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The Problem of Data Exchange

� Given: A sourceschemaS, a targetschemaT anda
speci�cation� of therelationshipbetweentheseschemas.

� Dataexchange:Problemof �nding aninstanceof T, givenan
instanceof S.

- Targetinstanceshouldre�ect thesourcedataasaccuratelyaspossible,
giventheconstraintsimposedby � andT .

- It shouldbeef�ciently computable.

- It shouldallow oneto evaluatequerieson thetargetin a way thatis
semanticallyconsistentwith thesourcedata.
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Data Exchange

Source
database

Target
database

Targetschema

�

Sourceschema

� ! ?

Queryover thetarget:Q

Answerto Q in thetargetinstanceshouldrepresenttheanswerto Q
in thespaceof possibletranslationsof thesourceinstance.
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Data Exchange in Relational Databases

� Dataexchangehasbeenextensively studiedin therelational

world.

- It hasalsobeenimplemented:Clio.

� Relationaldataexchangesettings:

- Sourceandtargetschemas:Relationalschemas.

- Relationshipbetweensourceandtargetschemas:Source-to-target
dependencies.

� Semanticsof dataexchangehasbeenpreciselyde�ned.

- Algorithmsfor materializingtargetinstancesandfor answeringqueries

over thetargethave beendeveloped.
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XML Documents

db

book book

@title
“Algebra”

@title
“RealAnalysis”

author author

@name @aff @name @aff
“Hungerford” “U. Washington” “Royden” “Stanford”
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XML Documents
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XML Data Exchange Settings

� Sourceandtargetschemasaregivenby DTDs.

� To specifytherelationshipbetweenthesourceandthetarget

schemasweusesource-to-targetdependencies.

To de�ne thesedependencies,weusetreepatterns...
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Tree Patterns: Example

db

book

author

@name
“Hungerford”

. . .book

@title
x

author

@name
y
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Tree Patterns: Example

db

book

“RealAnalysis”
author

@name @aff
“Royden” “Stanford”

@title

. . .book

@title
x

author

@name
y

Collecttuples(x; y): (Algebra,Hungerford), (RealAnalysis,Royden)
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Tree Patterns

� Treepatterns:XPath-like language.

- Example:book(@title = x)[author (@name = y)]

� Languagealsoincludeswildcard (matchingmorethanone

symbol)anddescendantoperator==.
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XML Source-to-target Dependencies

� Source-to-targetdependency (STD):

 T ( �x; �z) :– ' S( �x; �y);

where' S( �x; �y) and T ( �x; �z) aretree-patternformulasover
thesourceandtargetDTDs,resp.

� Example:

:–

writer

@name
y

work

@title
x z

@year

book

@title
x

author

@name
y
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XML Data Exchange Settings

XML DataExchangeSetting:(DS; DT ; � ST )

DS: SourceDTD.

DT : TargetDTD.

� ST : Setof XML source-to-targetdependencies.

Eachconstraintin � ST is of theform  T ( �x; �z) :– ' S( �x; �y).

- ' S ( �x; �y): Tree-patternformulaoverD S .

-  T ( �x; �z): Tree-patternformulaover D T .
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XML Data Exchange Problem

� GivenasourcetreeT, �nd a targettreeT 0suchthat(T; T0)

satis�es� ST .

- (T; T 0) satis�es T ( �x; �z) :– ' S ( �x; �y) if whenever T satis�es' S (�a; �b),
thereis a tuple�c suchthatT 0 satis�es T (�a; �c).

