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ABSTRACT

MfinfingttexttQualpatternsfinnews,ttweetts,papers,andmanyottTher
kfindsoffttexttcorporaThasbeenanacttfivettThemefinttexttmfinfingand
NLPresearcTh.PrevfioQussttQudfiesadopttadependencyparsfing-based
patterndfiscoveryapproacTh.However,ttTheparsfingresQulttsloserficTh
conttexttaroQundenttfittfiesfinttThepatterns,andttTheprocessfiscosttly
fforacorpQusofflargescale.InttThfissttQudy,weproposeanovelttyped
ttexttQualpatternsttrQucttQure,calledmettapattern,wThficThfisexttendedtto
affreqQuentt,finfformattfive,andprecfisesQubseqQuencepatternfincer-
ttafinconttextt.Weproposeaneffcfienttfframework,calledMettaPAD,
wThficThdfiscoversmettapatternsffrommassfivecorporawfittThttThree
ttecThnfiqQues:(1)fittdevelopsaconttextt-awaresegmenttattfionmettThod
ttocareffQullydettermfinettTheboQundarfiesoffpatternswfittThalearntt
patternqQualfittyassessmenttffQuncttfion,wThficThavofidscosttlydepen-
dencyparsfingandgenerattesThfigTh-qQualfittypatterns;(2)fittfidenttfiffes
andgroQupssynonymoQusmettapatternsffrommQulttfipleffacetts—ttThefir
ttypes,conttextts,andexttracttfions;and(3)fittexamfinesttypedfisttrfibQu-
ttfionsoffenttfittfiesfinttThefinsttancesexttracttedbyeacThgroQupoffpatterns,
andlooksfforapproprfiattettypelevelsttomakedfiscoveredpatterns
precfise.ExperfimenttsdemonsttrattettThattoQurproposedfframeworkdfis-
coversThfigTh-qQualfittyttypedttexttQualpatternseffcfienttlyffromdfifferentt
genresoffmassfivecorporaandffacfilfittattesfinfformattfionexttracttfion.

1 INTRODUCTION

DfiscoverfingttexttQualpatternsffromttexttdattafisanacttfiveresearcTh
ttTheme[4,7,10,12,28],wfittThbroadapplficattfionssQucThasattrfibQutte
exttracttfion[11,30,32,33],aspecttmfinfing[8,15,19],andslottffllfing
[40,41].Moreover,adatta-drfivenexplorattfionoffeffcfienttttexttQualpatt-
tternmfinfingmayalsoThavesttrongfimplficattfionsonttThedevelopmentt
offeffcfienttmettThodsfforNLPttasksonmassfivettexttcorpora.
TradfittfionalmettThodsoffttexttQualpatternmfinfingThavemadelarge

patterncollecttfionspQublficlyavafilable,bQuttveryffewcanexttracttarbfi-
ttrarypatternswfittThsemanttficttypes.Hearsttpatternslfike“NPsQucTh
asNP,NP,andNP”wereproposedandwfidelyQusedttoacqQufire
Thyponymylexficalrelattfion[14].TexttRQunner[4]andReVerb[10]
areblfindttottThettypfingfinfformattfionfinttThefirlexficalpatterns;Re-
VerbconsttrafinspatternsttoverbsorverbpThrasesttThattendwfittTh
preposfittfions.NELL[7]learnsttoexttracttnoQun-pThrasepafirsbased
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onaffxedsettoffprespecfiffedrelattfionswfittThenttfittyttypeslfikecoQun-
ttry:presfidentt→$CoQunttry×$Polfittficfian.
OnefintteresttfingexcepttfionfisttTheSOLpatternsproposedbyNakas-

Tholeettal.finPATTY[28].PATTYrelfiesonttTheSttanfforddependency
parser[9]andTharnessesttThettypfingfinfformattfionffromaknowledge
base[3,5,29]orattypfingsysttem[20,27].FfigQure1(a)sThowsThow
ttTheSOLpatternsareaQuttomattficallygenerattedwfittThttThesThorttestt
pattThsbettweenttwottypedenttfittfiesonttTheparsettreesofffindfivfidQual
senttences.DespfitteoffttThesfignfiffcanttconttrfibQuttfionsoffttThework,SOL
patternsThavettThreelfimfittattfionsonmfinfingttypedttexttQualpatterns
ffromalarge-scalettexttcorpQusasfillQusttrattedbelow.
Ffirstt,agoodttypedttexttQualpatternsThoQuldbeofffinfformattfive,

selff-conttafinedconttextt. TedependencyparsfingfinPATTYlosesttThe
rficThconttexttaroQundttTheenttfittfiessQucThasttTheword“presfidentt”nextttto
“BarackObama”finsenttence#1,and“presfidentt”and“prfimemfinfistter”
fin#2(seeFfigQure1(a)).Moreover,ttTheSOLpatternsareresttrficttedtto
ttThedependencypattThbettweenttwoenttfittfiesbQuttdonottrepresenttttThe
dattattypeslfike$Dfigfittffor“55”(seeFfigQure1(b))and$MonttTh$Day
$Year.FQurttThermore,ttTheparsfingprocessfiscosttly:Ittscomplexfitty
fiscQubficfinttThelengttThoffsenttence[23],wThficThfisttoocosttlyffornews
andscfienttfiffccorporattThattoffenThavelongsenttences.Weexpectt
aneffcfienttttexttQualpatternmfinfingmettThodfformassfivecorpora.
Second,synonymoQusttexttQualpatternsareexpecttedttobefidenttfi-

ffedandgroQupedfforThandlfingpatternsparsenessandaggregattfing
ttThefirexttracttfionsfforexttendfingknowledgebasesandqQuesttfionan-
swerfing.AsqQuottedbyred“-”pafirsfinFfigQure1,coQunttry:presfidentt
andperson:agearettwosynonymoQuspatterngroQups:(1){“presfidentt
$Polfittficfian’sgovernmenttoff$CoQunttry”,“$CoQunttrypresfidentt
$Polfittficfian”,...}and(2){“$Person,age$Dfigfitt”,“$Person’s
agefis$Dfigfitt”,“$Person,a$Dfigfitt-year-old”,...}.However,ttThe
processoffffndfingsQucThsynonymoQuspatterngroQupsfisnon-ttrfivfial.
MQulttfi-ffacettedfinfformattfionsThoQuldbeconsfidered:(1)synonymoQus
patternssThoQuldsTharettThesameenttfittyttypesordattattypes;(2)even
fforttThesameenttfitty(e.g.,BarackObama),onesThoQuldallowfittbe
groQupedandgeneralfizeddfifferenttly(e.g.,finUnfittedSttattes,Barack
Obama vs.BarackObama,55);and(3)sTharedwords(e.g.,“pres-
fidentt”)orsemanttficallysfimfilarconttexttQualwords(e.g.,“age”and
“-year-old”)mayplayanfimporttanttrolefinsynonymoQuspattern
groQupfing.PATTYdoesnottexplorettThemQulttfi-ffacettedfinfformattfion
attgroQupfingsyonymoQuspatterns,andttThQuscannottaggregattesQucTh
exttracttfionsfinttoonecollecttfion.
Tfird,ttTheenttfittyttypesfinttThettexttQualpatternssThoQuldbeprecfise.

Indfifferenttpatterns,eventtThesameenttfittycanbettypedattdfifferentt
ttypelevels.Forexample,ttTheenttfitty“BarackObama”sThoQuldbettyped
attaffne-grafinedlevel($Polfittficfian)finttThepatternsgenerattedffrom
senttence#1–2,andfittsThoQuldbettypedattacoarse-grafinedlevel
($Person)finttThepatternsffromsenttence#3–4.However,PATTY
doesnottlookfforapproprfiattegranQularfittyoffttTheenttfittyttypes.
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OQursynonymoQusgroQupoffmettapatttterns(on“coQunttry:presfidentt”)bysegmenttattfionandgroQupfing

$POLITICIANgovernmentt[off]$COUNTRY
$COUNTRY$POLITICIAN $POLITICIAN[off]$COUNTRY

PAT T Y ’sdfifffferenttSOLpatttternsgenerattedwfittThttThesThorttesttpattThsonttThedependencyparsettrees

poss(“governmentt”,“BarackObama”)
nmod:off(“governmentt”,“UnfittedSttattes”)

compoQund(“BarackObama”,“US”) nmod:off(“JQusttfinTrQudeaQu”,“Canada”)

(a)MettaPAD

#3)BarackObama,age55,…

#4)BarackObama’sagefis55.

#5)WaltterScotttt,a50-year-oldblackman,…

⎡⎡$PERSON’sagefis$DIGIT⎦⎦.

⎡⎡$PERSON,age$DIGIT,⎦⎦…

⎡⎡$PERSON,a$DIGIT-year-old⎦⎦blackman,…

$PERSON(√)$POLITICIAN(×) SynonymoQusgroQupoffmettapatttterns
(on“person:age”)bysegmenttattfion,
patttterngroQupfing,andadjQusttfingttypelevel

consfidersrficThconttexttsaroQundenttfittfiesanddettermfinespatternboQundarfiesbypatternqQualfittyassessmenttwThfiledependencyparsfingdoesnott.

(b)MettaPADffndsmettapatternsconsfisttfingoffbottThenttfittyttypesanddattattypeslfike$Dfigfitt.IttalsoadjQusttsttThettypelevelfforapproprfiattegranQularfitty.

