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Abstract

We studythe problemof determiningwhether
a query is containedin anotherwhen queries
can carry along annotationsfrom sourcedata.
We say that a query is annotation-contained
in anotherif the annotatedoutput of the for-
mer is containedin the latter on every pos-
sible annotatedinput databases. We study
the relationship between query containment
and annotation-containmentand show that
annotation-containmentis a more re�ned no-
tion in general. As a consequence,the usual
equivalencesusedby a typical queryoptimizer
may no longer hold when queriescan carry
along annotationsfrom the sourceto the out-
put. Despitethis, we show that the samean-
notatedresult is obtainedwhether intermedi-
ateconstructsof a queryareevaluatedwith set
or bag semantics. We also give a necessary
and suf�cient condition, via homomorphisms,
that checks whether a query is annotation-
containedin another. Eventhoughour charac-
terizationsuggeststhatannotation-containment
is more complex than query containment,we
show that the annotation-containmentproblem
is NP-complete,thusputtingit in thesamecom-
plexity classas query containment. In addi-
tion, we show that the annotationplacement
problem,which was�rst shown to be NP-hard
in [BKT02], is in fact DP-hardand the exact
complexity of this problemstill remainsopen.

� This researchis supportedby faculty researchfundsgrantedby
theUniversityof California,SantaCruz.

1 Intr oduction

Many databasesthat we can�nd on the Web todayare
derived from other (source)databases.New databases
are often createdbecausethere is a need for “cus-
tomized data” and often, thesedatabasesare curated
with new data addedin the process(some examples
are[BA00, BKML + 00, DCB+ 01]). In this situation,a
systemthat is able to carry along superimposedinfor-
mation [MD99] or annotationsabout data as the data
is being transformedis useful in many aspectsas we
shall describeshortly. We envision an annotationman-
agementsystemthat is not only capableof carryingfor-
ward annotationsof dataas datais being transformed,
but alsocapableof attachingnew annotationsonderived
databack to the sourcedata. Suchbidirectionalmove-
mentof annotationsis useful for spreadinginformation
about a piece data consistentlyin a network of inter-
dependentdatabases.Having sucha systematictool for
sharingadditionalinformationaboutdataautomatically
anddynamicallyvia annotationsis especiallyvaluablein
acollaborativeenvironmentwheredifferentviewsof the
samedatabaseoften exist simultaneously. The method
by which an annotationis propagatedforth andbackin
our systemis basedon provenance[BKT01, BKT02],
morespeci�cally where-provenance. Intuitively, theset
of annotationsassociatedwith a pieceof datad in the
output is obtainedfrom the annotationsthat areassoci-
atedwith everysourcedatawhered is copiedfrom. The
mainfeatureof suchprovenance-basedannotationman-
agementsystemis that if every pieceof sourcedatais
annotatedwith its location (or identi�er), thenonecan
trace the provenance(or �o w) of a pieceof datad in
the resultby simply looking at its annotations(i.e. the
setof all sourcelocationswhered is copiedfrom) of d.
By virtue of the ability of annotationsto add value to
data,annotationscanbe usedcreatively for a varietyof
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otherpurposes.We describesomepossibleapplications
of ourprovenance-basedannotationmanagementsystem
below.

To keepinformation that cannot stored according
to the curr ent databasedesign.Anotheruseof annota-
tionsis to describeinformationaboutdata(or meta-data)
that would otherwisehave not beenkept in a database.
For example,the additionalinformation that an integer
“50” in a databasewasmeasured“in ponds”1 while for
someothers,“in kilograms”canbedescribedthroughan-
notations,especiallyif the databaseschemais too rigid
to accommodatesuchcomments.

To highlight wrong data. Our annotationframe-
work can also be viewed as a semi-automatictool for
datacleaning. If an erroneousdatawasdiscoveredin a
database,an error reportcanbe attachedto that wrong
dataandpropagatedbackto thesourcedata.Themain-
tainersof that sourcedatabasecanbenoti�ed of theer-
ror andthereforemake thenecessarycorrectionsbefore
the next databaserelease. In the meanwhile,the error
reportcanalsobe propagatedto the samedatain other
databases,thus notifying other usersof the error. Of
course,oneshouldalsobeableto addannotationsto an-
notations.For example,thespellingmistakeof theanno-
tation“in ponds”,describedearlier, canbehighlightedin
anotherannotation.

Security. The security level of a dataelementcan
be describedthroughannotations.Whena queryis ex-
ecuted,the annotationson the result of the query can
be aggregatedto determinethe degreeof sensitivity of
the resultingoutput. This ideaof usingannotationsto
describethe security level of variousdata items or to
specify �ne-grained accesscontrol policies is not new
andcanbe found in variousforms in existing literature.
E.g.[ML97, JS90,DLS+ 88].

Quality metric. Annotationscanalso be usedasa
guideon the quality of data. The quality of a pieceof
data,basedon somesuitablemetric, canbe attachedas
an annotation.The aggregateof the annotationsin the
deriveddatabasecanserve asan estimateto the overall
quality of the derived database.We note that knowing
the provenanceof datacanalsoserve asa guideto the
overallqualityof thederiveddatabase.

Other than using provenanceas a basisfor annota-
tion propagations,thereare conceivably other choices
for the semanticsof annotationpropagation. As op-
posedto having suchautomaticmechanismfor propa-
gatingandcombiningannotations,onecouldalsoimag-
ine having explicit languageconstructsfor dealingwith
annotations.We believe, however, that therearemany

1“Pond” is intentionallymisspelled.

applications,suchasthosedescribedabove,wheresuch
an automaticprovenance-basedannotationpropagation
is desirable.As we shallalsodescribein Section5, this
semanticsof propagatingannotationsbasedon prove-
nanceis naturaland can also found in existing litera-
ture [WM90, LBM98]. The containmentpropertiesof
queriesthatcancarryalongannotationsbasedon prove-
nance,however, wasneverstudiedbefore.

Problem Statement and Summary of Main Re-
sults. In our framework, a bindingassociatesa variable
to a valueaswell asthesetof annotationsof thatvalue,
if any. With this de�nition of a binding, the method
by which annotationsare propagatedfrom a sourceto
the output follows the usualmechanicsof queryevalu-
ation (by reasoningaboutits valuations),with theaddi-
tional rule thatthesetsof annotationsthatareassociated
with the sameoutput dataare unionedtogether. Intu-
itively, two queriesareannotation-equivalentif they pro-
ducethesameannotatedoutputoneveryannotatedinput
databases.A query is annotation-containedin another
if theresultof theformerquery(anannotateddatabase)
is alwayscontainedin theresultof thelatterqueryunder
everypossibleannotatedinputdatabase.An databaseD 1
is annotation-containedin anotherdatabaseD 2 if (1) ev-
ery tuple in D1 alsooccursin D2, and(2) thesetof an-
notationsassociatedwith everycolumnof every tuplein
D1 is a subsetof thesetof annotationsthatis associated
with thesamecolumnof thesametuplein D 2.

Westudythecontainmentrelationshipamongqueries
in our framework. We show that two equivalentqueries
are not annotation-equivalent in general. This result
showsthattraditionalqueryoptimizationtechniquescan-
not be immediatelyappliedto our framework. In fact,
given two equivalent conjunctive queriesQ and Q0, it
is only when Q is a minimal query that one can de-
terminethat Q is annotation-containedin Q0. (A min-
imal query is a query in which no subquery, one that
has lesssubgoalsor joins, is equivalent to it.) More-
over, we show that thereareotherequivalencesusedby
query optimizers(suchas query rewriting using views
and query minimization) that do not apply in the case
of querieswhich cancarry alongannotations.We also
give a necessaryandsuf�cient condition,via homomor-
phisms,thatcharacterizeswhetheraqueryis annotation-
containedin another. Statingintuitively, the character-
ization shows that the problemof checkingwhethera
queryQ is annotation-containedin anotherqueryQ0 is
equivalentto the problemof �nding a family of homo-
morphismsfrom Q0 to Q. This family of homomor-
phismsensuresthatQ0 cansimulateevery possibleway
which Q may propagateannotationsfrom the sourceto
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theoutput. Eachhomomorphismh in the family corre-
spondsto an occurrenceof a distinguishedvariablein
thebodyof Q andits pre-imageunderh mustbe a dis-
tinguishedvariablein Q0 thatoccurs“in thesameway”.

Sucha homomorphismcharacterizationis obviously
morecomplex thanits counterpartin classicalquerycon-
tainmentsinceit requiresafamily of homomorphismsto
exist andeachhomomorphismis requiredto mapeach
occurrenceof a distinguishedvariablein a certainway.
We show, however, thatannotation-containmentstill be-
longsto thesamecomplexity classasquerycontainment,
i.e., it is NP-complete.Moreover, despitehaving shown
thatusualqueryequivalenceswhichareusedby a query
optimizer may no longer hold when queriescan carry
along annotations,we show that a query producesthe
sameannotatedresultwhetherits intermediateconstructs
areevaluatedwith setor bagsemantics.We alsoshow
that the annotationplacementproblem, which was�rst
shown to be NP-hardin [BKT02], is in fact DP-hard
and conjecturethat the exact complexity of this prob-
lem lies in a classthat is slightly above DP. Given a
query, a sourcedatabase,the output,anda columnof a
tuple wherethe annotationis to be placed,the annota-
tion placementproblemis to determinewhetherthereis
anannotationthatcanbeplacedon somesourcedataso
thatit onlypropagatesto thethespeci�edoutputdataand
nootherplaces.

