅ 

ｃｈｉｌｄｒｅｎ(u)ＣＶ,whereVisverticesofS 

Theproblemintop-downtnmgapproaChis 
thattheorderofthechildTenisnotfixedThe 

keyfactoristodiverge丘oｍｏｎｅｐｏｉｎｔｔｏｏｎｅｏｒ

ｍｏｒｅｐｏｉｎｔｓ、

Byusingbottom-upmethod,weshouldjust 

combinesomepointsintoone，ｔｈｕｓｔｈｅｃｏｍｂｉ‐ 

nationcanbebroughttogetherinonewibhthe 

timeproportionaJtothenumberofthechildren 

byusingfimctionFdescribedinsection5､2.2． 

ThemethodintegratessomePointsintoone 

ateachｓｔｅｐ，andtheeXplosionofthecom-

putational6omplexitycausedbythepermu価

tionofthechildrencanbesuppressedThus 

thebottom-upapproachenablesfastcompari-

sonbetweenpatterntreesandbottomPupsub-

treeofthetargettree・Byusingthismethod，
thenumberofverticesinthesubtreｅｗｅｓｈｏｕld 

CheckbecomessmaUerlinearly、Tbapplythe

bottom-uptechniquetothisproblen4weadopt 

５Ａｐｐｒｏａｃｈｔｏｔｈｅｍ｢eeTilmg 
Problem 

5､１Overvlew 

lnsolvmgthetreetilmgproblem,weahnedto 

enumerateeachtilmgresultinconstanttimebe-

causetherewasapossibilitythatthenumberof 

resultsbecomesO(e､)wherenisthesizeofthe 
tmgettree・

Theproblemcausingtheenormousnumber 

ofresultsisthatthetilingresultsoftheparts 

nearertoaleafthanacertainpointareindepen-

dentofthetilingresultｓｏｆｔｈｅｐａｒｔｓｎｅａＩｅｒｔｏ 

ｔｈｅｒｏｏｔｔｈanacertampoint，Therefbre,wede 

cidedtoexpressallthesolutiｏｎｓｉｎｔｈｅｓｈａｐｅｏｆ 

ｔｈｅｐａｔｔｅｒｎｏｆｃｏｍbining・Thusthenumberof
matchedpatternsweshouldgetbecomespoly‐ 

nomialnumber，ａｎｄｉｔｃａｎｂｅeasnyconnrmed 
tobeabletoenumerateeachofthesolutions 
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themethodtocutoutthematchedpatternfrom 

theleaflftwoornlorematchesexistinthepro-

cedure,itisnecessaｴytothinkaheadallofthat 

aftercuttingoutthosepatterns． 

ａｌｇｏｒｉｔｈｍｉｓａｔｍｏｓｔ２ｍ－２，ｗｈｉｃｈｉｓｌｅｓｓ 
ｔｈａｎｔｗｉｃｅｔｈｅｓｉｚｅｏｆｔhetree・Ｆｏｒｔｈｅｒｅ針

Son,ｔｈｅｎeW1ycreatedtreesappearintheal‐ 

gorithmislessthan2M・Thus,thenumber

oftreesappeannthealgorithmisM＋２Ｍ 
ａｔｍｏｓｔａｂｏｖｅ・

Homthetheorem,theindexingisshownto 

bepracticalbecausethemaximumnumberap‐ 

pearsintheindexingprocessisatmｏｓｔ３Ｍ， 

ｗｈｉｃｈｉｓｓｍａｌｌｅｎＯｕｇｈｔｏｂｅｃｏｍｐａｒｅｄmcoL 
stanttime、

５．３矼reeTilingA1gorithm

５．３．１ＤａｔａStructureinTilingaGiven 
Iree 

●Inthetargettree，ｅａｃｈｖｅｒｔｅｘ２ｈｈｏｌｄｓａ 

ｓｅｔｓ(随),wmchcontainssetofpairsB＝
（巧,Ｍｉｉ)JIjstandsfbrthetree-indexofa
subtreewhichisisomorphictothesubtree 

