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Abstract

QGRAPH is a new visual languagefor queryingand updatinggraphdatabasesln QGRAPH the usercandrawv a
queryconsistingof someverticesandedgeswith speci ed relationsbetweertheir attributes. The responsawill be
the collectionof all subgraph®f the databas¢hat have the desiredpattern. QGRAPH is very usefulfor knowvledge
discovery. QGRAPH hasa powerful andelegantcountingfeaturethatenableghe userto easilyspecifyhonv mary of
certainobjectsandlinks shouldexist in orderfor asubgrapho matchaquery QGRAPH hasa cleanformal semantics
which we describen detail. We shav that QGRAPH hasexpressie power correspondingo awell-de ned subsebf
FO(COUNT),i.e., rst-order logic with countingquanti ers.

1 Intr oduction

QGRAPH is a new visuallanguagdor queryingandupdatinggraphdatabasesA key featureof QGRAPH is thatthe
usercandraw a queryconsistingof verticesandedgeswith speci ed relationsbetweertheir attributes. Theresponse
will bethecollectionof all subgraph®f the databas¢hathave thedesiredpattern.

QGRAPH is afull- edged queryandupdatelanguagewhich cancreatenewn objectsandlinks andcanupdatethe
attributesof existing objectsand links wherever a subgraphmatchinga given query patternoccurs. QGRAPH has
a powerful and elegant countingfeature(numericannotation)that enableghe userto easily specify how mary of
certainobjectsandlinks shouldexist in orderfor a subgrapho matcha query QGRAPH is designedo applyto graph
databasewith multiple attributesattachedo objectsandlinks. Eachattribute consistof a setof values.

QGRAPH hasa cleanformal semanticsvhich we describein detail (Section3). Whenqueriesarewritten using
suchasimple,intuitive tool it is crucialto give precisesemanticssothattheinterpretatiorof aquerydoesnotdepend
on possiblydiverging intuitions. We shav that QGRAPH hasexpressive power correspondingo awell-de ned subset
of FO(COUNT),i.e., rst-order logic with countingquanti ers. QGRAPH bearssomerelationto anothewisualquery
languageGraphLog,which, in the presencef ordering,hasqueryexpressibility FO TC NSFRACE [CM].
Therearealsowealer relationshipswith languageslesignedo queryXML, or semi-structuredata[AQM, ABS].

We have designedQGRAPH to be usefulfor knowledgediscovery anddatamining in large graphdatabasesOur
knowledgediscovery algorithms[JN, NJ] constructprobabilisticmodelsof the dependencieamongthe attributesof
objectsandlinks in alocal neighborhoodWe alsowish to supportthe ad hoc explorationof databasethatis essen-
tial for effective knowledgediscovery in practicalapplications. Theseusesare enabledbecauseQGRAPH provides
numericalannotationsteturnscomplex objectsin responsdo queriesandadmitsvery ef cient queryevaluation.

In Section5 we discusssomefuturework in whichwe planto optimize QGRAPH queryevaluationgivenstatistical
informationaboutthe databaseWe discussplansto allow the QGRAPH interfaceto estimatethe sizeof matchesand
time neededo producethem.We will alsoconsideraddingstrongeffeaturessuchastransitive closurein this context,
i.e., with warningsto the userwhenthe processingf a querymight be prohibitive.

2 Languagedescription

A QGRAPH queryis alabeledgraphin which the verticescorrespondo objectsandthe edgedo links. We usethe
termsvertex andedge whenreferringto the query objectandlink whenreferringto the databaseThe queryspeci es
the desiredstructureof verticesandedges.lt may alsoplacebooleanconditionson the attribute valuesof matching
objectsandlinks, aswell asglobal constraintsrelating one objector link to another Eachvertex and edgeof a
QGRAPH queryhasauniquelabel. Thequerymustbe a connectedjraph.

A queryconsistof matd verticesandedgesandoptionalupdateverticesandedges.Theformerdeterminavhich
subgraphsn the graphdatabaseonstitutea matchfor the query The latter determinewhat modi cations aremade
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to the matchingsubgraphs A querywith only matchverticesand edgessenesto identify anddisplaya collection
of subgraphsTo matchthe query a subgraphmusthave the correctstructureandsatisfyall the booleanconditions
andconstraints A querywith both matchandupdateverticesandedgescanbe usedfor attribute calculationandfor

structuralmodi cation of thedatabaseThequeryprocessonst nds thematchingsubgraphsisingthequery'smatch
elementsthenmakeschangedo thosesubgraphssindicatedby the query's updateclements.