2 Preliminaries

Data Element, Location. A data elementis the value
of an attribute of a tuple in a relation. A location is a
triple (R, t, i ) consistingof a positionnumberi (or an
attribute),a tuplet, andarelationnameR. For example,
giventherelationschemaPerson(ssn, name, age) and
the instancef (123, “John”, 34), (112, “Joe”, 23), ... g,
“John” is a dataelementof the tuple (123, “John”, 34)
undertheattributename andresidesin thelocation(Per-
son,(123, “John”, 34), 2). We sometimeswrite a loca-
tion asa pair in short,e.g.,(Person(123, “John”, 34), 2).
An annotationis dataattachedto a dataelement,which
residesin somelocation. Therecanbemultiple annota-
tionsattachedto thesamedataelement.We sometimes
usethe phrase“an annotationis attachedto a location”
to meanthesameasanannotationis attachedto thedata
elementthatresidesin thatlocation.If thereis anannota-
tion “ � ” attachedto thelocation(Person(112, “Joe”, 23),
3), wewill write thetupleasPerson(112, “Joe”, 23f�g ).

Conjunctive Query. Our resultsare basedon con-
junctive queries[AHV95]. A conjunctivequeryhasthe
form Q(X ):-S1(Y1); :::; Sn (Yn ) whereX ; Yi ; i 2 [1; n]
denotevectorsof variablesandevery variablein X oc-

curs in Yi for somei 2 [1; n]. EachSi (Yi ) is calleda
subgoalandeachSi wherei 2 [1; n] is a relationname.
ThetermQ(X ) is theheadof thequery. Variablesin X
arecalleddistinguishedvariables. A conjunctive query
is saidto containviewsif oneor moreof its subgoalsis
de�ned by the headof anotherconjunctive query. That
is, for somei 2 [1; n], Si is not a relation nameand
Si (Yi ) is theheadof anotherconjunctivequery. We use
thenotationX [i ] to denotethei th variablein X .

Semanticsof Querieswith Annotations. Intuitively,
annotationsare propagatedfrom an input databaseto
the resultof a queryaccordingto the bindingsof vari-
ables. For example,matchingPerson(X ; Y; Z ) against
Person(112, “Joe”, 23f�g ) producesthevaluationf X !
112; Y ! “Joe”; Z ! 23f�g g. The set of annota-
tions associatedwith the location (Person(112, “Joe”,
23), age)is alsoboundto the variableZ . Therefore,if
Z occursin theheadof thequery, theannotation“ � ” ap-
pearsat the locationthatcorrespondsto Z in theoutput
underthis valuation. Multiple annotationsfor thesame
outputlocationareunionedtogether. For example,given
theannotateddatabasePerson= f (318, “Jane”,23f�g ),
(112, “Joe”, 23f�g )g, thequeryQ(Z ) :- Person(X ; Y; Z )
producesthe outputQ(23f� ;�g ). The precisesemantics
of conjunctivequeriesthatpropagateannotationsisgiven
in AppendixA.1.

Corr espondence of Locations, Annotation-
Containment,and Equivalence.Let Q beaconjunctive
queryof theform H (X ) : � S1(Y1); :::; Sn (Yn ) wherea
subgoalof Q may be a view. Let D be a databaseand
D 0 bethedatabaseD augmentedwith the(materialized)
view predicatesof Q. Wesaythatasourcelocation(s; i )
in D correspondsto an output location (t; j ) in Q(D)
accordingto Q andD if oneof thefollowing holds:

1. for somek 2 [1; n], Yk [i ] = X [j ], andthereexistsa
valuation' from Q into D 0 suchthatH (' (X )) =
t, Sk (' (Yk )) = s (notethatSk is a relationname)

2. for somek 2 [1; n], Sk is a view, Yk [p] = X [i ]
for somepositionp, andthereexists a valuation'
from Q into D 0 suchthatH (' (X )) = t, and(s; i )
correspondsto (Sk (' (Yk )) ; p) accordingto V and
D whereV is theconjunctivequerythatde�nesthe
view Sk (Yk ).

Continuing with the above example, (Person(318,
“Jane”, 23), 3) correspondsto (Q(23), 1). Similarly,
(Person(112, “Joe”, 23), 3) correspondsto (Q(23), 1).
Notice that a databaseD 2 may be the resultof a query
Q appliedonanotherdatabaseD 1. Annotationpropaga-
tion is transitive. If a locationl1 in D1 correspondsto l2
in Q(D1) (i.e., D2) andl2 correspondsto l3 in Q0(D2),
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then l1 correspondsto l3 accordingto Q0 � Q andD1.
GivenaqueryQ andsourcedatabaseD, let L Q;D denote
thesetof all pairsof locations(l ; l0) wherel corresponds
to l0underQ andD. Giventwo queriesQ andQ0, wesay
Q is annotation-equivalentto Q0 if L Q;D = L Q0;D for
every annotatedinput databaseD. We write Q = a Q0

if Q and Q0 are annotation-equivalent. Similarly, we
write Q � a Q0 if Q is annotation-containedin Q0, i.e.,
L Q;D � L Q0;D for every annotatedinput databaseD.
Notice thatQ is trivially annotation-containedin Q0 for
any queryQ0 if Q is abooleanconjunctivequery. For the
restof ourdiscussion,weshallassumethatour conjunc-
tive queriesarenot booleanasit is this classof queries
that is relevant to us, i.e., suchqueriescancarry along
annotationsfrom thesourceto theresult.

The propositionbelow shows that any conjunctive
querywith views canin fact be rewritten asa conjunc-
tive querywith only extensionaldatabasepredicates(no
views) in the body that is annotation-equivalent to the
original query. We write Qexp to denotethe expansion
of Q whereall views of Q are replacedby their de�-
nitions so that every subgoalis an extensionaldatabase
predicate.We shall assumethat existentially quanti�ed
variablesaredistinct in the de�nitions of all the inten-
sionaldatabasepredicates.

Proposition2.1 If Q is a conjunctivequerywith views,
thenQexp = a Q.

3 The Behavior of Annotations under
Query Evaluation

A queryoptimizertypically exploresdifferentbut equiv-
alent formulationsof a given querybeforethe bestone
is pickedandexecuted.A naturalquestionthatarisesis
whetherthe sametechniqueof picking the bestequiva-
lent queryextendsto querieswhich maycarryalongan-
notations,i.e.,will thebestplanproducethesameanno-
tatedresult?

We have found that it is possiblefor annotationsto
propagatedifferentlyevenundersimpleequivalentcon-
junctive queries. This is not surprisingif oneobserves
thatannotationscanprovide informationaboutthe“wit-
nesses”(or sourcedata) that is used to generatethe
output. Hence,annotationscan be usedto distinguish
amongequivalentqueriessincea pieceof datain there-
sult may have beengeneratedfor different reasons(in
differentways)dependingon thequery, despitethe fact
thatequivalentqueriesalwaysarrive at sameresultsun-
derthesameinputdatabase.In thissection,weshow that
giventwo equivalentconjunctivequeriesQ andQ0, nei-
therQ � a Q0 nor Q0 � a Q in general.It is only under

rather restrictedcircumstancesthat the equivalenceof
two queriesimply annotation-containment.Theconverse
is always true: whenever two queriesare annotation-
equivalent, they must be equivalentqueries. Sincethe
intermediateresults of a query are often executedin
bagsemanticswith duplicatesremovedonly at thevery
end if needed,a relatedquestionthat arisesis whether
query evaluation done in bag or set semanticswould
affect annotationpropagations. We show that we ob-
tain the sameannotatedresultwhetherintermediatere-
sults of a query are evaluatedwith bag or set seman-
tics. We give a necessaryand suf�cient condition for
checkingannotation-containmentof queriesand show
that annotation-containmentis NP-complete,which has
equalcomplexity astheproblemof decidingquerycon-
tainment.We alsoshow thattherearesomeotherequiv-
alencesusedby queryoptimizersthatcannotbeimmedi-
atelyappliedto our framework.

3.1 Containment and Annotation-Containment

We �rst show thatequivalentqueriesarenot annotation-
equivalentin generaldueto the useof equalitieswhich
areavailablein many querylanguagessuchasSQL.

Example3.1 The following queries�nd pairs of em-
ployeesof the sameage(with the schemaEmp(name,
addr, age)).

Q1 : Ans(X , X 0, Z ) :- Emp(X , Y , Z ), Emp(X 0, Y 0, Z ).
Q2 : Ans(X , X 0, Z ) :- Emp(X , Y , Z ), Emp(X 0, Y 0, Z 0),

Z =Z 0.

Supposewe have the following tuples in the relation:
Emp(John, Pine St, 30f ?g) and Emp(Joe, Walnut
Ave, 30). The outputsof Q1 andQ2 areshown below
(on theleft andright respectively).