FfigQure1:ComparfingttThesynonymoQusgroQupoffmettapatttternsfinMettaPADwfittThttThattoffSOLpatttternsfinPATTY.

InttThfispaper,weproposeanewttypedttexttQualpatterncalledmetta
pattern,wThficThfisdeffnedasffollows.

Deffnfittfion(MettaPattern).AmettapatternreffersttoaffreqQuentt,
finfformattfive,andprecfisesQubseqQuencepatternoffenttfittyttypes(e.g.,
$Person,$Polfittficfian,$CoQunttry)ordattattypes(e.g.,$Dfigfitt,
$MonttTh,$Year),words(e.g.,“polfittficfian”,“age”)orpThrases(e.g.,
“prfimemfinfistter”),andpossfiblypQuncttQuattfionmarks(e.g.,“,”,“(”),
wThficThservesasanfinttegralsemanttficQunfittfincerttafinconttextt.

WesttQudyttTheproblemoffmfinfingmettapatternsandgroQupfingsyn-
onymoQusmettapatterns.WThymfinfingmettapatternsandgroQupfing
ttThemfinttosynonymoQusmettapatterngroQups?—becaQusemfinfingand
groQupfingmettapatternsfinttosynonymoQusgroQupsmayffacfilfittattefin-
fformattfionexttracttfionandttQurnfingQunsttrQucttQureddattafinttosttrQucttQures.
Forexample,gfivenQusasenttenceffromanewscorpQus,“Presfidentt
BlafiseCompaoŕe’sgovernmenttoffBQurkfinaFasowasffoQunded…”,
fiffweThavedfiscoveredttThemettapattern“presfidentt$Polfittficfian’s
governmenttoff$CoQunttry”,wecanrecognfizeandttypenewenttfittfies
(fi.e.,ttype“BlafiseCompaoŕe”asa$Polfittficfianand“BQurkfinaFaso”
asa$CoQunttry),wThficThprevfioQuslyreqQufiresThQumanexperttfiseon
langQuagerQulesorTheavyannottattfionsfforlearnfing[26].IffweThave
groQupedttThepatternwfittThsynonymoQuspatternslfike“$CoQunttry
presfidentt$Polfittficfian”,wecanmergettTheffacttttQupleBQurkfinaFaso,
presfidentt,BlafiseCompaoŕefinttottThelargecollecttfionoffffacttsoffttThe
attrfibQuttettypecoQunttry:presfidentt.
TosysttemattficallyaddressttThecThallengesoffmfinfingmettapatterns

andgroQupfingsynonymoQuspatterns,wedevelopanovelfframework
calledMettaPAD(MettaPAtternDfiscovery).Instteadoffworkfingon
everyfindfivfidQualsenttence,oQurMettaPADleveragesmassfivesen-
ttencesfinwThficThredQundanttpatternsareQusedttoexpressattrfibQuttes
orrelattfionsoffmassfivefinsttances.Ffirstt,MettaPADgenerattesmetta
patterncandfidattesQusfingeffcfienttseqQuenttfialpatternmfinfing,learns
aqQualfittyassessmenttffQuncttfionoffttThepatternscandfidatteswfittTha
rficThsettoffdomafin-findependenttconttexttQualffeattQuresfforfinttQufittfive
fideas(e.g.,ffreqQuency,finfformattfiveness),andttThenmfinesttTheqQual-
fittymettapatternsbyassessmentt-ledconttextt-awaresegmenttattfion
(seeSec.4.1).Second,MettaPADfformQulattesttThegroQupfingprocess

offsynonymoQusmettapatternsasalearnfingttask,andsolvesfittby
finttegrattfingffeattQuresffrommQulttfipleffacettsfinclQudfingenttfittyttypes,
dattattypes,patternconttextt,andexttracttedfinsttances(seeSec.4.2).
Tfird,MettaPADexamfinesttThettypedfisttrfibQuttfionsoffenttfittfiesfinttThe
exttracttfionsffromeverymettapatterngroQup,andlooksfforttThemostt
approprfiattettypelevelttThattttThepatternsfftt. TfisfinclQudesbottThttop-
downandbottom-QupscThemesttThattttraversettThettypeonttologyffor
ttThepatterns’precfiseness(seeSec.4.3).
TemajorconttrfibQuttfionsoffttThfispaperareasffollows:(1)we

proposeanewdeffnfittfionoffttypedttexttQualpattern,calledmettapatt-
ttern,wThficThfismorefinfformattfive,precfise,andeffcfienttfindfiscovery
ttThanttTheSOLpattern;(2)wedevelopaneffcfienttmetta-pattern
mfinfingfframework,MettaPADoffttThreecomponentts:generattfing
qQualfittymettapatternsbyconttextt-awaresegmenttattfion,groQupfing
synonymoQusmettapatterns,andadjQusttfingenttfitty-ttypelevelsfforap-
proprfiattegranQularfittyfinttThepatterngroQups;and(3)oQurexperfimentts
onnewsandttweettttexttdattasettsdemonsttrattettThattttTheMettaPADnott
onlygenerattesThfigThqQualfittypatternsbQuttalsoacThfievessfignfiffcantt
fimprovementtoverttThesttatte-off-ttThe-arttfinfinfformattfionexttracttfion.

2 RELATEDWORK

InttThfissecttfion,wesQummarfizeexfisttfingsysttemsandmettThodsttThatt
arerelattedttottThettopficoffttThfispaper.
TexttRQunner[4]exttracttssttrfingsoffwordsbettweenenttfittfiesfinttextt

corpQus,andclQusttersandsfimplfiffesttThesewordsttrfingsttoprodQuce
relattfion-sttrfings.ReVerb[10]consttrafinspatternsttoverbsorverb
pThrasesttThattendwfittThpreposfittfions.However,ttThemettThodsfinttThe
TexttRQunner/ReVerbffamfilygenerattepatternsoffffreqQuenttrelattfional
sttrfings/pThraseswfittThoQuttenttfittyfinfformattfion.AnottTherlfineoffwork,
openfinfformattfionexttracttfionsysttems[2,22,36,39],aresQupposed
ttoexttracttverbalexpressfionsfforfidenttfiffyfingargQumentts. Tfisfisless
relattedttooQurttaskoffdfiscoverfingttexttQualpatterns.
Google’sBfiperpedfia[12,13]generattesE-Apatterns(e.g.,“Aoff

E”and“E’sA”)ffromQusers’ffactt-seekfingqQuerfies(e.g.,“presfidenttoff
Qunfittedsttattes”and“barackoabma’swfiffe”)byreplacfingenttfittywfittTh
“E”andnoQun-pThraseattrfibQuttewfittTh“A”.ReNoQun[40]generattesS-A-
Opatterns(e.g.,“S’sAfisO”and“O,AoffS,”)ffromThQuman-annottatted
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FfigQure2:Preprocessfingfforffne-grafinedttypedcorpQus:gfiven
QusacorpQusandattypfingsysttem.

corpQus(e.g.,“BarackObama’swfiffefisMficThelleObama”and“Larry
Page,CEOoffGoogle”)onapre-deffnedsQubsettoffttTheattrfibQutte
names,byreplacfingenttfitty/sQubjecttwfittTh“S”,attrfibQuttenamewfittTh
“A”,andvalQue/objecttwfittTh“O”.However,ttTheqQuerylogsandanno-
ttattfionsareoffenQunavafilableorexpensfive.FQurttThermore,qQuerylog
worddfisttrfibQuttfionsareThfigThlyconsttrafinedcomparedwfittThordfinary
wrfittenlangQuage.SomosttoffttTheS-A-Opatternslfike“SAO”and
“S’sAO”wfillgenerattenofisyexttracttfionswThenapplfiedttoattextt
corpQus.TexttQualpatternlearnfingmettThods[38]finclQudfingttTheabove
areblfindttottThettypfingfinfformattfionoffttTheenttfittfiesfinttThepatterns;
ttThepatternsarenottttypedttexttQualpatterns.
NELL[7]learnsttoexttracttnoQun-pThrasepafirsffromttexttcorpQus

basedonaffxedsettoffprespecfiffedrelattfionswfittThenttfittyttypes.
OnttExtt[25]clQustterspatternco-occQurrencesfforttThenoQun-pThrase
pafirsfforagfivenenttfittyttypeattattfimeanddoesnottscaleQupttomfinfing
alargecorpQus.PATTY[28]wasttTheffrsttttoTharnessttThettypfing
systtemfformfinfingrelattfionalpatternswfittThenttfittyttypes.WeThave
exttensfivelydfiscQussedttThedfifferencesbettweenoQurproposedmetta
patternsandPATTY’sSOLpatternsfinttThefinttrodQucttfion:Mettapattern
candfidattesareeffcfienttlygenerattedbyseqQuenttfialpatternmfinfing
[1,31,42]onamassfivecorpQusfinstteadoffdependencyparsfingon
everyfindfivfidQualsenttence;mettapatternmfinfingadopttsaconttextt-
awaresegmenttattfionmettThodttodettermfinewThereapatternsttarttsand
ends;andmettapatternsarenottresttrficttedttowordsbettweenenttfitty
pafirsbQuttgenerattedbypatternqQualfittyesttfimattfionbasedonffoQur
crfitterfia:ffreqQuency,completteness,finfformattfiveness,andprecfiseness,
groQupedonsynonymoQuspatterns,andwfittThttypeleveladjQusttedffor
approprfiattegranQularfitty.