- T 0 is calleda solutionfor T .
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Example: Finding Solutions

Source db ! book+

DTD: book ! author+ book ! @title
author ! " author ! @name, @a�

Target bib ! writer +

DTD: writer ! work+ writer ! @name
work ! " work ! @title , @year

� ST :

book

@name work @title author
x

@title @year @name
x z

y

writer

:–

y
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Example: Finding Solutions

Let T beour original tree:

db

book book

@title
“Algebra”

@title
“RealAnalysis”

author author

@name @aff @name @aff
“Hungerford” “U. Washington” “Royden” “Stanford”
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Example: Finding Solutions

A solutionfor T:

bib

@year
“? 2”

writer writer

@name

@title

work work

@title

@name

@year

“Hungerford”

“Algebra”

“Royden”

“RealAnalysis”“? 1”
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Consistency of XML Data Exchange Settings

� An XML dataexchangesetting(DS; DT ; � ST ) canbe

inconsistent:

TherearenoT conformingto DS andT0conformingto DT

suchthat(T; T0) satis�es� ST .

� Whatis thecomplexity of checkingwhetherasettingis

consistent?
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Bad News: General Case

TheoremCheckingif anXML dataexchangesettingis consistent

is EXPTIME-complete.

Resultsoncontainmentof XPathexpressionsaswell asuniversality

of treeautomataimply thatEXPTIME-hardnessis unavoidable.
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Good News: Consistency for Commonly used DTDs

A largenumberof DTDs thatoccurin practicehave rulesof theform:

` ! ^̀
1; : : : ; ^̀

m ;

whereall the` i 's aredistinct,and^̀ is oneof thefollowing: `, or ` � , or
`+ , or `?

Subsumenon-relationaldataexchangehandledby Clio.

TheoremFor non-recursive DTDs thatonly have theserules,consistency

canbecheckedin timeO
�
(kDSk + kDT k) � k� ST k2

�
.
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Query Answering in XML Data Exchange

� Decisionto make: Whatis our querylanguage?

� Westartby consideringaquerylanguagethatproducestuples

of values.
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Conjunctive Tree Queries

� QuerylanguageCTQ== is de�ned by

Q := ' j Q ^ Q j 9x Q;

where' rangesover tree-patternformulas.

� By disallowing descendant== weobtainrestrictionCTQ.
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Example: Conjunctive Tree Query

List all pairsof authorsthathave writtenarticleswith thesametitle.

Q(x; y) :=

^@name
x

work

@title
z

writer

@name
y

work

@title
z

writer

9z ( )
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Certain Answers Semantics

� Given: A sourcetreeT andaconjunctive treequeryQ over the

target.

� Answerto Q shouldrepresenttheanswerto thisqueryin the

spaceof solutionsfor T.

� Certainanswerssemantics:

certain(Q; T) =
\

T 0 is asolutionfor T

Q(T0):
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Computing Certain Answers

Westudythefollowing problem.

Givendataexchangesetting(DS; DT ; � ST ) andqueryQ:

PROBLEM: CERTAIN-ANSWERS(Q).

INPUT: TreeT conformingto DS andtuple�a.

QUESTION: Is �a 2 certain(Q; T)?
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Computing Certain Answers: General Picture

TheoremFor everyXML dataexchangesettingandCTQ==-query

Q, CERTAIN-ANSWERS(Q) is in coNP.

Remark:In termsof thesizeof thedocument(datacomplexity).

TheoremThereexist anXML dataexchangesettinganda

CTQ==-queryQ suchthatCERTAIN-ANSWERS(Q) is coNP-hard.

Wewantto �nd tractablecases...
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Computing Certain Answers: Finding Tractable Cases

TheoremSupposeoneof thefollowing is allowedin treepatternsover

thetargetin STDs:

� descendantoperator==, or

� wildcard , or

� patternsthatdonotstartat theroot.

Thenonecan�nd sourceandtargetDTDsanda CTQ-queryQ suchthat

CERTAIN-ANSWERS(Q) is coNP-complete.

Remark: Evenif all therulesin theDTDsareof theform:

` ! (`1 j � � � j `n )�

whereall the` i 's aredistinct.
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Computing Certain Answers: Finding Tractable Cases

� To �nd tractablecases,wehave to concentrateon
fully-speci�ed STDs:

We imposerestrictionson treepatternsover targetDTDs:

- nodescendantrelation==; and

- nowildcard ; and

- all patternsstartat theroot.

No restrictionsimposedon treepatternsoversourceDTDs.