Ans(John, John, 30f ?g )
Ans(John, Joe, 30f ?g )
Ans(Joe, John, 30f ?g )
Ans(Joe, Joe, 30)

Ans(John, John, 30f ?g )
Ans(John, Joe, 30f ?g )
Ans(Joe, John, 30)
Ans(Joe, Joe, 30)

The differencein the resultsof Q1 and Q2 is due
to the implicit equality, throughvariableZ , in Q1 and
the explicit equalityZ = Z 0 in Q2. It appearsthat the
above problemarisesbecauseannotationsdo not prop-
agateacrossthe equalityoperator. If annotationswere
exchangedbetweenZ and Z 0 in Q2 for every possi-
ble bindingof valuesandannotationsto Z andZ 0, then
Q1 = a Q2 in this example. We shall show, however,
thatevenwithout theexplicit useof equality, thebehav-
ior of annotationscanstill bedifferentacrossequivalent
queries. In otherwords,even if we hadchosenthe al-
ternativesemanticsthatannotationspropagateacrossthe
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equalityoperator, we would still run into thesameprob-
lem. Thenext exampleshows thatevenwithout equali-
ties,two equivalentqueriesarenotannotation-equivalent
in general.In fact,it is possiblethatneitherof thequeries
is annotation-containedin theother.

Example3.2 It canbeeasilyveri�ed thatthequeriesbe-
low areequivalent.

Q1 : Ans(X , V ) :- R(X , Y , U), R(X , Z , V ), R(T , W , Z ).
Q2 : Ans(X , V ) :- R(P , Q, V ), R(X , Z , V ), R(T , W , Z ).

Supposewe have thefollowing annotatedinstanceof
R: R(1f + g, 2, 3), R(1f og, 4, 5f ?g), R(1, 8, 4), and
R(8, 9, 5f # g). For Q1, the result is Ans(1f + ;og, 5f ?g).
For Q2, theresultis Ans(1f og, 5f ?;# g). Clearly, neither
Q1 � a Q2 nor Q2 � a Q1. The differencein results
shows that while two equivalent queriesalways arrive
at the sameanswersgiven the sameinput database,the
methodby which they arriveat theanswerscanberather
different in general. Sinceannotationpropagationsare
largely determinedby the valuationsthat occur during
evaluation, its propagationbehavior is highly sensitive
to the way the queriesare written. This examplealso
suggeststhat it is dif�cult to determinethe annotation-
containmentrelationshipbetweentwo queriesin general,
even if they areequivalent. We canshow, however, that
asuf�cient conditionfor Q � a Q0 is whenQ andQ0 are
equivalentqueriesandQ is minimal.

Theorem3.3 If Q and Q0 are equivalent conjunc-
tive queriesand Q is minimal, then Q is annotation-
containedin Q0.

Proof. In other words, if Q = Q0 and Q is minimal,
then Q � a Q0. The proof usesthe following result
from [HN92]: If C is the core of a �nite structureA,
then thereis a homomorphismh : A ! C suchthat
h(v) = v for every memberv of the universeof C. A
structureA over the schemahR1; :::; Rk i is a sequence
hA; RA

1 ; :::; RA
k i whereA is a non-emptyset and RA

i
is the relationthat interpretsthe relationsymbolR i . A
structureA is a substructure of B = hB ; RB

1 ; :::; RB
k i if

A � B andRA
i � RB

i for all i 2 [1; k]. The structure
A is a propersubstructureof B if A is a substructureof
B andRA

i � RB
i for somei 2 [1; k]. A substructureC

is thecore of a structureA if thereis a homomorphism
from A to C andno homomorphismfrom A to a proper
substructureof C.

It follows from this result of [HN92] that thereis a
homomorphismh from Q0to theminimalquery(or core)
Q0

c of Q0 suchthath mapseveryvariablein asubgoalof
Q0

c to itself (by viewing the canonicalinstancesof the
queriesasstructures).SinceQ andQ0areequivalentand

Q is minimal,it followsthatQ0
c andQ areisomorphicup

to variablerenaming.(Weshallassume,for convenience,
that Q0

c and Q are identical.) Given this property, we
show that if (l1; l2) 2 L Q;D for any databaseD, then
(l1; l2) 2 L Q0;D .

Suppose(l1; l2) 2 L Q;D for somedatabaseD andlet
l1 = (s; i ) andl2 = (t; j ) wheres andt aretuplesin D
andQ(D) respectively, andi andj arepositionnumbers.
By thede�nition of locationcorrespondences,thereex-
istsavaluation� for Q suchthat(1)H (� (X )) = t where
H (X ) is the headof Q, and(2) Sk (� (Yk )) = s where
Sk is thekth subgoalof Q, and(3) X [j ] = Y [i ]. Since
Q is minimal, considertheisomorphismg from Q to Q0

which mapsevery subgoalin Q into its corresponding
“identical” subgoalin Q0andtheheadof Q to theheadof
Q0. (Themappingg is theidentitymappingsinceweas-
sumedthatQ0

c andQ areidentical.)Therefore,� � g� 1 � h
is avaluationfor Q0. In particular, H (� � g� 1 � h(X 0)) =
H (( � � g� 1(X 0)) = H (� (X )) = t, whereH (X 0) is the
headof Q0andX 0 = X (sinceg is theidentitymapping).
Note that Sk (g(Yk )) is also a subgoalin Q0

c. Hence
Sk (� � g� 1 � h(Yk )) = Sl (� � g� 1(Yk )) = Sk (� (Yk )) =
s. Clearly, Yk [i ] = X 0[j ] andso,(l1; l2) 2 L Q0;D .

Theproofcanbegeneralizedto unionsof conjunctive
queries.SeeAppendixA.3.

If Q is a minimal query, thenfor every valuationthat
producesan annotationin an output tuple accordingto
Q, thereis a similar valuationfor Q0 that will produce
the sameannotationon that output tuple: �rst take the
homomorphismfrom Q0 into its minimal query, thenthe
isomorphismfrom its minimal queryto Q, andthenthe
valuationtakenby Q.

The resultabove is tight in the sensethat we canno
longerdetermineif Q � a Q0givenonly theprecondition
thatQ � Q0. Thefollowing exampleshows that if Q �
Q0, thenQ 6�a Q0 andQ0 6�a Q in general,evenwhen
bothQ andQ0 areminimal queries.

Example3.4 SupposeQ1 and Q2 are the following
queries. Q1: Ans(X ) :- R(X , Y), S(X , Y) andQ2:
Ans(X ) :- R(X , Y ). Note that Q1 � Q2 and both
queriesare minimal. If the databaseinstanceconsists
of the following tuples R(1f ?g, 2), R(1f + g, 3), and
S(1f og, 2), the resultsof the queriesare Ans(1f ?;og)
andAns(1f ?;+ g) respectively. Clearly, Q1 6�a Q2 and
Q2 6�a Q1.

It is alsostraightforward to seethat if Q andQ0 are
equivalentqueriesandQ is aminimalquery, Q0 6�a Q in
general.Let Q3 bethequeryAns(X ):- R(X , Y ), S(X ,
Y ), R(X , Z ). Obviously, Q1 andQ3 areequivalentand
Q1 is minimal. The resultof Q3 is the following tuple
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Ans(1f ?;+ ;og).

3.2 Query Evaluation with Annotations under Bag
vs. SetSemantics

We show next that for conjunctive querieswith views,
thesameannotationsarecarriedto theresultwhetherin-
termediateresultsof the query are evaluatedwith bag
or setsemantics.This invariancepropertyis important
sinceduplicateremoval is an expensive operationand
mostqueryenginesevaluateintermediateresultsunder
bagsemanticsandremove duplicatesonly at theend,if
needed.

Let Qb(D ) andQ(D) denotethebagandsetresultof
Q appliedonD respectively. With Qb(D ) (resp.Q(D)),
everyview predicateof Qb (resp.Q) is evaluatedin bag
semantics(resp.setsemantics).Let Uniquebetheoper-
ator thatgivenanannotateddatabase,possiblywith du-
plicatetuples,mergestheannotationsof duplicatetuples
togetherandremovesduplicatetuples. That is, given a
bagof annotatedtuplesB , Unique(B ) returnsthesetof
tuplesin B andfor everytuplet 2 Unique(B ) andevery
positionp in t, A (t; p) =

S
t 02 B A(t0; p), wheret0 = t.

We usethenotationA(t; p) to denotethesetof annota-
tionsat positionp of tuplet.

Theorem3.5 Given a conjunctivequery Q, the result
of evaluatingQ in bag semanticsand thenapplyingthe
Uniqueoperator is the sameas the resultof evaluating
Q in setsemantics.Thatis, Unique� Qb = a Q.

Proof. We proveby inductionon theheightof queryQ.
Let Q be a conjunctive querywith the form Ans(X ):-
V1(Y1); :::; Vn (Yn ); S1(Z1); :::; Sm (Zm ), whereVi ; i 2
[1; n], are intensional databasepredicates(or views)
and Sj ; j 2 [1; m], are extensionaldatabasepredi-
cates(edbs). The height of Q is max(height(V1), ...,
height(Vn ))+1.

Obviously, if theheightof Q is0, thenUnique� Qb = a
Q. For our inductionhypothesis,supposethestatement
is truewhentheheightof Q is lessthanh. Wenext show
thatthestatementis alsotruewhentheheightof Q is h.
Obviously, thesetof tuplesproducedbyUnique(Qb(D ))
is equalto Q(D) for every databaseD. It remainsto
show that the setof annotationsof every componentof
the sametuple in the outcomesof Unique(Qb(D )) and
Q(D) arealsoidentical.