Figurel is anexampleof the graphdatabasefor which we designedQGRAPH. Our databaseonsistof objects,
binarylinks, andattributesthatrecordfeaturesf theobjector link. An objector link canhave zeroor moreattributes.
All attributesare set-alued. For example,a personcan have multiple names.The gure shavs a fragmentfrom a
databaseboutmovies. Thelabelson the objectsindicatetheir name,andthe labelson links indicatetheir type. Not
shawvn in the gure areotherattributesof objects,suchasthe yeara movie wasreleasedr the locationof a studio.
Similarly, links could have attributes,suchasthe salaryanactorrecevvedfor starringin a givenmovie.

2.1 Conditions

Thequeryin Figure2 nds all subgraphsvith anActorin  link betweera Person andaMovie . Thetyperestric-
tionsareexpressedy conditionson the two verticesandoneedgeof the query In this exampleonly oneattributeis
testedn eachcondition;in generala conditioncanbeary booleancombinationof restrictionson attribute values.

A, B, andX areuniquelabelsassignedo eachvertex andedgein the query We uselettersat the beginning of
the alphabefor vertices,andthosefrom the endof the alphabefor edges.The labelshave no intrinsic meaningand
do notindicatearything aboutthe type of objector link thatwould matchthe labeledelement.Wheredesired type
restrictionsareenforcedwith conditionson verticesandedges.

For the sampledatabasef Figure 1, this queryproduces8 matchegFigure 3). Unlike the SELECT statement
in SQL, a QGRAPH querydoesnot specifywhich attributesof matchingobjectsandlinks shouldbe includedin the
result. Evaluatinga QGRAPH queryreturnsa collectionof all thematchingsubgraphérom thedatabaseTheusercan
examineary subgraphin theresultingcollection,andary objector link in thatsubgraphwith the userinterface.All
theobjectandlink attributes,not justthosementionedn the queryconditions areavailablefor inspection.

2.2 Numeric annotations

To grouptheactorstogetherfor eachmovie, we addanumericannotationto the Person vertex (Figure4). Executing
this queryagainsthe databas@roducest matcheqFigure5), onefor eachmovie, comparedvith 8 matchedor the



Figure3: Matchedfor queryin Figure2
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Figure4: For eachmovie, nd all its actors

guerywithout the numericannotation(Figure 3). A numericannotationcanbe speci ed on a vertex or anedgeof a
QGRAPH query (Wewill seein Section2.6thatasubqueryanalsohave anumericannotation.)A numericannotation
takesoneof threeforms. An unboundedange on avertex (or edge)meansat least instanceof the annotated
object(or link) mustbe presenin arny matchingdatabasdéragment. A boundedrange meansatleast andno
morethan instancesrerequiredfor amatch.An exactannotation meansxactly instancesrerequired. canbe
aryinteger ; canbearyinteger . If thelowerendof thepossiblerangeis 0, theannotatedtructurds optional
in ary matchingdatabaséragment.(Theannotation  is notallowedbecausé would beambiguoudetween

and .) Theannotation onavertex (or edge)indicatesneggation: to matchthe query a databaséragmentmust
not containthe correspondingbject(or link). To bewell-formed,a querymustremaina connectedyraphwhenary
optionalor negatedstructureqannotations , or ) areremoved. To avoid ambiguitiesof interpretation,
only oneof ary two adjacentwerticescanbe annotated.

A numericannotationsenestwo purposesn a query It groupstogetherinto one matchrepeatedsomorphic
substructurethatwould otherwisecreatemultiple matchedor the query(comparerigures3 and5). It placedimits
on how mary suchstructurescan occurin matchingportionsof the database.To groupthe substructuresvithout
limiting their number we usethe annotation (asin Figure4). Thereis no mechanismn QGRAPH to limit the
numberof matchingsubstructuresvithout groupingthemtogether If we changedhe annotationon the vertex A in
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Figure4 to be[1..2] insteadof [1..], thenthe subgraplon theright-handsideof 5 would no longerbe a matchfor the
guery The subgraphsn theleft-handsidewould still be matches.