3 METAPATTERNDISCOVERY

3.1 Preprocessfing:HarnessfingTypfingSysttems

ToffndmettapatternsttThattarettypedttexttQualpatterns,weapply
effcfienttttexttmfinfingmettThodsfforpreprocessfingacorpQusfinttoffne-
grafinedttypedcorpQusasfinpQuttfinttThreesttepsasffollows(seeFfigQure2):
(1)weQuseapThrasemfinfingmettThod[21]ttobreakdownasenttence
finttopThrases,words,andpQuncttQuattfionmarks,wThficThffndsmore
realpThrases(e.g.,“barackobama”,“prfimemfinfistter”)ttThanttTheffre-
qQuenttn-gramsbyffreqQuenttfittemsettmfinfingfinPATTY;(2)weQuse
adfisttanttsQupervfisfion-basedmettThod[34]ttojofinttlyrecognfizeenttfi-
ttfiesandttThefircoarse-grafinedttypes(fi.e.,$Person,$Locattfion,and
$Organfizattfion);(3)weadopttaffne-grafinedttypfingsysttem[35]tto
dfisttfingQufisTh113enttfittyttypesoff2-levelonttology(e.g.,$Polfittficfian,
$CoQunttry,and$Company);weffQurttTherQuseasettofflangQuagerQules

ttoThave6dattattypes(fi.e.,$Dfigfitt,$DfigfittUnfitt1,$DfigfittRank2,
$MonttTh,$Day,and$Year).NowweThaveaffne-grafined,ttyped
corpQusconsfisttfingoffttThettokensasdeffnedfinttThemettapattern:
enttfittyttypes,dattattypes,pThrases,words,andpQuncttQuattfionmarks.

3.2 TeProposedProblem

Problem(MettaPatternDfiscovery).Gfivenaffne-grafined,ttyped
corpQusoffmassfivesenttencesC=[...,S,...],andeacThsenttence
fisdenottedasS=tt1tt2...ttnfinwThficThttk∈T∪P∪ MfisttThek-ttTh
ttoken(TfisttThesettoffenttfittyttypesanddattattypes,PfisttThesettoff
pThrasesandwords,andM fisttThesettoffpQuncttQuattfionmarks),ttThe
ttaskfisttoffndsynonymoQusgroQupsoffqQualfittymettapatttterns.
AmettapatternmpfisasQubseqQuenttfialpatternoffttThettokensffrom
ttThesettT∪P∪ M.AsynonymoQusmettapatterngroQupfisdenotted
byMPG =[...,mpfi,...,mpj...]finwThficTheacThpafiroffmetta
patterns,mpfiandmpj,aresynonymoQus.

WThattfisaqQualfittymettapattern? HerewettakettThesenttences
asseqQuencesoffttokens.PrevfioQusseqQuenttfialpatternmfinfingalgo-
rfittThmsmfineffreqQuenttsQubseqQuencessattfisffyfingasfinglemettrfic,ttThe
mfinfimQumsQupporttttThresThold(mfinsQup),finattransacttfionalseqQuence
dattabase[1].However,fforttexttseqQuencedatta,ttTheqQualfittyoffoQur
proposedttexttQualpattern,ttThemettapattern,sThoQuldbeevalQuatted
sfimfilarttopThrasemfinfing[21],finffoQurcrfitterfiaasfillQusttrattedbelow.

Example.TeqQualfittyoffapatternfisevalQuattedwfittThttTheffollowfing
crfitterfia:(ttThefformerpatternThasThfigTherqQualfittyttThanttThelatter)
FreqQuency:“$DfigfittRankpresfidenttoff$CoQunttry”vs.“yoQungpresfi-
denttoff$CoQunttry”;
Completteness:“$CoQunttrypresfidentt$Polfittficfian”vs.“$CoQunttry
presfidentt”,“$Person’swfiffe,$Person”vs.“$Person’swfiffe”;
Infformattfiveness:“$Person’swfiffe,$Person”vs.“$Personand$Person”;
Precfiseness:“$CoQunttrypresfidentt$Polfittficfian”vs.“$Locattfion
presfidentt$Person”,“$Person’swfiffe,$Person”vs.“$Polfittficfian’s
wfiffe,$Person”,“popQulattfionoff$Locattfion”vs.“popQulattfionoff$CoQunttry”.

WThattaresynonymoQusmettapatterns? TeffQullsettoffffreqQuentt
seqQuenttfialpatternsffromattransacttfiondattasettfisThQuge[1];andttThe
nQumberoffmettapatternsffromamassfivecorpQusfisalsobfig.Sfince
ttTherearemQulttfiplewaysttoexpressttThesameorsfimfilarmeanfings
finanattQurallangQuage,manymettapatternsmaysTharettThesameor
nearlyttThesamemeanfing.ExamplesThavebeengfivenfinFfigQure1.
GroQupfingsynonymoQusmettapatternscanThelpaggregattealarge
nQumberoffexttracttfionsoffdfifferenttpatternsffromdfifferenttsenttences.
AndttThettypedfisttrfibQuttfionoffttTheaggregattedexttracttfionscanThelpQus
adjQusttttThemettapatternsfinttThegroQupfforprecfiseness.

4 THEMETAPADFRAMEWORK

FfigQure3presenttsttTheMettaPADfframeworkfforMettaPAtternDfiscovery.
IttThasttThreemodQules.Ffirstt,fittdevelopsaconttextt-awaresegmen-
ttattfionmettThodttodettermfinettTheboQundarfiesoffttThesQubseqQuences
andgenerattettThemettapatternsoffffreqQuency,completteness,and
finfformattfiveness(seeSec.4.1).Second,fittgroQupssynonymoQusmetta
patternsfinttoclQustters(seeSec.4.2). Tfird,fforeverysynonymoQus
patterngroQup,fittadjQusttsttThelevelsoffenttfittyttypesfforapproprfiatte
granQularfittyttoThaveprecfisemettapatterns(seeSec.4.3).

1$DfigfittUnfitt:“percentt”,“%”,“ThQundred”,“ttThoQusand”,“mfillfion”,“bfillfion”,“ttrfillfion”…
2$DfigfittRank:“ffrstt”,“1stt”,“second”,“2nd”,“44ttTh”…



4.1 Generattfingmettapatttternsbyconttextt-aware
segmenttattfion

Patterncandfidattegenerattfion.WeadopttttThesttandardffreqQuentt
seqQuenttfialpatternmfinfingalgorfittThm[31]ttolookfforpatterncan-
dfidattesttThattsattfisffyamfinsQupttThresThold.Inpracttfice,onecansetta
maxfimQumpatternlengttThωttoresttrficttttThenQumberoffttokensfinttThe
patterns.Dfifferenttffromsynttacttficanalysfisoffverylongsenttences,
oQurmettapatternmfinfingexplorespatternsttrQucttQuresttThattarelocal
bQuttsttfilloffwfideconttextt:finoQurexperfimentts,wesettω=20.

MettapatternqQualfittyassessmentt.GfivenaThQugenQumberoffpattern
candfidattesttThattcanbemessy(e.g.,“off$CoQunttry”and“$Polfittficfian
and”),fittfisdesfiredbQuttcThallengfingttoassessttTheqQualfittyoffttThe
patternswfittThaveryffewttrafinfinglabels.WefinttrodQucearficThsettoff
conttexttQualffeattQuresoffttThepatternsaccordfingttottTheqQualfittycrfitterfia
(seeSec.3.2)asffollowsandttrafinaclassfifferttoesttfimattettTheqQualfitty
ffQuncttfionQ(mp)∈[0,1]wTherempfisamettapatterncandfidatte:
1.FreqQuency:AgoodpatternmpsThoQuldoccQurwfittThsQuffcfientt
coQunttc(mp)finagfiventtypedttexttcorpQus. TeottTherffeattQurefisttThe
normalfizedffreqQuencyoffmpbyttThesfizeoffttThegfivencorpQus.
2.Concordance:IffttThecollocattfionoffttokensfinsQucThffreqQuency
ttThattfissfignfiffcanttlyThfigTherttThanwThattfisexpectteddQuettocThance,
ttThemettapatternmpThasgoodconcordance.Tosttattfisttficallyreason
aboQuttttTheconcordance,weconsfideranQullThypottThesfis:ttThecorpQus
fisgenerattedffromaserfiesofffindependenttBernoQullfittrfials.SQuppose
ttThenQumberoffttokensfinttThecorpQusfisLttThattcanbeassQumedtto
beffafirlylarge. TeexpecttedffreqQuencyoffapafiroffsQub-patterns
mpl,mprQunderoQurnQullThypottThesfisoffttThefirfindependencefis

µ0(c(mpl,mpr))=L·p(mpl)·p(mpr), (1)

wTherep(mp)=
c(mp)
L fisttTheempfirficalprobabfilfittyoffttThepattern.