andtherootofthesubtreeisuimthetarget 

tree・MHjstandsfbrthematchingofthechｉｌ－
ｄｒｅｎｏｆＵｊ,showingwhichchildcorrespond 

towhichtree-index・MHjisusedtoshowthe
resultofmatchin９． 

．EachvertexUjholdsasetS(必),whichis
almostthesameass(的).TheonlydifIbrence
isthatthepairwhoseflagcorrespondingto 
thetree-indexesisnotcheCkedisnotinthe 

set． 

５．２．２neeNormauzationbylndexmg 
Irees 

Itisnecessarytoregularizethetreetosolve 

thisproblembyUsingasimilartechniquetothe 

tilingoftheorderedtree，ItiSpossibletotreat 

bysortingtheidentifieraswellastheordered 

treecangiveidentifiertotheunordeｒｅｄｔｒｅｅ 

Ｗｅｄｅｃｉｄｅｄｔｏａｌｌｏｔｔｈｅｉntegerasidentifierof 

thetreebyusmgthefactthatthenumberofan 

treesthatappe麺edinthealgorithmislittle、It

worksefIicientlycomparedwiththeretrievalof 

thepatternetc、becausethiscanshowtherela-

tionbetweenthetreeandthetreebyintegers、

Inouralgorithm,comparisonandunitmgof 

treesoftenappears、Unitingoftreeslneansmak-

inganewtreefromthechildrenandthelabelof 
itselfTherootofthenewtreehaSlabelLand 

everyrootofiLschildren{t1,t2,…,t"｝willbe 
jointedtothenewroot・Inotherwords,those
rootsbecomeChndrenoftherootvertex、

Ibdecreasethecomputationalcomplexityof 

thosebasicprocedures,wemdexedeveryrooted 

treesappearsinourtningalgorithm,Wecallthe 

numbertreemdex,whichisanintegerwhichis 
uniquetothestructureofanunorderedrooted 

tree，Inouralgorithmdescribedbelow，ｔｈｅ 

ｎumberofunorderedrootedtreeisboundedby 
thesizeofpatterntrees,whichmeansthenunr 

berdoesnotbecomesolargeinpracticalprob-
lern 

,Ifee-indexenablesustocheckwhethergiven 

twotreesareisomOrphicornOtinconstantｔｉｍｅ， 
onconditionthatthetree-indexofeaChtreeis 

alreadycalculateｄ 

ＴｌｌｅｏｒｅｍＬｅｔｓｕｍｏｆｎｕｍｂｅｒｏｆｖｅｒｔｉcescolr 

tainedinthetreeofallpatternsbeM、The

numberoftreesgotbythistechniqueisless 
than3M・

ProofThenumberoftreesthataJFeisomorphic 

toapatterntreeisobviouslyMorless・Ｔｈｅ
ｔreewithmverticesareconsistsofｍ－１ 

ｅｄｇｅｓ，ａｎｄｔｈｅｓＵｍｏｆｔｈｅｄｅｇｒｅｅｏｆｅｖｅｒｙ 

ｐｏｉｎｔｉｓ２ｍ－２、Ｗｈｅｎｗｅｒｅｍｏｖｅａｐｏｉｎｔ

ｆｒｏｍａｔｒｅｅ，ｔｈｅｎｕｍｂｅｒｏｆｎｅｗｌｙｃｒｅａｔｅｄ 

ｇｒａｐｈｓｉsthedegreeoftheremovedpoint， 

thustheupperboundofthesubtreesiｎｔｈｅ 

５．３．２MainAlgorithm 

A1gorithmlFi瘤t,ｕﾉｅｉｎ航qJjzetmee-iMezm-

bleT,ｕ）hjcMDclzldeswzionseqcﾉjqfu）hjcハＣＤ〃

sjstq/tmeestructume,ｊｵs舵e-jndez,ｃＭｑ冗叫
Ｔ/ｂｅβ叩ｎｚｅｑｎｓｕ）hethert/ＷＷｓｓｕｃｈｐｍｅｍ
ｔｍｅｅｔｈａｔｉｓｊｓｏｍ０噸ｈｉｃｔｏ坊ｅｓｍＬｃｔＴＬ７１ｅｏｒｎｏｔ．