The edgeX of Figure 4 alsohasan annotation . An edgeincidentto an annotatedvertex mustitself be
annotatedThe annotatioron the vertex takesprecedencever theannotatiorontheedge.We rst nd all theactors
for aspeci ¢ movie, thenfor eachof thoseactorswe nd all the Actorin  links thatconnectthe actorto the movie.
For example,an actorwho playedmultiple rolesin a particularmovie might have multiple Actorin  links to the
sameMovie object. Theannotation  groupsall thesdlinks into a singlematch. To avoid clutterin the following
exampleswe have omittedthe annotation ~ from the edgesadjacento annotatedsertices. Theannotation  is
implicit unlesssomeotherannotationis speci edontheedge.

Thequeryof Figure6 selectsnysterymoviesthatneverrecevedanOscarandhave fewerthanthreefemaleactors.
A movie thathaswon no awardsat all, or haswon awardsthat are not Oscars,could matchthis query The movie
Sleuth(1972)is a match. Sleuthhadonly onefemaleactor (Eve Channing)andwon no Oscarsalthoughit did win
an EdgarAllan PoeAward anda New York Film Critics Circle Award. If we wantedonly moviesthathave won no
awardsatall, we would droptheconjunctAwardType  Oscar from the conditiononnodeC.

A nggatedelement(annotation ) doesnot showv up in the resultsof a query because subgraphmatcheshe
qgueryonly if it hasno object(or link) matchingthe negatedvertex (or edge). For the queryof Figure6, no Award
objectsor Awarded links would appearin theresults. Person objectsandActorin  links would appearonly in
matchedor moviesthathadexactly oneor two femaleactors,suchasSleuth They would not appeaiin matchedor
moviesthathadno femaleactors.

Thequeryof Figure7 selectamoviesthatwerenominatedor the BestPictureOscarin 1997but did notwin. This
queryillustratesa numericannotatioron alink. ThemoviesAsGoodaslt Gets TheFull Monty, GoodWIl Hunting,
andL.A. Con dential matchthis query

2.3 Projecting over subgraph structure

For mary queriesthe userdoesnot needto seethe entirematchingsubgraph.For the queryof Figure7, thereis no

needto includethe Award objectandthe Nominated link in every subgraphof theresultingcollection. Thefocus
of interestis themovie. To seeonly Movie objectsin theresultswe highlightvertex A in thequery(leaving theother
vertex andthe edgesunhighlighted).This highlightingis analogougo the projectionoperatotin relationalalgebra.n

QGRAPH, we projectover structuredy highlightingthe elementghatinterestus. Highlighting doesnot changehow

the queryis evaluatedagainsthe databaselt change$iow the matchingsubgraphsiredisplayed.Only thoseobjects
andlinks thatmatchhighlightedverticesandedgesaredisplayed.
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2.4 Undirectededges

The datamodelunderlyingQGRAPH is a directedgraph;it hasno undirectedinks. NeverthelessQGRAPH allows
undirectededgedor queriesin which we do not know, or chooseto ignore,the directionalityof the relationship.For
example,in the movie databas¢he RemakeOf link goesfrom a new remale to the olderoriginal. Supposeve want
to nd remale, original pairssuchthatone of the two moviesreceved an Oscarfor BestPicturewhile the other
did not. This querycanbesuccinctlyexpressedvith anundirectedRemakeOf edgebetweerthetwo Movie vertices
(Figure8). ThesilentclassicBen-Hur (1925)andthe 1959remale starringCharltonHestonmatchthis query The
1959 Im wonthe Oscarfor BestPicture;theoriginal predatedhe Oscarawards.

2.5 Constraints

The queryof Figure 9 selectgpairs of peoplesuchthateachhasactedin one or more moviesdirectedby the othet
Thisquerymatcheshedatabaséragmentshavn in Figurel0. Burt ReynoldsdirectedTheEnd (1978)in which David
Steinbeg acted,andSteinbeg directedPaternity (1981)in which Reynoldsacted.