WeexamfineallttThepossfiblecasesoffdfivfidfingmpttoleffsQub-pattern
mplandrfigThttsQub-patternmpr. TerefisnooverlapbettweenttThe
sQub-patterns. WeQuseZscorettoprovfideaqQuanttfittattfivemeasQure
offapafiroffsQub-patternsmpl,mpr fformfingttThebesttcollocattfion
(maxfimQumZscore)asmpfinttThecorpQus:

Z(mp)= max
mpl,mpr=mp

c(mp)−µ0(c(mpl,mpr))

σmpl,mpr
, (2)

wThereσmpl,mpr fisttThesttandarddevfiattfionoffttTheffreqQuency.AThfigTh
ZscorefindficattesttThattttThepatternfisacttfingasanfinttegralsemanttfic
QunfittfinttTheconttextt:fittscomposedsQub-patternsareThfigThlyassocfiatted.
3.Infformattfiveness:AgoodpatternmpsThoQuldThavefinfforma-
ttfiveconttextt.WeexamfinettThecoQunttsoffdfifferenttkfindsoffttokens
(e.g.,ttypes,words,pThrases,non-sttopwords,marks).Forexam-
ple,ttThepattern“$Person’swfiffe$Person”fisfinfformattfivefforttThe
non-sttopword“wfiffe”;“$Personwasbornfin$Cfitty”fisgoodffor
ttThepThrase“bornfin”;and“$Person,$Dfigfitt,”fisalsofinfformattfive
fforttThettwodfifferenttttypesandttwocommas.BesfidesttThecoQuntts,
weadopttInverse-DocQumenttFreqQuency(IDF)ttoavofidttThefissQueoff
over-popQularfittyoffsomettokens.
4.Completteness:WeQusettTherattfiobettweenttTheffreqQuencfiesoffttThe
patterncandfidatte(e.g.,“$CoQunttrypresfidentt$Polfittficfian”)andfitts
sQub-patterns(e.g.,“$CoQunttrypresfidentt”).IffttTherattfiofisThfigTh,ttThe

⎡⎡$LOCATIONpresfidentt$PERSON⎦⎦and ⎡⎡prfime_mfinfistter$PERSONoff$LOCATION⎦⎦mettfin…

Generattfingmettapatttternsbyconttextt-awaresegmenttattfion:(Secttfion4.1)

$LOCATIONpresfidentt $PERSON

presfidentt $PERSONoff $LOCATION
$LOCATION’s presfidentt $PERSON

…

prfime_mfinfistter$PERSONoff$LOCATION

$LOCATIONprfime_mfinfistter$PERSON
$LOCATION’s prfime_mfinfistter$PERSON

…

GroQupfingsynonymoQusmettapatttterns:(Secttfion4.2)

AdjQusttfingenttfitty-ttypelevelsfforapproprfiattegranQularfitty:(Secttfion4.3)

$COUNTRYpresfidentt $POLITICIAN

presfidentt $POLITICIANoff $COUNTRY
$COUNTRY’s presfidentt $POLITICIAN

…

prfime_mfinfistter$POLITICIANoff$COUNTRY

$COUNTRYprfime_mfinfistter$POLITICIAN
$COUNTRY’s prfime_mfinfistter$POLITICIAN

…

$LOCATION.COUNTRYpresfidentt$PERSON.POLITICIAN
and prfime_mfinfistter$PERSON.POLITICIANoff$LOCATION.COUNTRYmettfin…

1

2

3

candfidattefislfikelyttobecomplette.WealsoQusettTherattfiobettweenttThe

FfigQure3: TreemodQulesfinoQurMettaPAD

$COUNTRY $POLITICIANpresfidentt $POLITICIANprfime_mfinfistterand off $COUNTRY

Qu.s. barack_obamapresfidentt jQusttfin_ttrQudeaQuprfime_mfinfistterand offcanada

⎡⎡$COUNTRYpresfidentt$POLITICIAN⎦⎦and⎡⎡prfime_mfinfistter$POLITICIANoff$COUNTRY⎦⎦

Q(.) ⇧⇧
Q(.) ⇧⇧

Q(.)⇩⇩

fframework.

FfigQure4:Generattfingmettapatttternsbyconttextt-awareseg-
menttattfionwfittThttThepatttternqQualfittyffQuncttfionQ(.).

ffreqQuencfiesoffttThepatterncandfidatteandfittssQuper-patterns.IffttThera-
ttfiofisThfigTh,ttThecandfidattefislfikelyttobefincomplette.Moreover,weex-
pecttttThemettapatternttobeNOTboQundedbysttopwords.Forexam-
ple,nefittTher“and$CoQunttrypresfidentt”nor“presfidentt$Polfittficfian
and”fisproperlyboQunded.NottettThattcomplettenessfisdfifferenttffrom
concordance:Forexample,finttTheconcordancettestt,“$CoQunttry
presfidentt$Polfittficfian”cannottbedfivfidedfinttottwosQub-patterns
becaQuse“$Polfittficfian”fisnottavalfidsQub-pattern,bQuttttThecomplette-
nessffeattQurescanttellttThatt“$CoQunttrypresfidentt$Polfittficfian”fis
morecomplettettThananyoffttThesQub-patterns“$CoQunttrypresfidentt”
or“presfidentt$Polfittficfian”.
5.Coverage:AgoodttypedpatterncanexttracttmQulttfiplefinsttances.
Forexample,ttThettype$PolfittficfianfinttThepattern“$Polfittficfian’s
ThealttThcarelaw”reffersttoonlyoneenttfitty“BarackObama”,andttThQus
ThasttoolowcoveragefinttThecorpQus. TecoQunttoffenttfittfiesrefferred
ttoattypefinttThepatternfisnormalfizedbyttThesfizeoffttThecorpQus.
Wettrafinaclassfifferbasedonrandomfforestts[6]fforlearnfingttThe

metta-patternqQualfittyffQuncttfionQ(mp)wfittThttTheaboverficThsettoffcon-
ttexttQualffeattQures.OQurexperfimentts(nottreporttedTherefforttThesakeoff
space)sThowttThattQusfingonly100posfittfivepatternlabelscanacThfieve
sfimfilarprecfisfionandrecallasQusfing300posfittfivelabels.SfincettThe
nQumberoffpatterncandfidattefisoffenmQucThmorettThanttThenQumber
offlables,werandomlypfickasettoffpatterncandfidattesasnegattfive
labels. TenQumbersoffposfittfivelabelsandnegattfivelabelsarettThe
same. TfisparttcanbeffQurttTherfimprovedbyQusfingensemblelearn-
fingfforrobQusttlabelselecttfion[37].NottettThattttThelearnfingresQultts
canbettransfferredttoottTherdomafins:Forexample,fiffwettransffer
ttThelearnfingmodelonnewsorttweettsttottThebfio-medficalcorpQus,
ttTheffeattQuresofflow-qQualfittypatterns“$Polfittficfianand$CoQunttry”
and“$Bactterfiaand$Anttfibfiottfics”aresfimfilar;ttTheffeattQuresoff



Table 1: IssQues off qQualfitty over-/Qunder-esttfimattfion can be fixed wThen ttThe segmenttattfion recttfifies pattttern ffreqQuency.

Beffore segmenttattfion FreqQuency recttfified atter segmenttattfion
Pattern candfidatte CoQuntt Qualfitty CoQuntt Qualfitty IssQue fixed by ffeedback

$CoQunttry presfidentt $Polfittficfian 2,912 0.93 2,785 0.97 N/A
prfimemfinfistter $Polfittficfian off $CoQunttry 1,285 0.84 1,223 0.92 slfigThtt Qunderesttfimattfion
$Polfittficfian and prfimemfinfistter $Polfittficfian 532 0.70 94 0.23 overesttfimattfion

ThfigTh-qQualfitty patterns “$Polfittficfian fis presfidentt off $CoQunttry” and
“$Bactterfia fis resfisttantt tto $Anttfibfiottfics” are sfimfilar.
In oQur practtfice, we find ttThe random fforestts model fis effecttfive and

eficfientt. There coQuld be space ffor fimprovementt by adopttfing more
complficatted learnfing models sQucTh as Condfittfional Random Ffield
(CRF) and Deep NeQural Nettwork (DNN) models. We woQuld sQuggestt
practtfittfioners wTho Quse ttThe above models tto keep consfiderfing (1)
tto Quse enttfitty ttypes fin qQualfitty pattern classfificattfion and (2) tto Quse
ttThe rficTh sett off ffeattQures we Thave finttrodQuced as above tto assess ttThe
qQualfitty off metta patterns.

Conttextt-aware segmenttattfion QusfingQ(.)wfittTh ffeedback.WfittTh ttThe
pattern qQualfitty ffQuncttfionQ(.)learntt ffrom ttThe rficTh sett off conttex-
ttQual ffeattQures, we develop a bottom-Qup segmenttattfion algorfittThm tto
consttrQuctt ttThe bestt parttfittfion off segmentts off ThfigTh qQualfitty scores. As
sThown fin FfigQure 4, we QuseQ(.)tto dettermfine ttThe boQundarfies off ttThe
segmentts: we ttake “$CoQunttry presfidentt $Polfittficfian” ffor fitts ThfigTh
qQualfitty score; we do nott ttake ttThe candfidatte “and prfimemfinfistter
$Polfittficfian off $CoQunttry” becaQuse off fitts low qQualfitty score.
SfinceQ(mp)was learntt wfittTh ffeattQures finclQudfing ttThe raw ffre-

qQuencyc(mp), ttThe qQualfitty score may be overesttfimatted or Qunder-
esttfimatted: ttThe prfincfiple fis ttThatt every ttoken’s occQurrence sThoQuld
be assfigned tto only one pattern bQutt ttThe raw ffreqQuency may coQuntt
ttThe ttokens mQulttfiple ttfimes. ForttQunattely, atter ttThe segmenttattfion, we
can recttfiffy ttThe ffreqQuency ascr(mp), ffor example fin FfigQure 4, ttThe
segmenttattfion avofids coQunttfing “$Polfittficfian and prfimemfinfistter
$Polfittficfian” off overesttfimatted ffreqQuency/qQualfitty (see Table 1).
Once ttThe ffreqQuency ffeattQure fis recttfified, we re-learn ttThe qQualfitty

ffQuncttfionQ(.)Qusfingc(mp)as ffeedback and re-segmentt ttThe corpQus
wfittTh fitt. Thfis can be an fitterattfive process bQutt we ffoQund fin only one
fitterattfion, ttThe resQultt converges. AlgorfittThm 1 sThows ttThe dettafils.