Let t be an output tuple of Q(D) andsupposet oc-
curs k times in Qb(D ) and let D 0 be the databaseD
augmentedwith (materialized)view predicatesV b

i (D )
where i 2 [1; n]. Let � 1; :::; � k be all the valuations
from Qb into D 0 that producest. We denoteas t i the

tuple t producedby the valuation� i . Considerthe qth
variable in X that also occursas the pth variable of
Yr , i.e., Yr [p] = X [q]. We shall assumewlog that
r 2 [1; n] andX [q] only occursat the pth position of
Yr andno otherplaces. Hencefor each� i ; i 2 [1; k],
thatproducest i in Qb(D ), thesetof annotationsof the
qth componentof t i is the setof annotationsat the pth
componentof Vr (� i (Yr )) . In otherwords, A(t i ; q) =
A(� i (Vr (Yr )) ; p). After Uniqueis appliedon Qb(D ), t
occursonly oncein the output of Unique(Qb(D )) and
by thede�nition of Unique, A(t; q) =

S
i 2 [1;k ] A(t i ; q).

Note that
S

i 2 [1;k ] A(t i ; q) =
S

i 2 [1;k ] A(Vr (� i (Yr )) ; p)

andVr (� i (Yr )) 2 V b
r (D ). If thequeryhadbeenevalu-

atedwith setsemantics,t wouldhaveoccurredonly once
in the outputof Q(D) andthe setof annotationsat the
qth componentof t is the set of annotationsat the pth
componentof v from Vr (D ) (Vr (D ) is evaluatedin set
semanticsandv = Vr (� i (Yr )) ; i 2 [1; k]). Since,by in-
ductionhypothesis,Unique� V b

r = a Vr , thesetof anno-
tationsat thepth componentof v from Vr (D ) is thesame
as

S
i 2 [1;k ] A(Vr (� i (Yr )) ; p). Hence,Unique� Qb = a Q

follows.

Example 3.2 and Example 3.4 suggest that
annotation-containmentcannotbecharacterizedthrough
querycontainmentalone. In the next section,we give
a necessaryand suf�cient condition that characterizes
annotation-containmentvia a family of homomor-
phisms. This characterizationprovides insight to the
reasonwhy querycontainment,which requiresonly one
homomorphismto exist from one query to another, is
insuf�cient to characterizeannotation-containment.

3.3 A Homomorphism Theorem for Annotation-
Containment

In the following, we useQ[p] to denotethepth subgoal
of queryQ wherep > 0 andQ[0] to denotetheheadof
Q. This is not to be confusedwith X [i ] which denotes
thei th variableamongX . Weusethenotationvar(Q[p])
to denotethevectorof variablesat Q[p].

Theorem3.6 Giventwo conjunctivequeriesQ andQ0,
Q � a Q0 if andonly if for everyvariableX that occurs
at boththei th positionof var(Q[0]) andthej th position
of var(Q[p]) for somep, there existsa homomorphismh
fromQ0 to Q such that

1. h mapsthe bodyof Q0 into the bodyof Q and the
headof Q0 to theheadof Q, and

2. the variable that occurs at the j th position of
var(Q0[q]) is identical to the variable at the i th
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positionof var(Q0[0]), where Q0[q] is a pre-image
of Q[p] under h. That is, for somesubgoal q,
var(Q0[q])[j ] = var(Q0[0])[i ] andh(Q0[q]) = Q[p].

Proof. (If) Suppose(l1; l2) 2 L Q;D for somedatabase
D. Let l1 = (s; j ) andl2 = (t; i ) wheres andt aretuples
in D andQ(D) respectively andi andj arevalid posi-
tion numbersfor s andt respectively. By thede�nition
(l1; l2) 2 L Q;D , thereexistsavaluation� for Q suchthat
� (Q[p]) = s for somep, � (Q[0]) = t, andvar(Q[p])[j ]
= var(Q[0])[i ]. Let h be the homomorphismfrom Q0

to Q with the above describedproperties(1)-(2) on the
distinguishedvariableat var(Q[0])[i ] and var(Q[p])[j ].
That is, h mapsthe body of Q0 into the body of Q, the
headof Q0 to the headof Q, h mapsQ0[q] for someq
to Q[p] andvar(Q0[q])[j ] = var(Q0[0])[i ]. Clearly, � � h
is a valuationfor Q0 that producest: � � h(Q0[q]) =
� (Q[p]) = s, � � h(Q0[0]) = � (Q[0]), andvar(Q0[q])[j ]
= var(Q0[0])[i ]. Therefore,(l1; l2) 2 L Q0;D .

(Only if) SupposeQ � a Q0, we show thattheabovede-
scribedhomomorphismsexist. Fix for somep; i; j sothat
Q[p] andQ[0] aresuchthat var(Q[0])[i ] = var(Q[p])[j ]
for some positions i and j . Let C be the canoni-
cal instanceinducedby Q. That is, for every subgoal
S(Y1; :::; Ym ) in Q, C containsthe tuple S(Y c

1 ; :::; Y c
m )

whereY c
k is a constantcorrespondingto thevariableYk

andC containsonly thesetuples. With C, it is easyto
constructa valuation� for Q by mappingtheeachvari-
ableYi in Q to its correspondingconstantY c

i . It is easy
to seethat� � 1 is well-de�ned in thiscase.

SupposeQ[p] denotethesubgoalS(Y1; :::; Ym ) of Q
andQ[0] hasthe form H (X 1; :::; X n ). (Note thatQ0[0]
is the sameas Q[0] modulo variable renaming.) Let
l1 = (S(Y c

1 ; :::; Y c
m ); j ) and l2 = (H (X c

1 ; :::; X c
n ); i )

whereYj = X i . Obviously, (l1; l2) 2 L Q;C andsince
Q � a Q0, (l1; l2) 2 L Q0;C . By de�nition of (l1; l2) 2
L Q0;C , thereexistsa valuation' for Q0 sothatsubgoals
of Q0 aremappedinto tuplesin C, Q0[0] is mappedto
H (X c

1 ; :::; X c
n ), ' (Q0[q]) = S(Y c

1 ; :::; Y c
m ) for someq,

and var(Q0[q])[j ] = var(Q0[0])[i ]. Clearly, � � 1 � ' is
a homomorphismfrom Q0 to Q that mapsthe body of
Q0 to the body of Q, the headof Q0 to the headof Q.
Furthermore,� � 1 � ' (Q0[q]) = � � 1(S(Y c

1 ; :::; Y c
m )) =

S(Y1; :::; Ym ) = Q[p] andvar(Q0[q])[j ] = var(Q0[0])[i ].
Theproofcanbegeneralizedto unionsof conjunctive

queries.SeeAppendixA.3.

Condition(1) ensuresthatevery fact producedby Q
is alsoproducedby Q0 (from the homomorphismtheo-
rem[CM77]). Condition(2) ensuresthat thesource-to-
targetcorrespondencerelationfor Q, i.e. L Q;D , canbe
simulatedby Q0: every annotationcarriedby Q to the

output can also be carriedby Q0 to the output “in the
sameway”. It is obvious from the theoremthat if Q is
annotation-containedin Q0, thenthereexistsat leastone
homomorphismthatmapsthebodyof Q0 to Q andhead
of Q0 to Q respectively (recallthatthesearenotboolean
conjunctive queries).Hence,Q � Q0. We notethat if
Q � a Q0, thenQ � Q0.

Observethatahomomorphismwith properties(1)and
(2) is requiredto exist for eachdistinguishedvariablein
eachsubgoalof Q. Onenaturalquestionis whetherthere
existsa singlehomomorphismthatsatis�esbothproper-
ties for every distinguishedvariablein eachsubgoalof
Q. Thenext exampleshowsthatsuchasinglehomomor-
phismdoesnotexist in general.

Example3.7 Supposewe have the following queries
Q1: Ans(X ) :- R(X , Y ), R(X , Z ) andQ2: Ans(X )
:- R(X , Y ). By applyingTheorem3.6, we canverify
that Q1 is annotation-containedin Q2. Any homomor-
phismfrom Q2 to Q1, however, mapsthesubgoalof Q2
to at mostonesubgoalof Q1. Hencetherecannotexist
a singlehomomorphismthatwould simultaneouslysim-
ulatetheannotationpropagationsof bothsubgoalsin Q1
throughthevariableX .

Complexity of Annotation-Containment. Thechar-
acterizationof annotation-containmentgiven by Theo-
rem 3.6 statesthat oneis requiredto establisha family
of homomorphisms(with certaincharacteristics),onefor
eachoccurrenceof adistinguishedvariablein thebodyof
Q, in orderto decideif onequeryis annotation-contained
in another. We show that despite the added com-
plexity givenby theabove characterization,annotation-
containmenthasthesamecomplexity asclassicalquery
containment.

Proposition3.1 It is NP-completeto decideif Q � a Q0

giventwoconjunctivequeriesQ andQ0.

Proof. We �rst establishthe upperbound, i.e., prob-
lem is in NP. Supposethere is a total of m places
in the subgoalsof Q wheredistinguishedvariablesoc-
cur. Guessm homomorphismsfrom Q0 to Q, one for
eachvariable that occursat the j th position in a sub-
goal of Q and also at the i th position in the headof
Q. Check for eachsuchpair of (i; j ) that the corre-
spondinghomomorphismmapsQ0 to Q with properties
(1)-(3) as statedin Theorem3.6. Clearly, the process
of guessingm homomorphismsandcheckingthehomo-
morphismsis polynomialin thesizeof Q andQ0. Since
annotation-containmentimplies querycontainment,the
NP-hardnessof annotation-containmentfollows.
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Query Minimization. Query minimization is an
importantaspectof query optimization. The minimal
equivalent form of a query is usuallya betterquery in
that it requireslessnumberof joins andhence,lessex-
pensive to evaluate.It is known thatgivenany conjunc-
tive query, thereis a uniqueminimal query[CM77], up
to variablerenaming.An approachto derivetheminimal
queryfrom the original queryis to eliminateredundant
subgoals,one at a time. In caseevery subgoalcannot
beremoved,we have theminimal query. Otherwise,we
continueto minimize the new query (with onesubgoal
removed).