This queryalsomatchesary directorwho hasactedin his own movies. Multiple verticesof a querycanmatch
a singledatabas@bjectprovided the objectsatis esthe conditionson all the vertices. Lik ewise two or moreedges
having the samestart- and endpointscan matcha singlelink in the database.In the caseof an actordirector, the
verticesA andB matchthe samePerson , C andD the sameMovie , W and X thesameActorin  link, Y andZ
the sameDirectorOf  link. For example,this querywould matchJohnSaylesandall the Ims he both directed

Figure10: Databasdragmentfor Burt ReynoldsandDavid Steinbeg



ObjType = Person ObjType = Movie ObjType = Award

Y
» C
LinkType = Awarded

[3.]

LinkType = DirectorOf

[1.]

Figurel1l: Directorsof moviesthathave wonthreeor moreawardseach

andappearedh: Returnof the Secaucud (1980),Lianna(1983),TheBrotherfrom AnotherPlanet(1984),Matevan
(1987),Eight MenOut (1988),City of Hope(1991),PassionFish (1992).

To eliminatethe actordirector matcheswe add two inequality constaints to the query: A B andC D.
(Inequality constraintson the verticesforce the edgesto be distinct aswell.) Inequality constraintsare necessary
whene&er we wantto ensurethattwo vertices(or edges)mapto distinct databas@bjects(or links), unlessthe con-
ditions on the two query elementsare incompatiblearyway. In additionto inequality constraintsa constraintcan
relateattribute valuesof one objector link to thoseof anotherin the matchingsubgraph.For example,supposehe
Actorln  link hasa Salary attribute recordingthe amountthe actorearnedor thatappearanceWith constraints,
we cancomparehe salariesof two differentactors,or the salariesof the sameactorfor two differentmovies.

Both conditionsandconstraintgestrictthe matchedo a query Conditionson a vertex (or edge)involve only the
attributesof the correspondingbject(or link). Constraintgelateonevertex (or edge)of the queryto anothewertex
(or edge) by assertinghatthetwo aredistinctor by comparingheir attribute values.No inequalityor otherconstraint
is allowedbetweertwo verticesthatbothhave numericannotationsfor the samereasorthattwo verticesjoinedby an
edgecannotbothbe annotatedLik ewise no constraintmay mentiontwo annotatededgesHowever, a constraintmay
mentionanannotatedrertex andanannotateddgethatis incidentto thatvertex.

2.6 Subqueriesand Union

A subqueryis aconnectedubgraptof verticesandedgeghatcanbetreatedasalogical unit. It hasoneor moreedges
thatleave the subquerybox andattachthe subqueryto somevertex or verticesof the main query (or a higherlevel
subquery).A subqueryenableghe userto attacha numericannotatiornto a connectedyroup of verticesandedges,
insteadof justasinglevertex or edge.A queryor subquerymayalsobewrittenasthe unionof two or morequeriesas
long asthey all have identicallynamedunannotatederticesandedges.

Figure1llshavsaquerythat nds peoplewho have directedvery successfuinovies,wherea movie is considered
“very successful'if it haswon threeor more awards. The numericannotation  on the subquerybox will group
togetherall the successfumoviesfor a givendirectorinto onematchfor the query Without the subquerybox, one
matchwould bereturnedor eachsuccessfuinovie of eachdirector ThedirectorStevenSpielbeg matcheshis query
His very successfumovies include Raides of the Lost Ark (1981),4 Oscars;E.T. the Extra-Terrestrial (1982), 4
OscarsiurassicPark (1993),3 Oscars;Sdindler'sList (1993),7 Oscarsand SavingPrivate Ryan(1998),5 Oscars.
Theentiresubgraptshovn in Figure12 constitutesonematchfor thequeryin Figure11.

2.7 Datatransformation

In additionto its corvenientfeaturesfor dataextraction, QGRAPH is a e xible languagefor datatransformationn
graphdatabasediVe canaddnew objects links, andattributes,or deleteexisting ones.ConceptuallyQGRAPH query
processingompriseswo phasesmatchandupdate. The matchphasedetermineavhich subgraph®f the database
areselectedy the query's matchverticesandedgeqwith their associated¢onditions constraintsandnumericanno-
tations). The updatephaseperformsall indicatedupdatesn parallelto the selectedsubgraphsApplying oneupdate
cannotcreatea new matchfor anothemupdatewithin the samequery
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2.8 Conditions and updateson set-\valued attrib utes

In the QGRAPH datamodel,all attributesareset-valued. In mary casesthe semanticof the domainrepresentethy
thedatabaseonstrairthevaluesof someattributesto besingletonsets.In the movie databasehe ObjType attribute
is asingletonset: no objectis botha personanda movie, or anawardanda productionstudio. But in otherdomains,
asingleobjectmight have several differentObjType s.