ＬＭｉａ肱ｅＴｑｓ｛(の,０，/qlse)},ｍｈｊｃｂＳｔｑＭＳ
ノbrcMUi伽qlt7weeⅧｔｈｎｏＵｅ冗ez．

且ＬｉｓｔＵｐｑｎｄｊＭｅｚａｌｌＭｍｔｏｍ－叩tmeestruc-
tTL7℃８． 

（ﾋﾘﾉﾙｔＮ６ｅｑＭ施町erz．

〃Ｆｂｒｅｑｃハ”terMｼwecp,(Ｍ/b7e(zch
Ue花ｅｚｕｊｎＰ,QPPlZ/腕e/MotUmg．

（Cノ川n片αs呼びisα『Ｍひertezqfp,ａＭ
ｃｑｌｌｔｈｅｍｏｔｅｄｔｍｅｅｐ'.、U/to戸冗ｄがp’
isqlmeqdZ/ｍＴ.〃p'jsqlmeqdｼｊｎｃＭｅｄ
ｍＴ，ｃｈａ叩ｅ仇ｅβｑ９ｍｔｈｅｕｎｉｏｎｔｏ

伽eEJse,”tbeZW(s,Ⅳ,伽e)航ｏ
ＴｑＭｉｎｃｍｅｍｅ"ｔＩＶ． 

－２９－ 



〃ⅧｎＡｑｓがWs7wemoUeM10mp,ｔｈｅｎ
ｐｑ対ern舵ｅｐＴｕｊｌｌｂｅｄｉｕｉｄｅｄｉｎｔｏｓｏｍｅ
ｓｕ肋℃ｅｓｕ）ｈｏｓｅｍｏｏｔｕｅ揃ezjsqchjJdmen

q/u・Fbreqchsubtmees,ｵﾂyto虎"ｄが

ｓｊｓｑｈｖｅａｄＺﾉｉｎＴ．〃sisqlmeqdpi汁

ｃｌｕｄｅｚＭｏＴ，ｄｏ〃oｵﾊ`叩．ＥｌＳｅ，ｐＵオオハｅ

ｐＱｊｒ(８，１V,fqZse)intoTandjnc7vement 
N、

３．Ｃｂ"stnUctqs9n航esistcuble・Fbreqcハｐｑ壮e、

舵ｅｐ,叩plD仇ejblJou）、,．

（､ﾉＦｂｒｅｑｃハ”e花ｅｚＵｉｎｐ,ｔｈｉｎＡｑ舵ｅｐ
ｕ）hosemofuerteIziSu．Ｗｅｃｑｌﾉｵﾊe 

mootedtmeep/、

（bノＴ/jinAqsがmjjsmemo､ｊｅ〔Ｍ１ｏｍｐ,ｵﾉｶe〃
pqtmiervzt7℃ｅｐ⑩illbedjUjdedjntosome 

subtmee８．FbreqchsUbtmee，mB9(Ｌｍｄｔｈｅ 

ｃﾉijJdq/wLsamootcLﾉｫﾉtetmee(ＭｃｑＪｌ 

ｊ”!． 

（CﾉＰ“t舵e-mdezqfp',舵e-伽ezesqfUl，
ｑＭｌｃｕＭｑｆＭｎｔｏｓ"ｎｔｈｅＳｊｓｔｃｕｂｌｅｓｏ 

ｔｈｃＬ川eccun9ef仇e舵e-iMezqfp'伽、
抗ecombj〃ａｔｌｏｎｑ/otherｄａｔａ．

A1gorithm2Hemejsthe7MnPq花qftAeql-

9orjtbm．Ｔ/ｔｅ/blJouﾉj叩α７℃qppljedtouertjces
b1/poSt-oMer・Ｌｅｔｕｂｅｔﾊｅｕｅ花ｅＺｕ）eqmelooAjn9

qt,CMU,伽,…,恥６ｃｔ/jechjJdmenq/u・

ＬＷ７ｊｅｎｕｈｑｓｎｏｃｈｉＭ，ｍｅ９ｕＭｔｈｅＵｅｒｔｅｚｑｓ 
ｉｔｈｃｚｓｑｃｈｊｌｄｑ"ｄ肋ｅｃｈｊｌａハＱＵｅｍｅ伽r7Dedq

set{O}．Ｚ/ZencontMethe九JJCⅧ9.0jSq
tmee-numMoLfnu川mee、

２．Ｗhe〃ｵﾉWeisqcMdⅧbcon伽０，s(坊)＝
の,noUaMtjljn9ezi8ts、

３．０仇eru)jse，chooseqtmee-i"dez伽、ｅａｃｈ

６(U`).FbreりeﾂY/com6j"qtionqﾉｵﾊeelements
ins(u`)，checkZuhet/jerthecomb伽t伽qf
thetmee-indezescomsjstsM〃dezedtmeeornoオ