� Subsumenon-relationaldataexchangehandledby Clio.

Fromnow on,all STDsarefully-speci�ed.
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Computing Certain Answers: Towards a Classi�cation

GivenaclassCof regularexpressionsanda classQ of queries:

Cis tractablefor Q if for every dataexchangesettingin which target
DTDsonly useregularexpressionsfrom CandeveryQ-queryQ,
CERTAIN-ANSWERS(Q) is in PTIME.

Cis coNP-completefor Q if thereis adataexchangesettingin which
targetDTDsonly useregularexpressionsfrom CandaQ-queryQ such
thatCERTAIN-ANSWERS(Q) is coNP-complete.

Remark(Ladner):If PTIME 6= NP, thereareproblemsin coNPwhichare

neithertractablenor coNP-complete.
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Computing Certain Answers: Towards a Classi�cation

� Our classi�cationis basedonclassesof regularexpressions

usedin targetDTDs.

� Weonly imposeonerestrictionto theseclasses:They must

containthesimplesttypeof regularexpressions.

� Suchclasseswill becalledadmissible.
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Computing Certain Answers: Dichotomy

Theorem

1) Every admissibleclassCof regularexpressionsis eithertractableor
coNP-completefor CTQ==.

2) For every tractableclass:Givena sourcetreeT, onecancomputein
PTIME asolutionT ? for T suchthat

certain(Q; T) = removenull tuples(Q(T ?)) :

3) It is decidablewhethertheregularexpressionsusedin a targetDTD
belongto a tractableclass.
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A Tractable Class: Univocal Regular Expressions

� CU : classof univocalregularexpressions.

- Examples: (AjB )� , A; B + ; C� ; D ?, (A � jB � ), (C; D )� .

- Non-univocal: A; (B jC).

� Univocalregularexpressions:GivenasourcetreeT, onecan

computein PTIME asolutionT ? for T suchthat

certain(Q; T) = removenull tuples(Q(T ?)) :

� TheoremCU is tractablefor CTQ==.
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Non-tractable Classes

Is thereany othertractableclassof regularexpressions?

TheoremCU is maximal:If C is anadmissibleclassof regular
expressionssuchthatC6� CU , thenCis coNP-completefor CTQ-queries.

Dichotomyfollows from this theoremandtractabilityof CU .

TheoremIt is decidablewhethera regularexpressionis univocal.
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Final Remarks

� Dichotomyalsoholdsfor unionsof conjunctive queries.

� Futurework:

- We would like to considerXML querylanguagesthatproduceXML
trees.

How dowe de�ne certainanswers?

- Thenotionof reasonablesolutionsneedsto beinvestigatedfurther.
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Tractable Case: Univocal Regular Expressions

� T? is acanonicalsolutionfor T:

certain(Q; T) = removenull tuples(Q(T ?)) :

� WecomputeT? in two steps:

- We useSTDsto computeacanonicalpre-solutioncps(T ) from T.

- ThenweusetargetDTD to computeT ? from cps(T ).
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Example: XML Data Exchange Setting

� SourceDTD:

r ! A� ; B �

A ! " A ! @̀
B ! " B ! @̀

� TargetDTD:

r ! (C; D )�

C ! " C ! @m
D ! E
E ! " E ! @n

� � ST :

r [C(@m = x)] :– A(@̀ = x);

r [C(@m = x)] :– B (@̀ = x):
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Example: Computing Canonical Pre-solution

r

A B

@̀ @̀
“1” “2”

r

A B

@̀ @̀
“1” “2”

:–

@m @̀

C

@m

r

“2”

C

r

x

B

x

:–

@m @̀

C

@m

r

“1”

C

r

A

x x
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Example: Computing Canonical Pre-solution

Canonicalpre-solution:

C

@m
“1”

C

@m
“2”

r

Not yetasolution:It doesnotconformto thetargetDTD.
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Example: Computing Canonical Solution

C

@m
“1”

DC

r

D

EE

@n@n
“? 1” “? 2”

@m
“2”

r ! (C; D )�
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