The notation attribute value is shorthand for value  values(attribute) . Lik ewise,
attribute value is shorthandor value  values(attribute) . Notethatary objector link for which
attribute is unde ned (thatis, values(attribute) ) satis esthe conditionattribute value . If
thesematchesare undesirablewe can eliminatethemwith a compoundconditionthat rst testsif the attribute is
de ned: (attribute EMPTY attribute value)

Becausattributesareset-walued,QGRAPH providesfor threetypesof attribute updates:

replacethe existing valuesof the attribute with the new value,written attribute ‘= newValue
which meansvalues(attribute) newValue
addthe new valueto the existing oneswritten attribute += newValue
which meansvalues(attribute) values(attribute) newValue
remove anexisting valuefrom the set,written attribute -= oldVvalue
which meansvalues(attribute) values(attribute) oldvalue
We canadd,remove, or replacemultiple valuesat once.For example,
attribute = newValuel, newValue2, newValue3 means
values(attribute) newValuel, newValue2, newValue3
To remove all valuesfor anattribute,setit to empty: attribute = EMPTY

which meansvalues(attribute)
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Figure14: Add link from actorto studiowith total salary

2.9 Counter variablesin attrib ute updates

Figure13 shaws a variationon the queryfrom Figure 11 in which we storethe numberof very successfumoviesas
a new attribute of the director The numericannotation on the subquerybox illustratesthe useof a counter
variablethatis setto the numberof matchedor thesubqueryAny or all of thenumericannotationsn aquerymaybe
augmentedvith countewvariablessolong asthevariablenamesareuniquewithin thequery Thevariable countsthe
numberof maovieshby this directorthathave recevedthreeor moreawards. This valueis copiedinto a new attribute
MeasureSuccess onthePerson object.Theitalic font andassignmenboperatorindicateanattribute update.

2.10 Adding alink

Thequeryof Figurel4 createanEmployeeOf link betweeranactorandastudioif theactorhasappearedéh movies
madeby that studio. The query calculateghe total salarythe actor earnedfrom all his appearancem the studio's
movies andrecordsthe gure asasan attribute of the new link. This exampleillustratesthe useof an aggreyation
functionto calculatethe actor'stotal salary AggregationfunctionssuchasSUM, AVG, MIN, andMAX maybeused
in a QGRAPH constraintor attribute update. The expressionSUM(X.Salary)  calculateghe sumof the Salary
attributefor all the Actorln  links X connectingheactorto a movie madeby the studio. The numericannotatioron
themovie vertex is essentiafor thecalculationof TotalSalary . Theannotatiorgroupstogethetinto onematchall
themoviesfor agiven actor studio pair. Withoutthe numericannotationa separatdéink from actorto studiowould
be createdor each actor movie, studio triple, andthevalueof the TotalSalary  attribute on thelink would be
the salaryfor thatparticularmovie.

A new EmployeeOf link is createdfor each actor studio pairthatmatcheghe query Thesalaryis summed
overjustthemoviesinvolving that actor studio pair. If theactorhasworkedfor severaldifferentstudios the query
createsan EmployeeOf link to eachstudiowith a correspondingralue for the TotalSalary attribute. If we
wantedto createthe new link only in casesvherethe actorhadearnedonemillion dollarsor moreworking for the
studio,we would adda constrainto the query: SUM(X.Salary)

2.11 Adding an object

QGRAPH alsoallowsthe creationof new objects.To addanobjectto the databaseye mustalsoaddoneor morelinks
to connectthe new objectto existing ones.Figure 15 shovs how the manageiof a cinemacomplex would createan
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Figure15: Film seriesof FayeDunavay movieswith two or moreawards

objectrepresenting Im series.Themanagemwantsto present retrospectie of FayeDunavay's work. To weedout
thelessappealinglms, sheselectsonly thosethatrecevedat leasttwo awards. Eachof the Faye Dunavay movies
is connectedo theFilmSeries  objectby alnSeries  link. This queryaddsonenew objectbut asmary links as
therearemoviesin the databas¢hat satisfythe awardscriterion. If we augmentedhe databaséragmentof Figurel
with awardinformationfor all its movies,evaluatingthis querywouldresultin a Im serieswith threeitems: Network
andbothversionsof TheThomasCrown Affair (1968and1999). TheHandmaids Tale won only oneaward.