Naturally, we would like to applythesameprocedure
to �nd a minimal annotation-equivalentquery. Some-
what surprisingly, the above procedureof eliminating
onesubgoalat a time no longerworkswell whenanno-
tationsareinvolved. It is possiblethatevery subgoalof
a query cannotbe removed without losing annotation-
equivalenceto the original query and yet, when more
than one subgoal is removed, the resulting query is
annotation-equivalentto theoriginal. Thefollowing ex-
ampleillustratesthis scenario.

Example3.8 It is easyto verify that Q is annotation-
equivalentto Qmin andQmin cannotbeminimizedfur-
ther. By removing the �rst subgoalfrom Q, we obtain
Q0 which is notannotation-equivalentto Q (thesamear-
gumentappliesto everyothersubgoalremovedfrom Q,
andis not limited only to the �rst subgoalof Q). Note,
however, that Q, Q0, and Qmin are equivalentqueries
andQmin is theminimal query.

Q: Ans(X ) :- R(X , Z , V ), R(X , U, Z ), R(X , Z 0, T ),
R(X , S, Z 0).

Q0: Ans(X ) :- R(X , U, Z ), R(X , Z 0, T ), R(X , S, Z 0).
Qmin : Ans(X ) :- R(X , Z 0, T ), R(X , S, Z 0).

Theaboveexamplesuggeststhatto minimizeaquery
and preserve annotation-equivalence,one needsto at-
tempt to remove one or more subgoalsat a time. We
then check whetherthe resulting query is annotation-
equivalentto theoriginal andreturnthequerywherethe
maximumnumberof subgoalscanbe removedwithout
losingannotation-equivalence.Thequestionof whether
there is a unique annotation-minimalquery remains
open.

Answering QueriesusingViews. Someclassicalre-
sultsin answeringqueriesusingviews no longerapplies
aswell whena queryis capableof carryingalonganno-
tations.Theresultof Halevy etal [LMSS95] statesthatif
a queryQ hasp subgoalsandQ0 is a minimal andcom-
pleterewriting of Q usingasetof viewsV (meaningthat
Q0 usesonly view predicatesof V in thebodyof Q0 and

is minimal),thenQ0hasatmostp literals.Weshow here
that thereis no analogousresultin our context. Givena
conjunctivequeryQ with at mostp subgoalsandQ0 is a
minimal andcompleterewriting of Q that is annotation-
equivalentto Q usingasetof viewsV, it is nolongertrue
thatQ0 containsat mostp literals.

V1(X , Z , Z 0) :- R(X , Z , V ), R(X , Z 0, T ).
V2(X , Z ) :- R(X , U, Z ).

V3(X , Z 0) :- R(X , S, Z 0).

ConsiderQmin of Example3.8 whereQmin has2
subgoalsandsupposewe have theabovesetof views V.
A complete,minimal, andannotation-equivalentrewrit-
ing of Qmin usesall threeviews (we denotethefollow-
ing rewriting asQr ): Ans(X ) :- V1(X , Z , Z 0), V2(X ,
Z ), V3(X , Z 0). It is easy to verify that the expan-
sion of Qr is the query Q of Example3.8 and there-
fore annotation-equivalentto Qmin . Note that Qr has
3 subgoalsand no propersubsetof subgoalsof Qr , is
annotation-equivalentto Qmin .

4 The Annotation PlacementProblem

As describedbefore,we would like anannotationman-
agementsystemthat is also capableof propagatingan
annotationon a dataelementd in the resultbackto the
source.Sinced is oftencopiedfrom datain many differ-
entplacesin thesource,thereis a questionof whereone
shouldpropagateanannotationon d backto thesource.
Onemethodis, obviously, to propagateanannotationon
d backto every pieceof sourcedatawhered is copied
from. Alternatively, we could propagatethe annotation
backto apieceof sourcedatas suchthatnootheroutput
dataelementsarecopiedfrom s exceptd. In the latter
case,the annotationon s is calleda side-effect-freean-
notationbecauseby placinganannotationon thesource
datas, thatannotationwouldnotappearin any otherout-
put dataexcept d in the result. We believe that for a
practicalimplementationof an annotationmanagement
system,theusershouldbegivenachoiceof whereto at-
tachbackan annotationand the systemshouldsuggest
theside-effect-freeannotationwhenthereis one.

More formally, theannotationplacementsettingis a
quadruple(S, Q, Q(S), l ), whereS is asourcedatabase,
Q is a monotonerelationalalgebraquery, Q(S) theout-
put,andl is a locationin theview wheretheuserwishes
to placeherannotation.Givenanannotationplacement
setting, the annotationplacementproblem is to deter-
minea sourcelocationl0 to attachtheannotationsothat
the annotationon l0 correspondsto l and a minimum
numberof other output locations. In the event that l 0

correspondsonly to thedesiredoutputlocationl andno
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otheroutputlocation,wesayanannotationonl 0 isaside-
effect-freeannotation.

Theannotationplacementproblemfor aclassof rela-
tionalquerieswas�rst shown to beNP-hardin [BKT02].
We show that theannotationplacementproblemfor the
sameclassof queriesis in fact DP-hardand conjec-
turethat theexactcomplexity of this problemis slightly
above DP. We alsosuggestalternative solutionsthatwe
mayadoptfor thisproblemandthis classof queries.

We show that theproblemof decidingwhetherthere
existsa side-effect-freeannotationis DP-hardfor a class
of annotationplacementsettingswherethequeryQ con-
tainsboth projectand join operators.A languageis in
theclassDP [Pap94] if it is equalto theintersectionof a
languagein NP anda languagein coNP(this classin-
cludesboth NP and coNP). Many databaseproblems
lie in the classDP. For example,Cosmadakis[Cos83]
showed that the problem of determiningif a database
instanceis the resultof a queryappliedon an instance
is DP-complete. Our proof of DP-hardnessrelies on
a reductionfrom a known DP-completeproblemcalled
SAT-UNSAT [Pap94]: giventwo Booleanformulas� and
� 0, is it true that � is satis�ableand� 0 is unsatis�able?
(More speci�cally, our proof usesa variantof this prob-
lem that is alsoDP-complete,whereboth formulasare
3SAT formulas.)

Theorem4.1 Givenanannotationplacementsetting(S,
Q, Q(S), l ) where Q involvesbothprojectand join op-
erators, theproblemof decidingwhetherthere is a side-
effect-freeannotationfor l is DP-hard.

Proof. For convenience,we usethe the algebra-based
propagationrulesof [BKT02] in our proof andwe note
that thereis an easytranslationbetweena classof rela-
tional algebraqueriesandconjunctive queriesthat pre-
servesthebehavior of annotationpropagation.SeeAp-
pendixA.2. Our proof usesa variantof theSAT-UNSAT
problem[Pap94] (henceforthsimplycalledSAT-UNSAT)
wherebothformulasare3SAT formulas.

The proof is by reductionfrom SAT-UNSAT. Given
aninstance(� , � 0) of theSAT-UNSAT problem,we con-
structaninstance(S, Q, Q(S), l ) of theannotationplace-
mentproblem(wherel is a locationin Q(S)) andshow
thatthereis a side-effect-freeannotationfor a outputlo-
cationl if andonly if � is unsatis�ableand� 0 is satis�-
able.Theideais to constructaninstanceof S sothatone
cancarryanannotationto l in theoutputaccordingto Q
in a side-effect-freemannerif andonly if � is unsatis�-
ableand� 0 is satis�able. Theconditionthat � 0 mustbe
satis�ableis enforcedthroughtheconstruction;it is only
when� 0 is satis�able that it is possibleto carry the an-
notationto l in aside-effect-freeway. Theconditionthat

� is unsatis�ableis alsoenforcedthroughtheconstruc-
tion; thesatis�ability of � will causea side-effecton the
output.

Theconstructionof instancesof relationswith thein-
put instance(� , � 0) where� = (x1 + x2 + x3)(x1 + x2 +
x3):::(x1 + x2 + x3) and� 0 = (x1 + x2 + x3)(x2 + x4 +
x5)(x1 + x4 + x5) is shown in Figure1. For theformula
� , we constructa relationR i +1 for eachclauseCi . (The
reasonfor usingthesubscripti + 1 asopposedto i for the
clauseCi is to avoid con�icts with T1 (the �rst relation
in theencodingof � 0) at a laterstage.)EachrelationR i ,
i 2 [2; m] has� ve attributes;threeattributescorrespond
to thevariablesusedin theclauseCi � 1 of � andtwo ex-
tra attributesB i andA i for recordingtheclausenumber
andthe“type” of the tuple. In theexamplein Figure1,
wehaverelationsR2, ...,R9 since� has8 clauses.For � ,
eachrelationRi , i 2 [2; m � 1] is populatedwith all sat-
isfying assignmenttuplesandtwo “dummy” tuples.The
columnB i containsthenameof theclauseandthecol-
umnA i contains“a” if the tuple is anassignmenttuple
and“d” otherwise.Thelastdummytupleis anexception
wherethe columnA i alsocontainsthe value“a”. For
instance,R2 hassevenassignmenttuples(0 0 1 c2 a), (0
1 0 c2 a), (0 1 1 c2 a), (1 0 0 c2 a), (1 0 1 c2 a), (1 1 0 c2
a), and(1 1 1 c2 a) andtwo extra tuples(f f f c2 d) and
(e e e c2 a). ThelastrelationRm is populatedsimilarly,
exceptthat for everyassignmenttuple( cm a), there
is anothertuple ( c0

m a) andthreeextra tuples(f f
f cm d), (f f f c0

m d), and(e e e cm a). SeeR9 for an
example.