4.2 GroQupfing synonymoQus metta patttterns

GroQupfing ttrQuly synonymoQus metta patterns enables a large collec-
ttfion off exttracttfions off ttThe same relattfion aggregatted ffrom dfifferentt
bQutt synonymoQus patterns. For example, ttThere coQuld be ThQundreds
off ways off expressfing ttThe relattfioncoQunttry:presfidentt;fiffwegroQup
all sQucTh metta patterns, we can aggregatte all ttThe exttracttfions off ttThfis
relattfion ffrom massfive corpQus.PAT TY[28] Thas a narrow definfittfion
off ttThefir synonymoQus dependency pattTh-based SOL patterns: ttwo patt-
tterns are synonymoQus fiff ttThey generatte ttThe same sett off exttracttfions
ffrom ttThe corpQus. Here we develop a learnfing mettThod tto fincorporatte
finfformattfion off ttThree aspectts, (1) enttfitty/datta ttypes fin ttThe pattern,
(2) conttextt words/pThrases fin ttThe pattern, and (3) exttracttfions ffrom
ttThe pattern, tto assfign ttThe metta patterns fintto groQups. OQur mettThod fis
based on ttThree assQumpttfions as ffollows (see FfigQure 5):
A1:SynonymoQus metta patterns mQustt Thave ttThe same enttfitty/datta
ttypes: ttThe metta patterns “$Person’s age fis $Dfigfitt” and “$Person’s
wfiffe fis $Person” cannott be synonymoQus;

AlgorfittThm 1Conttextt-aware segmenttattfion QusfingQwfittTh ffeedback

ReqQufire:corpQus off senttencesC=[…,S, …],S=tt1tt2...ttn(ttkfis ttThe
k-ttTh ttoken), a sett off metta pattern candfidattesMPcand, metta-
pattern qQualfitty ffQuncttfionQ(.)learntt by conttexttQual ffeattQures

1:Sett all ttThe recttfified ffreqQuencycr(mp)tto zero
2:fforS∈Cdo
3: Segmentt ttThe senttenceSfinttoSeд=[…,mp, …] by maxfimfiz-
fing mp∈SeдQ(mp)wfittTh a bottom-Qup scTheme (see FfigQure 4),
wTheremp∈MPcandfis a segmentt off ThfigTh qQualfitty score

4: fformp∈Seдdo
5: cr(mp)←cr(mp)+1
6: end ffor
7:end ffor
8:Re-learnQ(.)by replacfing ttThe raw ffreqQuency ffeattQurec(mp)
wfittTh ttThe recttfified ffreqQuencycr(mp)as ffeedback

9:Re-segmentt ttThe corpQusCwfittTh ttThe newQ(.)
10:rettQurnSegmentted corpQus, a sett off qQualfitty metta patterns fin ttThe
segmentted corpQus, and ttThefir qQualfitty scores finQ(.)

$COUNTRY presfidentt $POLITICIAN

presfidentt $POLITICIANoff $COUNTRY

$PERSON,$DIGIT,

$PERSON’s age fis $DIGIT

$PERSON,a$DIGIT-year-old

presfidentt

Unfitted Sttattes, BarackObama

BarackObama, 55

JQusttfin TrQudeaQu, 43

age

-year-old

Unfitted Sttattes, BfillClfintton

word2vec sfimfilarfitty

FfigQure 5: GroQupfing synonymoQus metta patttterns wfittTh finffor-
mattfion off conttextt words and exttracttfions.

A2:Iff ttwo metta patterns sThare (nearly) ttThe same conttextt words/pThrases,
ttThey are more lfikely tto be synonymoQus: ttThe patterns “$CoQunttry
presfidentt $Polfittficfian” and “presfidentt $Polfittficfian off $CoQunttry”
sThare ttThe word “presfidentt”;
A3:Iff ttwo patterns generatte more common exttracttfions, ttThey are
more lfikely tto be synonymoQus: bottTh “$Person’s age fis $Dfigfitt” and
“$Person, $Dfigfitt,” generatteBarack Obama, 55.
Sfince ttThe nQumber off groQups cannott be pre-specfified, we propose

tto firstt consttrQuctt a pattern-pattern grapTh fin wThficTh ttThe ttwo pattern
nodes off every edge sattfisffyA1and are predfictted tto be synonymoQus,
and ttThen Quse a denseδ-clfiqQue dettecttfion ttecThnfiqQue tto find all dense
clfiqQues as synonymoQus metta patten groQups. We sett Qup ttThe densfitty
δ=0.8 as ttThe common densfitty clfiqQue dettecttfion ttecThnfiqQue does
[17]. The densfitty ttThresThold coQuld be derfived and aQuttomattfically sett
based on ttThe prfincfiple off MfinfimQum Descrfipttfion LengttTh (MDL) [18].
Here eacTh pafir off ttThe patterns (mpfi,mpj) fin ttThe groQupMPG =
[...,mpfi,...,mpj...] are synonymoQus.



$PERSON

$POLITICIAN

$ARTIST

$PERSON ,a$DIGIT-year-old

$PERSON ,$DIGIT,

$PERSON ’s age fis $DIGIT

$PERSON$LOCATION ’s presfidentt

$PERSONPresfidentt off $LOCATION

$PERSON$LOCATION presfidentt

$PERSON $ATTACKER $ARTIST

$ATHLETE $POLITICIAN $VICTIM

$LOCATION $COUNTRY

$ETHNICITY $CITY

$PERSON$COUNTRY $ETHNICITY $POLITICIAN

FfigQure 6: AdjQusttfing enttfitty-ttype levels ffor approprfiatte gran-
Qularfitty wfittTh enttfitty-ttype dfisttrfibQuttfions.

For ttThe grapTh consttrQucttfion, we ttrafin SQupportt Vecttor Regressfion
(SVR) tto learn ttThe ffollowfing ffeattQures off a pafir off patterns based on
A2andA3: (1) ttThe nQumbers off words, non-sttop words, pThrases ttThatt
eacTh pattern Thas and ttThey sThare; (2) ttThe maxfimQum sfimfilarfitty score
bettween pafirs off non-sttop words or pThrases fin ttThe ttwo patterns;
(3) ttThe nQumber off exttracttfions ttThatt eacTh pattern Thas and ttThey sThare.
The sfimfilarfitty bettween words/pThrases fis representted by ttThe cosfine
sfimfilarfitty off ttThefir word2vec embeddfings [24,38]. The regressfion
resQultts provfide Qus a scores off mfixed sfimfilarfittfies ffor eacTh pafir off
patter nodes.

4.3 AdjQusttfing ttype levels ffor precfiseness

Gfiven a groQup off synonymoQus metta patterns, we expectt ttThe patterns
tto be precfise: fitt fis desfired tto dettermfine ttThe levels off ttThe enttfitty
ttypes fin ttThe patterns ffor approprfiatte granQularfitty. Thanks tto ttThe
groQupfing process off synonymoQus metta patterns, we Thave rficTh ttype
dfisttrfibQuttfions off ttThe enttfittfies ffrom ttThe large collecttfion off exttracttfions.
As sThown fin FfigQure 6, gfiven ttThe onttology off enttfitty ttypes (e.g.,

$Locattfion: $CoQunttry, $Sttatte, $Cfitty, . . . ; $Person: $Arttfistt,
$AttThlette, $Polfittficfian, . . . ), ffor ttThe groQup off synonymoQus metta
patterns “presfidentt $Person off $Locattfion”, “$Locattfion’s presfi-
dentt $Person”, and “$Locattfion presfidentt $Person”, are ttThe enttfitty
ttypes, $Locattfion and $Person, off approprfiatte granQularfitty tto make
ttThe patterns precfise? Iff we look att ttThe ttype dfisttrfibQuttfions off enttfittfies
fin ttThe exttracttfions off ttThese patterns, fitt fis clear ttThatt mostt off ttThe enttfittfies
ffor $Locattfion are ttyped att a fine-grafined level as $CoQunttry (e.g.,
“Unfitted Sttattes”) or $EttThnficfitty (e.g., “RQussfian”), and mostt off ttThe
enttfittfies ffor $Person also Thave ttThe fine-grafined ttype $Polfittficfian.
Thereffore, compared wfittTh “$Locattfion presfidentt $Person”, ttThe ttwo
fine-grafined metta patterns “$CoQunttry presfidentt $Polfittficfian” and
“$EttThnficfitty presfidentt $Polfittficfian” are more precfise; we Thave ttThe
same clafim ffor ottTher metta patterns fin ttThe synonymoQus groQup. On
ttThe ottTher Thand, ffor ttThe groQup off synonymoQus metta patterns on
person:age, we can see mostt off ttThe enttfittfies are ttyped att a coarse-
grafined level as $Person finsttead off $AttThlette or $Polfittficfian. So
ttThe enttfitty ttype fin ttThe patterns fis good tto be $Person. From ttThfis
observattfion, gfiven an enttfitty ttypeTfin ttThe metta pattern groQup, we
propose a mettrfic, calledgrafinfiness, ttThatt fis defined as ttThe ffracttfion off
ttThe enttfittfies ttyped byTttThatt can be fine-grafined ttoT’s sQub-ttypes:

д(T)=
T∈sQubttypeoff(T)nQumenttfitty(T)

T∈sQubttypeoff(T)∪{T}nQumenttfitty(T)
. (3)

Table 2: Two dattasetts we Quse fin ttThe experfimentts.