3 QGRAPH semantics

We now presenta completeformal semanticgor the matchportion of the QGRAPH languagén rst orderlogic with

two sorts: objectsandlinks. Having a formal semanticds essentiafor QGRAPH to be understoodtonsistentlyby

a wide variety of users. The diagramsof QGRAPH and other visual languageseemintuitive, but differentusers
might have divergentintuitions andinterpretthe samediagramin differentways. The formal semanticof QGRAPH

establisheshe authoritatve interpretatiorfor eachquery

We usea two-sortedogic: areobjectvariables; arelink variables A queryhas
unannotatedertices annotatedrertices
unannotate@dges annotateckdges

subqueries.

Edgeghatcrossasubquernpoundaryareconsidereghartof thesubqueryTheseedgesnustbeannotatedecausé¢he
subquenyis annotated.

Higherorder semanticds the mostnaturalway to representhe meaningof a QGRAPH query Subqueriesare
de ned inductively andthe meaningof a subqueryis the sameasif it werea queryall by itself. However, theanswer
to a QGRAPH queryis a setof graphs sothe real semanticof QGRAPH is simply the attening of the higherorder
semantics.  standsfor higherordersemanticand for at semantics.Here" atten” replacessachsubquery

, recursvely with the sets of all verticesandedgesthatoccurin

ary instanceof . Themeaningof thetop level query is atten

Thesemantic®f a QGRAPH queryis de ned inductively asfollows:

1 Addunannotatedertex : Add totheresulttuple,andreplace by . is thedefault condition,
initially just
2 Addannotatedertex :Add  totheresulttuple,andreplace by where

. We usethenotation to meanthatthenumberof 'ssuchthat is between and .

3 Adddirectedunannotateédge fromunannotategtertex tounannotatedertex : Add totheresulttuple,
andreplace by . An undirectededgerequiresatrivial changelf isan



undirectecedgebetweervertices and (annotatear not),replace by
throughouthe semanticsEverythingwe write hereafterfor directed
edgesappliesequallyto undirectededges.

4 Add directed,annotatecedge from unannotatedertex  to unannotatedertex : Add to theresult
tuple,andreplace by where
5 Add directed,annotatecdge from unannotatedertex to annotatedrertex : Add  totheresulttuple,
replace by , andlet
. Theoccurrencef in thesecondormulareferstothenew . (If isfrom to
thenjust switch and in theabove.)

6 Replaceary condition by : Justreplace throughoutsemantichby

Constraintdetweertwo annotatederticesor two annotateadgesareillegalin QGRAPH. In generalaconstraint
caninvolve at mostoneannotatedrertex or annotatededge. However, a constrainttanmentionan annotatedrertex
andanadjacentannotatecdge.Thisis the only form of constrainthatinvolvesmorethanoneannotatealement.

7 Addconstraint thatdoesnotreferto any annotatecdgeor vertex: Replace by
8 Add constraint thatdepend®nannotated/ertex B andno annotatecedge:Replace by

9 Add constraint thatdepend®n annotatecedgeY (andperhapson adjacentannotatedrertex B): Replace by

10 Addsubquery :Add  totheresulttuple,andreplace by

arethe unannotatederticesandedgeswithin thesubquery .

11 Union of queries:If two queries(or subquerieshave the sameunannotatederticesandedgesj.e., and
with , then

If the sameannotatedvertex or edge,say , occursin both and , thenthe new would be

The examplein Figure 16 illustratesthe semanticsof a simple query with a constraint. and are
conditionson , ,and ,respectiely. Theconstraint involvesbothverticesandthe edge.
where

Figure16: Simplequerywith constraint involving A, Y, andB

10
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Figurel7: Querywith subquery

Theexamplein Figurel7 illustratesthe semantic®f a subquery

where

4 The expressve power of QGRAPH

In this sectionwe characterizehe expressie power of QGRAPH asthe subseif FO(COUNT)in which queriesare
restrictedo local neighborhoods,e., having aboundeddiameteyandnumbersarenotquanti ed, i.e., the only quan-
ti ers areof theform* " for constants, . RecallthatthelanguageFO(COUNT)consistsof rst-order logic,
plus countingquanti ers: meanghatthereexist atleast distinctelements suchthat . Here isa
numberconstanor variable.In FO(COUNT)it is alsopermissiblego counttuplesof elementse.g.,

meansthat thereexist at least distinct pairs suchthat . In the presenceof ordering, FO(COUNT)
capturegshe compleity classThC consistingof boundeddepth,polynomial-sizethresholdcircuits[Imm].