伽msZﾉ､肋esistcB肱．Z1bechecADccL〃bedone
mcons伽ＭｊｍｅａＭｔｈｅｎｕｎＤ６ｅｒがposs化le

comb伽ｵ'０〃isqtmost(３Ｍ)3,sotheomder
qfthe伽eがＯ(Ｍ３)．FbrCqch枕e-iMeZ，
ｄｏthe/ＭＣＭ叫

び肋e冗切cormeSpondjngtothetmee-nmmber
jsChecAe`，thepqtmter〃iSiSOmo7Phictoone

qfthepα〃enztmees．〃肋econd鰍Ｏｎｉｓ８ｑｔ－

ｉ蛾ed,addthe舵e-jMez航ＯＳ(秒`）(ＭＱｄｄ
ＯｔｏＳ(Ui）tuhjcハ岬v1esentSqnemptZﾉ伽．
Ｏ仇eMse,QcMthe舵e-jnde⑰tos(ui)．

5.3.3ComputingTime 

lnitializingPartLetmibethenumberofveL 

ticesmithpatterntree，４，whiChisthemax‐ 

ｉｍｕｍｄｅｇｒｅｅｏｆｔｈｅｇｒａｐｈ，mutipliedbymi 
bottollrupsubtreｅｓａｒｅｃｒｅａｔｅｄａｔｅａｃｈｔｉｌｅ 

ａｎｄｔｈｅｔｉmeofcreationismiwhenweused 

post-orderamayintheprocess、Thusthe

timewiththeithpatterntreeisＯ(m;).The 
tota1timeininitializationbecomesEd(m:)． 
ＭａｉｎｐａｒｔＬｅＭＶｂｅｔｈｅｎｕｍｂｅｒｏｆｖｅｒｔｉcesin 

thetargettree,Mbethesumofthenumber 

ofverticesinallpatterntrees・Thenumber

ofelementsms(U)thateaChpointpossesses 
isatmoｓｔ３ＭｂｅｃａｕｓｅｔｈｅｓｉｚｅｏｆｔａｂｌｅＴｉｓ 

ａｔｍｏｓｔ３ｊＭ４ｐｉｅｃｅｓｏｆｓｕｃｈｐ麺ｔｓｏｆｐａｔ‐

temsarecombinedinonelargerpiece,then 

thenumberofcombin帥ionisatmost(３Ｍ)4．
Thisordercanbeimprovedeasny〉because
mostvertexdoesnothave4children、Ｔｈｅ