Dattasett Ffile Sfize #DocQumentt #Enttfitty #Enttfitty Menttfion

APR(news) 199MB 62,146 284,061 6,732,399
TWT(ttweett) 1.05GB 13,200,821 618,459 21,412,381

Iffд(T)fis ThfigTher ttThan a ttThresTholdθ, we go down ttThe ttype onttology
ffor ttThe fine-grafined ttypes.
SQuppose we Thave dettermfined ttThe approprfiatte ttype level fin ttThe

metta pattern groQup Qusfing ttThe grafinfinessmettrfic. However, nott
every ttype att ttThe level sThoQuld be Qused tto consttrQuctt precfise metta
patterns. For example, we can see ffrom FfigQure 6 ffor ttThe patterns
onpresfidentt, very ffew enttfittfies off $Locattfion are ttyped as $Cfitty,
and very ffew enttfittfies off $Person are ttyped as $Arttfistt. Comparfing
wfittTh $CoQunttry, $EttThnficfitty, and $Polfittficfian, ttThese fine-grafined
ttypes are att ttThe same level bQutt Thave ttoo small sQupportt off exttracttfions.
We exclQude ttThem ffrom ttThe metta pattern groQup. Based on ttThfis fidea,
ffor an enttfitty ttypeT, we propose anottTher mettrfic, calledsQupportt, ttThatt
fis defined as ttThe rattfio off ttThe nQumber off enttfittfies ttyped byTtto ttThe
maxfimQum nQumber off enttfittfies ttyped byT’s sfiblfing ttypes:

s(T)=
nQumenttfitty(T)

maxT∈sfiblfinд−ttypeoff(T)∪{T}nQumenttfitty(T)
. (4)

Iffs(T)fis ThfigTher ttThan a ttThresTholdγ, we consfider ttThe ttypeTfin ttThe
metta pattern groQup; ottTherwfise, we drop fitt.
WfittTh ttThese ttwo mettrfics, we develop attop-downscTheme ttThatt firstt

condQuctts segmenttattfion and synonymoQus pattern groQupfing on ttThe
coarse-grafined ttyped metta patterns, and ttThen cThecks fiff ttThe fine-
grafined ttypes are sfignfificantt and fiff ttThe patterns can be splfitt tto ttThe
fine-grafined level; we also develop abottom-downscTheme ttThatt firstt
works on ttThe fine-grafined ttyped metta patterns, and ttThen cThecks fiff
ttThe patterns can be merged fintto a coarse-grafined level.

4.4 Complexfitty analysfis

We develop ttThree new componentts fin oQurMettaPAD. The ttfime com-
plexfitty off generattfing metta patterns wfittTh conttextt-aware segmentta-
ttfion fisO(ω|C|)wThereωfis ttThe maxfimQum pattern lengttTh and|C|fis
ttThe corpQus sfize (fi.e., ttThe ttottal nQumber off ttokens fin ttThe corpQus). The
complexfitty off groQupfing synonymoQus metta patterns fisO(|MP|),
and ttThe complexfitty off adjQusttfing ttype levels fisO(Th|MP|)wThere
|MP|fis ttThe nQumber off qQualfitty metta patterns andThfis ttThe ThefigThtt
off ttype onttology. The ttottal complexfitty fisO(ω|C|+(Th+1)|MP|),
wThficTh fis lfinear fin ttThe corpQus sfize.
PAT TY[28] fis also scalable fin ttThe nQumber off senttences bQutt ffor

eacTh senttence, ttThe complexfitty off dependency parsfing fitt adoptted fis
as ThfigTh asO(n3)wTherenfis ttThe lengttTh off ttThe senttence. Iff ttThe corpQus
Thas many long senttences,PAT TYfis ttfime-consQumfing; wThereas oQur
MettaPAD’s complexfitty fis lfinear tto ttThe senttence lengttTh ffor every
findfivfidQual senttence. The empfirfical sttQudy on ttThe scalabfilfitty can be
ffoQund fin ttThe nextt secttfion.

5 EXPERIMENTS

Thfis secttfion reportts oQur essenttfial experfimentts ttThatt demonsttratte ttThe
effecttfiveness off ttTheMettaPADatt (1) ttyped ttexttQual pattern mfinfing:
dfiscoverfing synonymoQus groQups off metta patterns, and (2) one applfi-
cattfion: exttracttfing ttQuple finfformattfion ffrom ttwo dattasetts off dfifferentt
genres. Addfittfional resQultts regardfing eficfiency are reportted as well.



Table3:Enttfitty-AttttrfibQutte-ValQuettQuplesasgroQundttrQuttTh.

AttrfibQutte TypeoffEnttfitty TypeoffValQue #TQuple

coQunttry:presfidentt $CoQunttry $Polfittficfian 1,170
coQunttry:mfinfistter $CoQunttry $Polfittficfian 1,047
sttatte:representtattfive $Sttatte $Polfittficfian 655
sttatte:senattor $Sttatte $Polfittficfian 610
coQuntty:sTherfiff $CoQuntty $Polfittficfian 106
company:ceo $Company $BQusfinessperson 1,052
Qunfiversfitty:proffessor $Unfiversfitty $ResearcTher 707
award:wfinner $Award $Person 274

5.1 Dattasetts

Table2presenttsttThesttattfisttficsoffttwodattasettsffromdfifferenttgenres:

•APR:newsffromTeAssocfiattedPressandReQuttersfin2015;
•TWT:ttweettscollecttedvfiaTwfitttterAPIfin2015/06–2015/09.

TenewscorpQusoffenThaslongsenttences,wThficThfisrattThercThal-
lengfingfforttexttQualpatternmfinfing.Forexample,ttThecomponentt
offdependencyparsfingfinPATTY[28]ThascQubficcompQuttattfional
complexfittyoffttThelengttThfforfindfivfidQualsenttences.
TepreprocessfingttecThnfiqQuesfinoQur MettaPADadopttdfisttantt

sQupervfisfionwfittThextternaldattabasesfforenttfittyrecognfittfionandffne-
grafinedttypfing(seeSec.3.1).WeQuseDBpedfia[3]andFreebase[5]
asknowledgebasesffordfisttanttsQupervfisfion.

5.2 ExperfimenttalSettttfings

WecondQucttttwottasksfinttTheexperfimentts. Teffrsttttaskfisttodfiscover
ttypedttexttQualpatternsffrommassfivecorporaandorganfizettThepatterns
finttosynonymoQusgroQups.WecomparewfittThttThesttatte-off-ttThe-arttSOL
patternsynsettmfinfingmettThodPATTY[28]onbottThttTheqQualfittyoff
patternsandttTheqQualfittyoffsynonymoQuspatterngroQups.SfincettThere
fisnosttandardgroQundttrQuttThoffttThettypedttexttQualpatterns,wereportt
exttensfiveqQualfittattfiveanalysfisonttThettThreedattasetts.
Tesecondttaskfistto exttracttenttfitty,attrfibQutte,valQue(EAV)ttQuple

finfformattfion.ForeverysynonymoQuspatternsettgenerattedbyttThe
compettfittfivemettThodsffromnewsandttweetts,weassfignfittttoone
attrfibQuttettypeffromttThesettfinTable3fiffapproprfiatte. Wecollectt
5,621EAV-ttQuplesffromttTheexttracttfions,labelttThemasttrQueorffalse,
andffnally,weThave3,345ttrQueEAV-ttQuples. WeThave2,400ttrQue
EAV-ttQuplesffromAPRand2,090ffromTWT.MosttoffttThemareoQutt
offttTheexfisttfingknowledgebases:weareexplorfingnewexttracttfions
ffromnewttexttcorpora.
WeevalQuattettTheperfformancefinttermsoffprecfisfionandrecall.