Proposition4.1 The expressivepowerof QGRAPH is the subsetof FO(COUNT)in which queriesare restrictedto
local neighborhoodsindthere are no numbervariables.

Proof: Recallthatwe have de ned the meaningof a QGRAPH queryto be a setof tuples

of unannotate@bjectsandlinks togetherwith setsof annotatedbjectsandlinks. We
will shawv that the formula expressingthe tuple of unannotateabjectsandthe formulasexpressingmembershipn
the setsof annotatedbjectsareall expressiblan the speci ed subsebf FO(COUNT).Corverselywe will shav that
every appropriatdormulain FO(COUNT)is themeaning  of aqueryin QGRAPH.

In Section3 we have written the formal semanticof QGRAPH in this subsetof FO(COUNT). Note that the
locality propertycomesfrom the requiremenbf QGRAPH thatall queriesconsistof a connectedyraph,evenwhen
thoseverticesandedgesvhoseannotatiorincludesO in therangearedeleted.

We next shaw thatany suchformulaof FO(COUNT)is expressiblén QGRAPH. Firstsupposghat isaquanti er-
free,local query We canthuswrite  in disjunctive normalform, whereeachclauserepresents connectedelation-
ship betweenits verticesand edges. Thus, eachsuchclausecan be representedy a QGRAPH query Thus is
representedly theunionof thesequeries.

Supposeinductively that the local FO(COUNT) formula  is representedby a QGRAPH query . Let

. Then is representedby the following modi cation of : draw a new subquerybox around , and

annotatdt with “ ". Thenew subquenbox shouldincludeall annotatedrerticesthatareadjacento  aswell as
all subquerieshat containa vertex adjacento . Thusit follows by inductionthat every appropriatesFO(COUNT)
gueryis expressibleén QGRAPH. 0
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It is interestingto notethata QGRAPH querythat hasno subqueriehasdepthof nestingof quanti ers at most
two, correspondindo the existenceof an annotatedrertex, , andwithin thatanannotatecedge, . Theonly way
to write querieswith a greaterdepthof quanti cationis by nestingsubqueries.For this reasona relatively simple
looking querytendsto berelatively simpleto evaluate.We next discusghe evaluationof QGRAPH queries.

5 Evaluation of QGRAPH queries

It is relatively straight-forvardto evaluatea QGRAPH query , usingthe semanticghatwe describedn Section3.
We startby choosinganunannotatedertex . We nd all the objectsin thedatabas¢hatmatch . We next choose
someunannotate@dge, , adjacento , andtheotheradjacentwertex . For eachobjectin our currentmatchfor

, we follow its adjaceng list to nd all links satisfying  thatarealsoadjacento anobjectsatisfying . We
continuein this way until all tuplesof unannotatederticesandedgeshave their potentialmatches.
Next, for eachedge, , with annotation , adjacentto an unannotatediertex, , andanothervertex , we

collectthesetof links satisfying  whoseotherendpointssatisfy . Theseshouldbe maintainedn a B-tree,sorted
by the pair of endpointswith the currentcountof suchlinks for eachpair of endpointsif ary of thesecountsareless
thanthelowerlimit , thentheassociatetinks areremoved. After all remaininginks andconstraintgor theendpoints
have beenevaluatedthoselinks with countsgreaterthan arealsoremoved.

Edgesfrom into asubquery , areevaluatedin a similar way, with a B-tree maintainingthe countsof the
tuplesof unannotatedbjectsin  , for eachtuple of annotatedrerticesincluding thathave edgesnto

In futurework, we planto maintainstatisticalinformationconcerningour databaseWe will usethis information
to automaticallyestimatethe size of QGRAPH queriesandreportthesesizesto the user We will make useof these
estimatego decidein which orderto evaluatethe queries.
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