For theformula� 0, weconstructarelationTi for each
clauseCi , i 2 [1; n]. Like before,eachrelationcontains
all possiblesatisfyingassignmenttuples. The column
B i containsthe nameof the clauseandthe columnA i
containsthetypeof thetuple. Thereis anextra dummy
tuple in additionto theassignmenttuples.For example,
T1 containsthesevensatisfyingassignmenttuples(0 0 1
c1 a), (0 1 0 c1 a), (0 1 1 c1 a), (1 0 0 c1 a), (1 0 1 c1 a),
(1 1 0 c1 a), and(1 1 1 c1 a) anda dummytuple (f , f ,
f , c1, d).

We write the following project-join query
Q = � B 1 ;:::;B m (Q1 ./ Q2) where Q1 =
� B 2 ;A 2 ;:::;B m ;A m (R2 ./ ::: ./ Rm ), Q2 =
� B 1 ;A 1 ;:::;B k ;A k (T1 ./ ::: ./ Tn )) andk=min(m � 1, n).
The intermediatequeriesQ1 andQ2 projectson the B
andA columnsof the join result. Theresultsof Q1 and
Q2 are shown in Figure 2. The reasonk is chosenas
theminimumof m � 1 andn is so that it is possibleto
retainthe Bm columnin Q1. The resultsof Q1 ./ Q2
andQ areshown in Figure3.

As shown in Figure2, theresultof Q1 alwayscontain
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R2

X 1 X 2 X 3 B2 A2

0 0 1 c2 a
0 1 0 c2 a
0 1 1 c2 a
1 0 0 c2 a
1 0 1 c2 a
1 1 0 c2 a
1 1 1 c2 a
f f f c2 d
e e e c2 a

R3

X 1 X 2 X 3 B3 A3

0 0 0 c3 a
0 1 0 c3 a
0 1 1 c3 a
1 0 0 c3 a
1 0 1 c3 a
1 1 0 c3 a
1 1 1 c3 a
f f f c3 d
e e e c3 a

...

R9

X 1 X 2 X 3 B9 A9

0 0 0 c9 a
0 0 0 c0

9 a
0 0 1 c9 a
0 0 1 c0

9 a
0 1 0 c9 a
0 1 0 c0

9 a
0 1 1 c9 a
0 1 1 c0

9 a
1 0 0 c9 a
1 0 0 c0

9 a
1 0 1 c9 a
1 0 1 c0

9 a
1 1 0 c9 a
1 1 0 c0

9 a
f f f c9 d
f f f c0

9 d
e e e c9 a

T1

X 1 X 2 X 3 B1 A1

0 0 1 c1 a
0 1 0 c1 a
0 1 1 c1 a
1 0 0 c1 a
1 0 1 c1 a
1 1 0 c1 a
1 1 1 c1 a
f f f c1 d

T2

X 2 X 4 X 5 B2 A2

0 0 0 c2 a
0 0 1 c2 a
0 1 0 c2 a
0 1 1 c2 a
1 0 0 c2 a
1 0 1 c2 a
1 1 1 c2 a
f f f c2 d

T3

X 1 X 4 X 5 B3 A3

0 0 0 c3 a
0 0 1 c3 a
0 1 0 c3 a
0 1 1 c3 a
1 0 1 c3 a
1 1 0 c3 a
1 1 1 c3 a
f f f c3 d

Figure1: Reductionfrom SAT-UNSAT with unsatis�ableformula� = (x1 + x2 + x3)(x1 + x2 + x3):::(x1 + x2 + x3)
andsatis�ableformula� 0 = (x1 + x2 + x3)(x2 + x4 + x5)(x1 + x4 + x5).

Q1

B2 A2 ... Bm Am

c2 d ... cm d
c2 d ... c0

m d
c2 a ... cm a
c2 a ... c0

m a
Thelasttupleexistsif � is satis�able.

Q2

B1 A1 ... B k A k

c1 d ... ck d
c1 a ... ck a

Thelasttupleexistsif � 0 is satis�able.

Figure2: Resultof Q1 = � B 2 ;A 2 ;:::;B m ;A m (R2 ./ ::: ./ Rm ) andQ2 = � B 1 ;A 1 ;:::;B k ;A k (T1 ./ ::: ./ Tn )) .

Q1 ./ Q2

B1 A1 B2 A2 ... Bm Am

c1 d c2 d ... cm d
c1 d c2 d ... c0

m d
c1 a c2 a ... cm a
c1 a c2 a ... c0

m a
Thelastsecondtupleexistsif � 0 is satis�able.
Thelasttupleexistsif � and� 0 aresatis�able.

Q
B1 B2 ... Bm

cf ?g
1 c2 ... cm

c1 c2 ... c0
m

Figure3: Resultof Q = � B 1 ;:::;B m (Q1 ./ Q2).
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threetuples(c2 d ... cm d), (c2 d ... c0
m d), and(c2 a ...

cm a). The�rst tupleexistsdueto thedummytuples(d
d d c2 d) ... (d d d cm d) in the input relationsR i . The
secondtupleexistsdueto (d d d c2 d) ... (d d d cm � 1 d)
(d d d c0

m d) in theinput relations.Thethird tupleexists
dueto thetuples(e e e c2 a) ... (e e e cm a) in theinput
relations.If � is satis�able,theremustbeoneassignment
tuple from eachinput relation that could join together
successfullyto produceanothertuple(c2 a ... c0

m a). By
similar reasoning,the �rst tuple in Q2 existsbecauseof
thedummytuples(d d d c1 d) .... (d d d cm d) from the
input relationsTj , j 2 [1; n]. If � 0 is satis�able, there
mustbe oneassignmenttuple from eachinput relation
that cansuccessfullyjoin togetherandhencewe obtain
thesecondoutputtuple(c1 a ... cn a). Clearly, dueto the
conditionalexistenceof thelast tuple in Q1 andQ2, the
lasttwo tuplesin Q1 ./ Q2 existsconditionallyaswell.

Supposewe wish to placean annotation“?” on the
B1 componentof the �rst tuple in theoutputof Q, i.e.,
at the location l=((c1 c2 ... cm ), B1). The annotation
at this locationis illustratedin Figure3. We show that
thereis aside-effect-freeannotationfor l if andonly if �
is unsatis�ableand� 0 is satis�able.

(If.) Suppose� is not satis�ableand� 0 is satis�able.
It is clear that the annotation“?” shouldbe attachedto
theB1 componentof sometuplein thesourceT1. Since
� 0 is satis�able,theremustbeanassignmenttuplet1 in
T1 that joins successfullywith someassignmenttuples
in T2,..., Tn to producethe secondoutput tuple in Q2.
Hence,we couldattach“?” to theB1 componentof t1.
Since� is unsatis�ableand� 0 is satis�able,“?” will ap-
pearonly in the B1 componentof the last secondtuple
of Q1 ./ Q2 (thelasttupledoesnotexist in thiscase,see
Figure3), andhenceonly in l in theoutput.

(Only If.) Next, we show the converse: If thereis a
side-effect-freeannotationfor l , thenit mustbethecase
that� is unsatis�ableand� 0 is satis�able.Suppose� 0 is
unsatis�able,thenthelasttupleof Q2 doesnotexist (see
Figure2). Therefore,thelasttwo tuplesof Q1 ./ Q2 do
not exist aswell (seeFigure3). As a consequence,our
only choiceto make “?” to appearin l is to attach“?”
on theB1 componentof thedummytuple in T1. In this
case,however, “?” would alsoappearin theB1 compo-
nentof the other tuple in the resultQ as a side-effect,
contradictingour assumptionthat thereis a side-effect-
free annotationfor l . Therefore,� 0 mustbe satis�able
and“?” is placedon theB1 componentof oneof theas-
signmenttuplesin T1. Our next stepis to show that �
is unsatis�able.Again, for thepurposeof contradiction,
weassumethat� is satis�able.In thiscase,thelasttuple
of Q1 in Figure2 exists.Thelasttuple,togetherwith the

last secondtuple of Q1, will cause“?” to propagateto
theB1 componentof bothtuplesin Q.

A specialcaseof a project and join query wherea
polynomial time algorithm exists is when every useof
projectretainsthekey of theinput relations.Hence,it is
possibleto determine,throughthekey of theoutputtuple
thatcontainstheannotation,whereanannotationshould
attachbackin thesource.