PrecfisfionfisdeffnedasttTheffracttfionoffttThepredficttedEAV-ttQuples
ttThattarettrQue.RecallfisdeffnedasttTheffracttfionoffttThelabelledttrQue
EAV-ttQuplesttThattarepredficttedasttrQueEAV-ttQuples.WeQuse(1)ttThe
F1scorettThattfisttTheTharmonficmeanoffprecfisfionandrecall,and(2)
ttTheAreaUnderttTheprecfisfion-recallCQurve(AUC).AllttThevalQues
arebettween0and1,andaThfigThervalQuemeansbetterperfformance.
InttThesecondttask,besfidesPATTY,ttThecompettfittfivemettThodsffor

ttQupleexttracttfionare:Ollfie[36]fisanopenIEsysttemttThattexttractts
relattfionalttQupleswfittThsynttacttficandlexficalpatterns;ReNoQun[40]
learns“S-A-O”patternssQucThas“SA,O,”and“AoffSfisO”wfittThan-
nottattedcorpQus.BottThmettThodsfignorettTheenttfitty-ttypfingfinfformattfion.
WedevelopffoQuraltternattfivesoffMettaPADasffollows:
1.MettaPAD-Tonlydevelopssegmenttattfionttogenerattepatterns
finwThficThttTheenttfittyttypesareattttThettop(coarse-grafined)level;

2.MettaPAD-TSdevelopsallttThettThreecomponenttsoffMettaPAD
finclQudfingsynonymoQuspatterngroQupfingbasedonMettaPAD-T;
3.MettaPAD-Bonlydevelopssegmenttattfionttogenerattepatterns
finwThficThttTheenttfittyttypesareattttThebottom(ffne-grafined)level;
4.MettaPAD-BSdevelopsallttThettThreecomponenttsoffMettaPAD
finclQudfingsynonymoQuspatterngroQupfingbasedonMettaPAD-B.
ForttTheparamettersfinMettaPAD,wesettttThemaxfimQumpattern

lengttThasω=20,ttThettThresTholdoffgrafinfinessscoreasθ=0.8,and
ttThettThresTholdoffsQupporttscoreasγ=0.1.WettQunedttTheparametters
ttoacThfievettThebesttperfformance.WewoQuldlfikettopofinttoQuttttThattfitt
woQuldbemoreeffecttfivettoaQuttomattficallyffndttThebesttparametters
bysttattfittficalanalysfisonttThecorpQusdfisttrfibQuttfion.

5.3 ResQulttsonTypedTexttQualPatttternDfiscovery

OQurproposedMettaPADdfiscoversThfigTh-qQualfittymettapatternsby
conttextt-awaresegmenttattfionffrommassfivettexttcorpQuswfittThapatt-
tternqQualfittyassessmenttffQuncttfion.IttffQurttTherorganfizesttThemfintto
synonymoQusgroQups. WfittTheacThgroQupoffttThettrQulysynonymoQus
mettapatterns,wecaneasfilyassfignanapproprfiatteattrfibQuttettypetto
fitt,andTharvesttalargecollecttfionofffinsttancesexttracttedbydfifferentt
patternsoffttThesamegroQup.
Table4presenttsttThegroQupsoffsynonymoQusmettapatternsttThatt

expressattrfibQuttettypescoQunttry:presfidenttandcompany:ceo.Ffirstt,
wecanseettThattttThemettapatternsaregenerattedffromattypedcor-
pQusfinstteadoffttThesThorttesttpattThoffadependencyparsettree. TQus,
ttThepatternscankeeprficTh,wfideconttexttfinfformattfion.Second,ttThe
mettapatternsareoffThfigThqQualfittyonfinfformattfiveness,completteness,
andsoon,andpracttfittfionerscaneasfilyttellwThyttThepatternsare
exttracttedasanfinttegralsemanttficQunfitt.Tfird,ttThoQugThttThepatterns
lfike“$PolfittficfianwaselecttedasttThepresfidenttoff$CoQunttry”arerel-
attfivelylongandrare,ttTheycanbegroQupedwfittThttThefirsynonymoQus
patternssottThattallttTheexttracttfionsaboQuttoneenttfitty-attrfibQuttettype
canbeaggregattedfinttoonesett. TattfiswThyMettaPADsQuccessffQully
dfiscoverswThofis/wasttThepresfidenttoffasmallcoQunttrylfikeBQurkfina
FasoorttTheceooffayoQungcompanylfikeAffgThanCfittadel.FoQurttTh,
MettaPADdfiscoveredarficThcollecttfionoffperson:datteoffbfirttThfinffor-
mattfionffromttThenewcorpQusttThattdoesnottoffenexfisttfinttTheknowledge
bases,ttThanksttooQurmettapatternsQusenottonlyenttfittyttypesbQutt
alsodattattypeslfike$MonttTh$Day$Year.
FfigQure7sThowsttTheSOLpatternsynsettsttThattPATTYgenerattes

ffromttTheffoQursenttences.Ffirstt,ttThedependencypattThlosesttTherficTh
conttexttaroQundttTheenttfittfieslfike“presfidentt”finttTheffrsttexampleand
“ceo”finttThelasttexample.Second,ttTheSOLpatternsynsettcannott
groQupttrQulysynonymoQusttypedttexttQualpatterns. WecanseettThe
advanttagesoffgenerattfingmettapatternsandgroQupfingttThemfintto
synonymoQusclQustters.InttThefinttrodQucttfionsecttfionwealsosThowoQur
MettaPADcanffndmettapatternsoffrficThdattattypesfforttTheattrfibQutte
ttypeslfikeperson:ageandperson:datteoffbfirttTh.

5.4 ResQulttsonEAV-TQupleExttracttfion

BesfidesdfirecttlycomparfisonsonttTheqQualfittyoffmfinfingsynonymoQus
ttypedttexttQualpatterns,weapplypatternsffromdfifferenttsysttems,
Ollfie[36],ReNoQun[40],andPATTY[28],ttoexttracttttQuplefinfforma-
ttfionffromttThettwogeneralcorporaAPR(news)andTWT(ttweetts).
WeattempttttoprovfideqQuanttfittattfiveanalysfisonttTheQuseoffttThettyped
ttexttQualpatternsbyevalQuattfingThowwellttTheycanffacfilfittattettThettQuple



Table 4: SynonymoQus metta patttterns and ttThefir exttracttfions ttThattMettaPAD generattes ffrom ttThenews corpQusAPRoncoQun-
ttry:presfidentt,company:ceo, andperson:datteoffbfirttTh.

AgroQupoff synonymoQus metta patterns $CoQunttry $Polfittficfian

$CoQunttry presfidentt $Polfittficfian Unfitted Sttattes Barack Obama
$CoQunttry’s presfidentt $Polfittficfian Unfitted Sttattes Bfill Clfintton
presfidentt $Polfittficfian off $CoQunttry RQussfia Vladfimfir PQuttfin
$Polfittficfian, ttThe presfidentt off $CoQunttry, France Françofis Hollande
… … …
presfidentt $Polfittficfian’s governmentt off $CoQunttry Comoros IkfilfiloQu DThofinfine
$Polfittficfian was electted as ttThe presfidentt off $CoQunttry BQurkfina Faso Blafise Compaoŕe

AgroQupoff synonymoQus metta patterns $Company $BQusfinessperson

$Company ceo $BQusfinessperson Apple Tfim Cook
$Company cThfieff execQuttfive $BQusfinessperson Facebook Mark ZQuckerbQurg
$BQusfinessperson, ttThe $Company ceo, Hewlett-Packard Carly Ffiorfina
$Company fformer ceo $BQusfinessperson YaThoo! Marfissa Mayer
… … …
$BQusfinessperson was appofintted as ceo off $Company Inffor CTharles PThfillfips
$BQusfinessperson, fformer fintterfim ceo, leaves $Company AffgThan Cfittadel Roya MaThboob

AgroQupoff synonymoQus metta patterns $Person $Day $MonttTh $Year

$Person was born $MonttTh $Day, $Year Wfillfie Howard Mays 6 May 1931
$Person was born on $Day $MonttTh $Year Robertt Davfid Sfimon 29 May 1941
$Person (born on $MonttTh $Day, $Year) PThfillfip Joel HQugThes 30 Nov 1988
$Person (born on $Day $MonttTh $Year) … …
$Person, was born on $MonttTh $Day, $Year Carl Sessfions Sttepp 8 Septt 1956
… RficThard von Wefizsaecker 15 Aprfil 1920

$POLITICIANgovernmentt $COUNTRY

$POLITICIANelectted presfidentt $COUNTRY

$BUSINESSPERSONappofintted ceo $COMPANY

$BUSINESSPERSONleaves $COMPANY

Sttanfford dependency parsfing PATTY’s SOLpattttern synsettssThorttestt pattTh

Synsett #1:

Synsett #2:

Synsett #3:

Synsett #4:

FfigQure 7: Compared wfittTh oQur metta patttterns, ttThe SOL pattttern mfinfing does nott ttake ttThe rficTh conttextt fintto ffQull consfiderattfion off
pattttern qQualfitty assessmentt; ttThe definfittfion off SOL pattttern synsett fis ttoo lfimfitted tto groQup ttrQuly synonymoQus patttterns.

Table 5: Reporttfing F1, AUC, and nQumber off ttrQue posfittfives
(TP) on ttQuple exttracttfion ffrom news and ttweetts datta.