onlyvertexwhichhaspossibnityofhaving4 

chndrenistherootvertex,andwecanchoose 

rootvertexwithconditionthatithasonly 

onechild・Iftherootvertexhas4children，

choosealeafoｆｔｈｅｔｒｅｅＴｈｅｌｅａｆｈａｓｏｎｌｙ 

ｏｎｅｎｅｉｇｈboursasdefinition，ｓｏＣｈｏｏｓｅｔｈｅ 
ｌｅａｆａｓａｒｏｏｔｏｆｔｈｅｔｒｅｅＴｈｕｓｔｈｅｍａｘ‐ 

imumchildrennumberbecomes3，ａｎｄthe 

orderofcombmabionbecomesO(Ｍ３).This 
typeofcombmationisexecutedateveryver-

tex,sothecomputationaltimebyapplying 

thismethodisO(ⅣＭ３)． 

６ExperimentalResults 

lntheexperiments，wechosesuchtargettree 

thatcanbetiledwiththegivenpattemsbecause 

thetilingtimebecomesveryshortinthecasethe 

taJPgettreecannoｔｂｅｔｉｌｅｄｗｉｔｈｔｈｅｐａｔｔｅｍｓ・
WeusedamachinewithPentium4280GHz 

proCessorand512MBmemorytomeasurethe 
calculationtime 

Figure3representstherelationbetweenthe 

sizeoftaJPｇｅｔｔｒｅｅａｎｄｔｈｅｃｏｍｐｕｔｉｎｇｔｉｍｅｗｉｔｈ 

theconditionthatthetargettreesandthepat-

terntreesarelabeledlikebiologicalmolecules・

TbmeaSurethetimeinthesamecondition,ｗｅ 

ｕｓｅｄｔｈｅｓａｍｅｐａｔｔｅｒｎｔｒｅｅｓｉｎｅｘｐerimentsof 

thegraphThesizesofthetaJFgettreesshown 
inthegrapｈ麺ｅｌ５９９ａｎｄ８１７,ｏｎｅisabouttwice

aslargeastheotherinthesize 

Figure4showstherelationbｅｔｗｅｅｎｓｕｍｏｆ 

，squaｴｅｏｆｔｈｅｎｕｍｂｅｒｏｆｖｅｒｔｉｃｅｓｉｎａｐａｔｔｅ、

－３０－ 
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p帥terntreesandthetimeininitializ、９

tree，anditsinitializationtime，which麺eex-

pectedtobeproportional． 

Thepre-calculationtimeisnotshortand 

maybeweshouldusefasteralgorithm・However，

thepre-calculatedtreescanbeusedmanytinng 
problemwhenthepatterntreesarethesame,so 

thepre-calculationshouldbedoneonlyonceln 

mostproblemsevenifthetargettreechanges 

Thismeansｔｈｅｍｏｒｅｔｈｅｎｕｍberoftargettrees 

aJPe,thelesstheratioofpre-calculationtimeoc‐ 

cupyinginthetotaltimebecomes、

7.3MoreEflicientOrder 

HomFigure3,ｔｈｅＯｒｄｅｒｗｅｐｒｏｐｏｓｅｄｓｅｅｍｓｔｏ 

ｂｅｔｏｏredundant,ａｎｄwetriedtoreducetheor-

der、Theorderwasowetothetimeofcombining

children,ｓｏｗｅｔｒｉｅｄｔｏｉｍｐｒｏｖｅｔｈｅｔｉｍｅ・

TheimprOvedalgorithmishere・Thenunr

berofpossiblecombinednｅｗｔｒｅｅ－ｍｄｅｘｉｓａｔ 

ｍｏｓｔ３Ｍ，ｓｏｗｅｔｅｓｔｗｈethereachofthetree 

representedbythetree-indexcanbemadeof 
not，Ｅａｃｈｃｈｅｃｋｔｉｍｅｉｓｃｏｎｓｔａｎｔｓｏｔｈｅｔｉｍｅｏｆ 

ｉｓＯ(Ｍ).Wecombinechildrenateachvertex,so 
theorderofthetreetilingproblemisbounded 

byO(ＭⅣ)． 

７Discussion 

7.1Environment 

SomenotchesfbundinthegralQhsarethought 
tobecausedbythegarbageconectionsystem 

ofJaﾊﾉafbrtherea8onth帥ｔｈｅｄｏｔｏｎｔｈｅｒｉｇｈｔ
ｓｉｄｅｏｆｔｈｅｇｒａｐｈshouldhaﾊﾞﾉelongercalculation 

timethanthedotontheleftsideofthegraph 
becausetheyhaﾊﾉemorepatterntreestomatch 

whichmakestheproblemcomplicated、

７．２Aboutfigures 

lnFigure3，ｔｎｉｎｇａｔ麺gettreewithl599ver-

ticestakesabouttwiceaslongtimeasthetiling 
ofataZgettreewith817verticesateaChsize 

ofpatterntree，ThisresultfOllowstheorderof 

algorithmthatthetimeintilingatreeｉｓｎｎｅａｒ 
ｔｏｔｈｅｓｉｚｅｏｆａｔ麺gettree，

Figure3doesnotagreewithｔｈｅｔｉｍｅｏｒｄｅｒ 

Ｏ(ⅣＭ３)wepresentedThisresultcanbeex-
plainedasfbUows:thenumberofpatternswith 
nverticesincreasesrapidlybecausetheused 