An alternative approach for queries that involve
projectandjoin operatorswouldbeto explicitly storethe
correspondencesbetweensourceandoutputlocationsin
the result. Assumethat every sourcelocationcontains
an annotationthatdescribesits address.We carry these
addressannotationsalongasQ(S) is computed.Hence
thesetof addressannotationsin eachoutputlocationtell
which sourcelocationscorrespondto it (i.e., its prove-
nance). Supposea userwishesto attacha remark(an-
other annotation)to an output location l . In order to
propagatethatremarkbackto thesourcewith minimum
side-effects,wecomputefor eachaddressannotation“?”
thatoccursin l , thenumberof otherlocationsin theout-
put that alsocontains“?”. (This will be the numberof
side-effects if we propagatethe remarkbackto the ad-
dressindicatedby “?”.) Theaddressannotationin l that
occursat a minimum numberof otheroutput locations
is wheretheremarkshouldbeattachedin thesourceso
thatit wouldgeneratetheleastside-effects.Thismethod
workswell assumingthat thequeryengineexhaustively
searchesfor everypossiblevaluationof aquerythatmay
produceanoutputtupleandin doingso,it keepsthecom-
pleteprovenanceof every output location. If, however,
the queryengineis “smart” enoughto skip somevalu-
ations(knowing that it hasalreadyproducedan output
tuple), then it may miss someannotationpropagation.
The precedingobservationsuggeststhat if we chosean
implementationof our annotationframework thatmodi-
�es an existing queryengineto carry alongthe address
annotations,we must �rst ensurethat the queryengine
alwayssearchesthrougheverypossiblevaluation.

5 RelatedWork

The idea of explicitly maintainingprovenanceby for-
warding annotationsalong data transformationsis not
new and hasbeenproposedin variousforms in exist-
ing literature[WM90, LBM98, BB99]. In fact,our an-
notationpropagationruleswhich propagateannotations
basedonwhere-provenancearesimilarto thoseproposed
in [WM90]. Thedifferencefrom [WM90] is thatwe do
notcarryalongtheprovenanceof intermediatelocations.
Thereareseveralindependentefforts in building annota-
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tion systemsto supportandmanageannotationson text
andHTML documents[LB95, SMB96, W3C,KKPS01,
PW00a]. Recently, annotationsystemsfor genomicse-
quenceshavealsobeenbuilt [bio, Dow01, KSF+ 02]. Re-
searchonannotationshasbeenlargelyfocusedonsystem
issuessuchasthescalabilityof design,distributedsup-
port for annotations,aswell asdesignsthat may avoid
the useof specializedbrowser or Web servers. Lalib-
erte and Braverman[LB95] discussedhow to use the
HTTPprotocolto designascalableannotationsystemfor
HTML pages.Schickler, Mazer, andBrooks[SMB96]
discussedthe use of a specializedproxy module that
wouldmergeannotationsfrom anannotationstoreontoa
Webpagethat is beingretrievedbeforesendingit to the
client browser. Sucha designwould not requirea spe-
cializedbrowseror Web server to supportandmanage
annotations.Annotea[W3C, KKPS01] is a W3C effort
to supportannotationson any Web document.Annota-
tionsarestoredon annotationserversbasedon an RDF
annotationschemaandusesXPointerfor pinpointinglo-
cationsonaWebdocument.Theclient,Amaya,is aspe-
cializedbrowserthatcanunderstand,communicate,and
mergeannotationsresidingin theannotationserverswith
Webdocuments.PhelpsandWilensky [PW97] alsodis-
cussedtheuseof annotationswith certaindesirableprop-
erties on multivalent documents[PW00b] which sup-
port documentsof different media types, such as im-
ages,postscript,or HTML. DAS or Biodas[bio, Dow01]
andtheHumanGenomeBrowser[KSF+ 02] arespecial-
izedannotationsystemsfor genomicsequencedata.Like
most other annotationsystemdesigns,there is one or
more (distributed) annotationservers for storing anno-
tations.Thesesystemsmergedatafrom varioussources
to displayit graphicallyto anenduser.

Theannotationsystemsdescribedsofar shareacom-
mon model: thereis a collectionof baseelementsand
every annotationrefersto somepart of a baseelement.
Baseelementsareeitherretrieved in part or asa whole
andthey do not undergo complex transformations.The
taskof theannotationvieweris thereforesimple:retrieve
the relevantannotations(look for annotationsin thean-
notationserver(s) that refer to portionsof the baseele-
ment)andmergethemwith thebaseelementit refersto.
In thispaper, weconsiderasystemwhereannotationsare
madeon relationaldata,proposedin [BKT02]. Unlike
Webpages,therigid structureof relationsmakesit easy
to describetheexactpositionwhereanannotationshould
be attached. In contrastto annotationson Web pages,
however, ouroutputis oftentheresultof acomplex trans-
formationprocess.To the bestof our knowledge,even
thoughour annotationpropagationframework is not en-

tirely new, thesemanticsof queriesandbackwardprop-
agationof annotationsin sucha systemhave not been
previouslyexplored.

6 Conclusionsand Open Issues

Wehavedescribedanannotationpropagationframework
that haspotentialusesin many areasand this paperis
only a preliminary investigationof someof the issues
thatarisein sucha framework.

Many issuesremainopen. Our goal of understand-
ing all theseissuesis to develop insightsthat will help
us build a provenance-basedannotationmanagement
systemwith a formal foundation. Although the prob-
lem of deciding whether two queriesare annotation-
equivalentis NP-complete,we conjecturethat thereex-
istspolynomialtimealgorithmsfor theclassof conjunc-
tive querieswith boundedtreewidth [CR97]. Theques-
tion of whetherquery minimization underannotation-
equivalenceis church-rosserremainsopen. For the
annotation-placementproblem, we conjecturethat the
exact complexity classis slightly above DP. We would
also like to extend our annotationmodel and study to
other models, such as the XML model, whereby tu-
ples or relationscan also be annotated. It would also
be interesting to explore the preciserelationshipbe-
tween containmentof conjunctive queriesunder bag-
semanticsand annotation-containment.Both problems
sharesome similarities: For example, some equiva-
lences that hold under set-semanticsno longer hold
under bag-semantics(annotation-semantics).We also
know that there are some differences: It is known
that bag-containmentof conjunctive queriesis compu-
tationally harder than set-containmentof conjunctive
queries [CV93] while we have shown that the com-
plexity of annotation-containmentis the sameas set-
containmentof conjunctivequeries.

As mentionedbrie�y in Section 1, there are con-
ceivably other choicesfor the semanticsof annotation
propagationotherthanpropagatingannotationsbasedon
provenance.As opposedto having suchautomaticmech-
anismfor propagatingandcombiningannotations,one
could also imaginehaving explicit languageconstructs
for dealingwith annotations.We believe, however, that
thischoiceof annotationpropagationis anaturaloneand
that therearemany applications,suchastracingprove-
nance,security, andquality control, wheresuchan au-
tomaticprovenance-basedsystemfor propagatinganno-
tationsis desirable.A thoroughinvestigationof alterna-
tive semanticsor possibilities,however, is needed.We
would alsolike to extendour investigationto theframe-
work whereannotationsarepropagatedbasedon why-
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provenance.
It wouldalsobeinterestingto investigatehow wemay

allow annotationsto bequeried(in animplementationin-
dependentway) directly. For example,we maywant to
“return all personswhosedate-of-birthhasbeenincor-
rectly recorded”by �nding tuplesin the relationwhose
date-of-birthvaluehasbeenannotatedwith an error re-
port. One possibility is to extend the query language
with constructsto queryannotations.We observe that it
is alsopossibleto queryannotations(without extending
thequerylanguage)by �rst de�ning aview. For instance,
if we assumethat in an implementation,annotationsare
storedasanotherrelation,onecande�ne anXML view
over the main databaseandannotationdatabaseso that
annotationsappeartogetherwith thedatait annotatesas
part of the datain the XML view. Queriescanthenbe
posedoverthisview [SSB+ 01, FKM+ 02], thusallowing
annotationsto bequeried.
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A Appendix
A.1 Semanticsof Query with Annotations

We let [[E ]]D� denotethe meaningof an expressionE
evaluatedon databaseD underthe context � where�
is a valuation. Let A(l ) denotethe set of all annota-
tions at location l and X [p] denotethe pth variablein
the vectorof variablesX . Our goal is to de�ne [[Q]]D

and A(l ) whereQ is a conjunctive query of the form
R(X ):-S1(Y1); :::; Sn (Yn ) andl is a locationin Q(D).
The variablesin X occur in Y1; :::; Yn and n � 0. If
n = 0, then X must not contain any variablesand
[[Q]]D = f R(X )g. We shall assumethat every sub-
goal is an extensionaldatabasepredicate.If Q contains
somevariablesV1; :::; Vm , we �rst augmentthedatabase
D with V1(D ); :::; Vm (D ) and computeQ againstthe
augmenteddatabase.A valuation� is consistentwith
anothervaluation� if they agreeon the assignmentsof
commonvariables,i.e., if � mapsx to c1 and� mapsx
to c2, thenc1 = c2.