APR(news, 199MB) TWT(ttweetts, 1.05GB)
F1 AUC TP F1 AUC TP

Ollfie[36] 0.0353 0.0133 288 0.0094 0.0012 115
ReNoQun[40] 0.1309 0.0900 562 0.0821 0.0347 698
PAT TY[28] 0.3085 0.2497 860 0.2029 0.1256 860

MettaPAD-T 0.3614 0.2843 799 0.3621 0.2641 880
MettaPAD-TS 0.4156 0.3269 1,355 0.4153 0.3554 1,111
MettaPAD-B 0.3684 0.3186 787 0.3228 0.2704 650
MettaPAD-BS 0.4236 0.3525 1,040 0.3827 0.3408 975

exttracttfion wThficTh fis sfimfilar wfittTh one off ttThe mostt cThallengfing NLP
ttasks calledslott fillfingffor new attrfibQuttes [16].
Table 5 sQummarfizes comparfison resQultts on ttQuple finfformattfion

ttThatt eacTh ttexQuttal pattern-drfiven systtem exttractts ffrom news and

Ollfie ReNoQun PAT T Y MettaPAD-TS MettaPAD-BS
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FfigQure 8: Precfisfion-recall on ttQuple finfformattfion exttracttfion.

ttweett dattasetts. FfigQure 8 presentts precfisfion-recall cQurves ttThatt ffQur-
ttTher demonsttratte ttThe effecttfiveness off oQurMettaPADmettThods. We
provfide oQur observattfion and analysfis as ffollows.
1)Overall, oQurMettaPAD-TSandMettaPAD-BSoQuttperfform ttThe base-
lfine mettThods, acThfievfing sfignfificantt fimprovementt on bottTh dattasetts
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FfigQure 9: Perfformance comparfisons on concrette attttrfibQutte ttypes fin tterms off F1 score and nQumber off ttrQue posfittfives.

(e.g., relattfively 37.3% and 41.2% on F1 and AUC fin ttTheAPRdatta).
MettaPADacThfieves 0.38–0.42 F1 score on dfiscoverfing ttThe EAV-ttQuples
off new attrfibQuttes lfikecoQunttry:presfidenttandcompany:ceo. In ttThe
TAC KBP compettfittfion, ttThe bestt F1 score off exttracttfing valQues off
ttradfittfional attrfibQuttes lfikeperson:parenttfis only 0.3430 [16].Metta-
PADcan acThfieve reasonable perfformance wThen workfing on ttThe
newattrfibQuttes.MettaPADalso dfiscovers ttThe largestt nQumber off ttrQue
ttQuples: on bottTh dattasetts we dfiscover more ttThan a Thalff off ttThe labelled
EAV-ttQuples (1,355/2,400 ffromAPRand 1,111/2,090 ffromTWT).
2)The bestt off MettaPAD-TandMettaPAD-BttThatt only segmentt bQutt
do nott groQup metta patterns can oQuttperfformPAT TYrelattfively by
19.4% (APR) and 78.5% (TWT) on F1 and by 27.6% (APR) and 115.3%
(TWT) on AUC. Ollfie parses findfivfidQual senttences ffor relattfional
ttQuples fin wThficTh ttThe relattfional pThrases are otten verbal expressfions.
So Ollfie can Thardly find exactt attrfibQutte names ffrom words or pThrases
off ttThe relattfional pThrases.ReNoQun’sS-A-Opatterns lfike “S’sAO”
reqQufire ThQuman annottattfions, Quse ttoo general symbols, and brfing ttoo
mQucTh nofise fin ttThe exttracttfions.PAT TY’s SOL patterns Quse enttfitty
ttypes bQutt fignore rficTh conttextt aroQund ttThe enttfittfies and only keep ttThe
sThortt dependency pattTh. OQur metta patten mfinfing Thas conttextt-aware
segmenttattfion wfittTh pattern qQualfitty assessmentt, wThficTh generattes
ThfigTh-qQualfitty ttyped ttexttQual patterns ffrom ttThe rficTh conttextt.
3)InMettaPAD-TSandMettaPAD-BS, we develop ttThe modQules off
groQupfing synonymoQus patterns and adjQusttfing ttThe enttfitty ttypes ffor
approprfiatte granQularfitty. They fimprove ttThe F1 score by 14.8% and
16.8% overMettaPAD-TandMettaPAD-B, respecttfively. We can see
ttThe nQumber off ttrQue posfittfives fis sfignfificanttly fimproved by aggregatt-
fing exttracttfions ffrom dfifferentt bQutt synonymoQus metta patterns.
4)On ttThe ttweett datta, mostt off ttThe person, locattfion, and organfiza-
ttfion enttfittfies are NOT able tto be ttyped att a fine-grafined level. So
MettaPAD-T(S)works better ttThanMettaPAD-B(S). The news datta
finclQude a large nQumber off enttfittfies off fine-grafined ttypes lfike ttThe
presfidentts and CEOs. SoMettaPAD-B(S)works better.
FfigQure 9 sThows ttThe perfformance on dfifferentt attrfibQutte ttypes on

APR.MettaPADoQuttperfforms all ttThe ottTher mettThods on eacTh ttype.
WThen ttThere are many ways (patterns) off expressfing ttThe attrfibQuttes,
sQucTh ascoQunttry:presfidentt,company:ceo, andaward:wfinner,Metta-
PADgafins more aggregatted exttracttfions ffrom groQupfing ttThe syn-
onymoQus metta patterns. OQurMettaPADcan generatte more fin-
fformattfive and complette patterns ttThanPAT TY’s SOL patterns: ffor
sttatte:representtattfive,sttatte:senattor, andcoQuntty:sTherfiffttThatt may nott
Thave many patterns,MettaPADdoes nott fimprove ttThe perfformance
mQucTh bQutt fitt sttfill works better ttThan ttThe baselfines.
In oQur sttQudy, we find ffalse EAV-ttQuple cases ffrom qQualfitty metta

patterns becaQuse ttThe patterns are off ThfigTh qQualfitty bQutt nott consfisttenttly
relfiable on specfific attrfibQuttes. For example, “presfidentt $Presfidentt

Table 6: Eficfiency: ttfime complexfitty fis lfinear fin corpQus sfize.

APR(news) TWT(ttweetts)

Ffile Sfize 199 MB 1.05 GB
#Metta Pattern 19,034 156,338
Tfime Costt 29 mfin 117 mfin

spoke tto $CoQunttry people” fis a qQualfitty pattern bQutt fitt fis only ThfigThly
relfiable tto exttractt wTho-spoke-tto-wThom relattfions bQutt less relfiable tto
clafim ttThe person fis ttThe coQunttry’s presfidentt. We can otten see correctt
cases lfike (Amerfican, presfidentt, Barack Obama) ffrom “Presfidentt
Barack Obama spoke tto Amerfican people” bQutt we can also find ffalse
cases lfike (Iraqfi, presfidentt, Jfimmy Cartter) ffrom “Presfidentt Jfimmy
Cartter spoke tto Iraqfi people”. We woQuld sQuggestt tto Quse efittTher ttrQuttTh
findfing models or more synttattfic and lexfical ffeattQures tto find ttThe
ttrQusttworttThy ttQuples fin ttThe ffQuttQure.

5.5 ResQultts on Eficfiency

The execQuttfion ttfime experfimentts were all condQuctted on a macThfine
wfittTh 20 cores off Inttel(R) Xeon(R) CPU E5-2680 v2 @ 2.80GHz. OQur
fframework fis fimplementted finC++fformetta-pattern segmenttattfion
and finPyttThonfforgroQupfing synonymoQus metta patternsandadjQustt-
fing ttype levels. We sett Qup 10 ttThreads fforMettaPADas well as all
baselfine mettThods. Table 6 presentts ttThe eficfiency perfformance off
MettaPADon ttThe dattasetts: bottTh ttThe nQumber off metta patterns and
ttfime complexfitty are lfinear tto ttThe corpQus sfize. Specfifically, ffor ttThe
31G ttweett datta,MettaPADttakes less ttThan 2 ThoQurs, wThfilePAT TY
ttThatt reqQufires Sttanfford parser ttakes 7.3 ThoQurs, andOllfiettakes 28.4
ThoQurs. Notte ttThatt ffor ttThe smaller news datta ttThatt Thave many long
senttences,PAT TYttakes even more ttfime, 10.1 ThoQurs.

6 CONCLUSIONS

In ttThfis work, we proposed a novel ttyped ttexttQual pattern sttrQucttQure,
calledmetta pattern, wThficTh fis exttened tto a ffreqQuentt, complette, finffor-
mattfive, and precfise sQubseqQuence pattern fin certtafin conttextt, com-
pared wfittTh ttThe SOL pattern. We developed an eficfientt fframework,
MettaPAD, tto dfiscover ttThe metta patterns ffrom massfive corpora
wfittTh ttThree ttecThnfiqQues, finclQudfing (1) a conttextt-aware segmenttattfion
mettThod tto careffQully dettermfine ttThe boQundarfies off ttThe patterns wfittTh
a learntt pattern qQualfitty assessmentt ffQuncttfion, wThficTh avofids costtly
dependency parsfing and generattes ThfigTh-qQualfitty patterns, (2) a clQus-
tterfing mettThod tto groQup synonymoQus metta patterns wfittTh finttegratted
finfformattfion off ttypes, conttextt, and finsttances, and (3) ttop-down
and bottom-Qup scThemes tto adjQustt ttThe levels off enttfitty ttypes fin ttThe
metta patterns by examfinfing ttThe ttype dfisttrfibQuttfions off enttfittfies fin ttThe



finsttances.ExperfimenttsdemonsttrattedttThattMettaPADeffcfienttlydfis-
coveredalargecollecttfionoffThfigTh-qQualfittyttypedttexttQualpatternstto
ffacfilfittattecThallengfingNLPttaskslfikettQuplefinfformattfionexttracttfion.
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