treeswerelabeled，ｓｏｔｈｅｉｎｃｒｅａｓｅｏｆｐａｔｔｅｍｓ 

ｗａｓｎｏｔｅｆfbctiveinincreasingthematchedpat‐ 
terns、

Figure4showstherelationbetweenｔｈｅｓｕｍ 

ｏｆａｌ１，squmFeofthenumberofverticesinapat-

tern，andthetimeininitialization，Thisfig-
ureshowsthatthesetwodataaJBeproportionaL 

whichmatchestheeXpectationinthemethod 
section． 

SConclUsion 

lnthepaper，weshowedanalgorithmfbr 

tilingatreewhosecomputationalcomplexitｙｉｓ 
Ｏ(ⅣＭ３)ａｎｄtheimplementationshowedthat 
thealgorithmworksatveryhi-speed,almostlin-
eartoMwithpracticaldatawhichsimulatesthe 
structureofmolecules， 

Thepointlimitingtheorderofthetreetnmg 
algorithmiscombmationofchildren・There

isprobablyamethodtoreducethecomputa-
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ofchildren、Intheapproach，thesynthesista戸

blewedescribedinourmethodmaybeofsome 

help,becausethetableisdeeplyrelatedtolay-
eredstructureofatree・

Weshowedthatthealgorithmcanbeusedto 

tilethetree,andthatitcanbeusedtostmting 
workswiththeproblelnofgraphtilingproblem、
Byusingthemethodandthepossibilityofeach 

reaction，wecanprobablyshowthebestpath-

waytosynthesizeagivenmolecule・

Thealgorithmfbrtilingagraphwasalso 

shown,whichmaynotbeveryeflicientwithour 

verysimpleapproach,buteachcalculationthne 

mtheproblemoftilingalabeledtreewasdone 

aboutl/100secondsevenifthesizeoftmget 
treeisaboutlOOOWithsmallertmgettrees,we 

cancalculatethetningresultsmoreefIectively 

becausethecalculationtimeisproportionalto 

tｈｅｓｉｚｅｏｆａｔｍｇｅｔｔｒｅｅＢｙｕｓｉｎｇｔｈｅpoint,the 

graphtnmgproblemcanprobablybesolvedin 

acceptabletime 

Theapproachwithtree‐ｗｉｄｔｈｉｓａｌｓｏｓｅｅｍｓ 

ｔｏｂｅａｐｒｏｍｉｓｍｇｍethodinthegraphtiling 

problem，ｂｙｕｓｉｎｇｔｈｅｆｂａｔｍｅｔｈａｔｔｈｅｇｒａｐｈ 

ｓtructureofbiologicalmoleculesa正esimilaエto

treeThealgorithmdescribedinthispaperalso 
usesthefbaturethatｔｈｅｇｒａphsaresimUarto 

tree,buttheapproachesaJFequitediflerentfrom 

eachother・Byusingthefbature，theremaybe

moreefIicientalgorithmintningagraph、

Tree-widthisalsoafbatureofpatｈｗａｙａｎｄ 

ｉｔｉｓｋｎｏｗｎｔｈａｔｏｎｌｙｓｏｍｅｓｐecialenzymecan 

changethetree-widthofamoleculeWecan 

getpossiblepathwaysbyusingthemethodde-
Scribeｄｉｎｔｈｅｔｈｅｓｉｓ，ｂｕｔｗｅｃａｎｃｈｏｏｓｅｐａｔｈＰ 

ｗａｙｓｗｉｔｈｈｉgherpossibilitybyusingthetree‐ 

widthdatarbrexample，whentree-width 

changesbuttherearenoenzymetobringsuch 

Change，thepossibilityofthepathwayreduces， 

Suchfeatureofbiologicalpathwayhelpstoesti－ 

matethebestpathway,andthefbaturemaybe 

ofsomehelpinreducingthecomputingtime,fbr 

thereasonthatthepathwaywithlesspossibility 

isnotworthcalcuｌａｔｉｎｇ 

ｌｎｔｈｅｎｅｘｔｓｔａｇｅｏｆｏｕｒｒｅsearch，weplan 

tocreateanalgorithmtolistupsomepathways 

withhighpossibilityfromthetargetmolecular 

structure，andimplementthealgorithmtoex‐ 

aminetheeHiciency． 
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