1. Thedenotationof a query.

[[Q]]D = f R(� (X )) j � 2 [[S1(Y1); :::; Sn (Yn )]]Dfg ;
n � 1g

2. The set of annotations at an output location
(R(t); p).

A (R(t); p) = f a j � 2 [[S1(Y1); :::; Sn (Yn )]]Dfg ;
� (X ) = t; Yi [q] = X [p];
a 2 A(Si (� (Yi )) ; q))g

3. Thedenotationof a subgoalundercontext � .

[[S(Y )]]D� = f � [ � j � is avaluationfor variables
in Y ; S(� (Y )) is truein D , and� is
consistentwith � g

4. The denotationof a sequenceof subgoalsunder
context � .

[[S1(Y1); :::; Sk (Yk ))]]D� =S
� [[S2(Y2); :::; Sn (Yn )]]D� [ � where� maps

variablesin Y1 to valuessuchthatS1(Y1) is
truein D and� is consistentwith � .

We notethat Example3.1 requiresthe above de�ni-
tion to be extendedfor equalities. This can be easily
achievedby requiringtheadditionalcheck,in de�nition
(3) above, that (� [ � )(X ) = (� [ � )(X 0) for every
equalityX = X 0 in Q.

A.2 Annotation-Equivalent Translations between
ConjunctiveQueriesand Relational Algebra

We de�ne � : RA ! CQ, which returnsa conjunc-
tive query(possiblywith unionsandviews) whengiven
a relationalalgebraquery (with restrictedselects)such
that they producethe sameannotatedoutputgiven any
annotatedinput database.The propagationrulesfor se-
lect,project,join, union,andrenameoperatorsaregiven
in [BKT02].

� Relation. �( R) is Q(X ) : � R(X ) if R is arelation
name.

� Selection. �( � C (E )) is Q(X ) : � E1(X ; ' (Y )) .
We assumethat C containsonly an equality con-
dition of the form A = c whereA is an attribute
andc is a constantor an equalityof the form A =
B whereB is anotherattribute. The subgoalE1
is the headof anotherconjunctive querygiven by
E1(X ; X ) : � E2(X ) whereE2(X ) is theheadof
theconjunctivequerygivenby �( E ). Thesubstitu-
tion ' mapsthevariableamongY thatcorresponds
to A to eitherc (if A = c) or thevariableamongY
thatcorrespondsto B (if A = B ).

For example, suppose we have the schema
R(height, age). Then �( � age=30 (R)) returns
Q(n; a) : � E1(n; a; n0; 30), whereE1(n; a; n; a) :
� E2(n; a) and E2(n; a) : � R(n; a). If C is an
equalityconditionof the form height=age, the re-
turnedexpressionis: Q(n; a) : � E1(n; a; a0; a0)
whereE1(n; a; n; a) : � E2(n; a) and E2(n; a) :
� R(n; a).

� Project. �( � A (E )) is Q(Y) : � E 0(X ) whereE 0

is theheadof theconjunctivequerygivenby �( E ),
Y � X whereY correspondsto the variablesof
attributesin A.

� Join. �( E1 ./ E2) is Q(X 1; Y ; X 2) :
� E 0

1(X 1; Y ); E 0
2(Y ; X 2) whereE1 andE2 arethe

headsof theconjunctivequeriesgivenby �( E1) and
�( E2) respectively andY denotesthecommonat-
tributes/columnsin thetwo schemas.

� Union. �( E1 [ E2) is Q(X 1) : � E 0
1(X 1) and

Q(X 2) : � E 0
2(X 2) where E 0

1 and E 0
2 are the

headsof theconjunctivequeriesgivenby �( E1) and
�( E2) respectively.

It is easyto verify that this translationpreservesthe
annotationpropagationbehavior. Next, we de�ne 
 :
CQ ! RA which returnsa relationalalgebraquerythat
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de�nesthegivenconjunctivequerywith thesameanno-
tationbehavior.

We�rst assumethataconjunctivequeryQ consistsof
only extensionaldatabasepredicates.Essentially, 
 (Q)
renamesthe relationsinvolved in thebody of Q so that
attribute namesof every relationthat correspondto the
samevariableare identical. Otherwise,attribute names
shouldbedistinct.Therelationsin thebodyof Q arethen
joined togetherfollowed by a projectionon the desired
attributes/columns.

For example, given conjunctive query H (X ; Y ) :
� R(X ; Y; Z ); S(Z; U;X ) with schemaR(A, B, C) and
S(D, E, F), we renameR and S to be R(A', B', C')
andS(C', D', A'). Then,the relationalalgebraquery is
� A 0;B 0(� 1(R) ./ � 2(S)) where� 1 and� 2 arethe corre-
spondingrenamingfunction. If the samesubgoalcon-
tainsmultiple occurrencesof thesamevariable,thense-
lect and self-joinsare needed.For example,given the
conjunctive query H (X ) : � R(X ; X ; Z ); S(Z; U;X )
with thesameschemaasgivenbefore,therelationalal-
gebraqueryis � A (� A = B (R) ./ � 1(� A = B (R)) ./ � 2(S))
where� 1 = f A ! B ; B ! A; C ! Cg and � 2 =
f D ! C; E ! E ; F ! Ag.

If Q containssomeview predicateV , 
 (Q) returnsan
expressionE by treatingV as an extensionaldatabase
predicate.The resultof 
 (Q) is the expressionE with

 (V ) is substitutedfor V . It is easyto verify that this
translationpreserves correspondencesbetweensource
andoutputlocations.

A.3 Extended Results for Unions of Conjunctive
Queries

Lemma A.1 [SY80] Let Q =
S m

i =1 Qi and Q0 =S n
j =1 Q0

j be unionsof conjunctivequeries. Q � Q0

if and only if Q and Q0 havethe sametarget relation
schemeandeach conjunctivequeryQi of Q is contained
in someconjunctivequeryQ0

j of Q0.

TheoremA.1 Let Q and Q0 be unionsof conjunctive
queries. If Q and Q0 are equivalentand Q is minimal,
thenQ is annotation-containedin Q0.

Proof. Let Q =
S m

i =1 Qi andQ0 =
S n

j =1 Q0
j respec-

tively. The theoremfollows from the minimality of Q,
Lemma A.1, and Theorem3.3. Note that a query Q
is minimal if every conjunctive query Qi is minimal
and theredoesnot exist Qk andQl wherek 2 [1; m],
l 2 [1; m], k 6= l , andQk � Ql .

FromLemmaA.1, we know thatfor every i 2 [1; m],
Qi is containedin Q0

j for somej 2 [1; n]. We claim
that if Qi is containedin Q0

j , then Q0
j is containedin

Qi (thus,Qi andQ0
j areequivalent). Supposenot, then

Qi is containedin Q0
j andQ0

j is containedin Qk where
k 6= i . Then,Qi mustbecontainedin Qk , contradicting
theminimality of Q.

Sincefor every i 2 [1; m], Qi is equivalentto some
Q0

j andQi is minimal, it follows from Theorem3.3 that
Qi � a Q0

j .

TheoremA.2 Let Q =
S m

i =1 Qi andQ0 =
S n

j =1 Q0
j be

unionsof conjunctivequeries. Q � a Q0 if and only if
for everyk 2 [1; m], for everyvariableX that occursat
boththei th positionof var(Q[0]) andthej th positionof
var(Qk [p]) for somep, there existsa homomorphismh
fromQ0

l to Qk , for somel 2 [1; n] such that

1. h mapsthebodyof Q0
l into thebodyof Qk andthe

headof Q0
l to theheadof Qk , and

2. the variable that occurs at the j th position of
var(Q0

l [q]) is identical to thevariableat thei th po-
sitionof var(Q0

l [0]), whereQ0
l [q] is thepre-imageof

Qk [p] underh.

Proof. (If) Assumethat for every k 2 [1; m], thereis a
l 2 [1; n] suchthat thereis a homomorphismfrom Q0

l
to Qk with thedesiredproperties.FromTheorem3.6, it
follows thatQk � a Q0

l . Hence,for every Qk , thereex-
istsaQl whereQk � a Ql andtherefore,Q � a Q0.
(Only If) For theconverse,assumeQ � a Q0. Fix a con-
junctive queryQk in Q andsupposethe i th variableat
var(Qk [0]) is identicalto the j th variableof var(Qk [p]).
Let C bethecanonicalinstanceinducedby Qk . Thatis,
for every subgoalS(Y1; :::; Ym ) in Qk , C containsthe
tupleS(Y c

1 ; :::; Y c
m ) whereY c

k is a constantcorrespond-
ing to thevariableYk andC containsonly thesetuples.
With C, it is easyto constructa valuation� for Qk by
mappingtheeachvariableYi in Qk to thecorresponding
constantY c

i . It is easyto seethat � � 1 is well-de�ned in
this case.

Let Qk [p] be S(Y1; :::; Ym ) and Qk [0] be
H (X 1; :::; X n ). Let l1 = (S(Y c

1 ; :::; Y c
m ); j ) and

l2 = (H (X c
1 ; :::; X c

n ); i ) whereYj = X i . Obviously,
(l1; l2) 2 L Q k ;C andsinceQ � a Q0, (l1; l2) 2 L Q0

l ;C

for somel 2 [1; n]. By de�nition of (l1; l2) 2 L Q0
l ;C ,

thereexists a valuation' for Q0
l so that subgoalsof Q0

l
aremappedinto tuplesin C, the headof Q0

l is mapped
to H (X c

1 ; :::; X c
n ), ' (Q0

l [q]) = S(Y c
1 ; :::; Y c

m ) for some
q, andthej th variableof var(Q0

l [q]) is identicalto thei th
variablein var(Q0

l [0]). Clearly, � � 1 � ' is a homomor-
phismfrom Q0

l to Qk thatsatis�estheconditions(1)-(2).
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