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Abstract

Currentinformation systemsare requiredto dealwith more
compl datawith respecto traditionalrelationaldata. The
databasecommunity has already proposedabstractiondor
thesekinds of data,in particularin termsof semistructured
datamodels. A semistructureanodel conceves a database
essentiallyasa nite directedabeledgraphwhosenodesep-
resentobjects,and whoseedgesrepresentelationshipsbe-
tweenobjects. In the sameway asconjunctve queriesform
thecoreof ary querylanguagdor therelationalmodel,regu-
lar pathqueries(RPQs)andtheir variantsare consideredhe
basicqueryingmechanism$or semistructuredata.

Besidedhebasictaskof queryansweringi.e.,evaluatinga
gueryover adatabasejatabaseshouldsupportotherreason-
ing servicesrelatedto querying. One of the mostimportant
is querycontainmenti.e., verifying whetherfor all databases
the answerto a queryis a subsetof the answerto a second
guery Anotherimportantreasoningervicethathasreceved
considerablattentionin therecentyearsis view-basedjuery
processingywhich amountsto processingjueriesbasedon a
setof materializedviews, ratherthanon the raw datain the
database.

Thegoalof this paperis to describebasicresultsandtech-
niguesconcerningguery containmentandview basedquery
processingfor the class of two-way regularpath queries
(which extend RPQswith the inverse operator). We will
demonstratehat the basicservicesfor reasoningabouttwo-
way regular pathqueriesaredecidablethusshawing thatthe
limited form of recursionexpressibleby thesequeriesdoes
not endangethe decidability of reasoning.Besideshe spe-
ci ¢ results,our methodsshav the power of two-way au-
tomatain reasoningon comple queries.
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1 Introduction

Nowadays, information systemsare requiredto deal with
morecomplex datawith respecto traditionalrelationaldata.
For example dataontheweb,or biologicaldataarebetterde-
scribedby resortingto more e xible structuringmechanisms
thanthoseprovidedby relationalsystemsThedatabaseom-
munity hasalreadyproposedabstractiongor thesekinds of
data,in particularin termsof semistructurediatamodels.A
semistructurednodel conceves a databaseessentiallyas a
nite directedlabeledgraphwhosenodesrepresenbbjects,
andwhoseedgegepresentelationshipdbetweerpbjects[1].

In thesameway asconjunctive queried18] (CQs)formthe
coreof ary querylanguagefor the relationalmodel, regular
pathquerieg RPQs)areconsideredhe basicqueryingmech-
anismgfor semistructuredata(7, 3, 1]. Querylanguages$or
this datamodelmustindeedbe equippedwith e xible mech-
anismsfor navigating the graphrepresentinghe database.
This includesthe ability to follow a sequencef edgesof the
graphwhoselengthis notspeci edapriori, somethingvhich
is directly provided by RPQsvia a limited form of recursion
in the form of re exive-transitve closure.Plain RPQsallow
for navigating the edgesof a semistructurediatabasesnly
in the forward direction. However, it is obviously of inter
estto be able to navigate edgesin both forward and back-
ward directions,as, e.g., supportedoy the predecessoaxis
of XPath[20, 6]. RPQsextendedwith the ability of navigat-
ing databasedgedackwardarecalledtwo-wayregular-path
queries(2RPQs)11].

Besidesthe basictask of query answering,i.e., evaluat-
ing a queryover a databasedatabaseshouldsupportother
reasoningservicesrelatedto querying. One of the most
importantis query containment(which generalizesquery
equivalence),i.e., verifying whetherfor all databaseshe
answerto a query is a subsetof (resp., equalto) the an-
swerto a secondquery Checkingcontainmentof queries
is crucial in several contets, such as query optimization,
query reformulation,knowledge-baseveri cation, informa-
tion integration,integrity checking,andcooperatie answes
ing [27, 35, 19, 4, 38, 34, 8,23]. In [18] it is shavn thatCQ
containmentis equialentto CQ evaluation(NP-complete).



(For someextensionsse€[5, 39, 31, 43].) Ontheotherhand,
it is shawvn in [41] thatcontainmenbdf Datalogqueriess un-
decidable NotethatDatalogmaybeseerasthelanguageb-
tainedby addingrecursionandunion)to conjunctve queries.

View-basedqguery processings anotherform of reason-
ing that hasrecentlydravn a greatdeal of attentionin the
databaseommunity [28, 29]. In several contets, suchas
dataintegration, query optimization, query answeringwith
incompleteinformation, and datawarehousingthe problem
arisesof processingjueriesposedover the schemaeof a vir-
tual databasebpasedon a set of materializedviews, rather
thanon the raw datain the databas¢42, 2, 32). For exam-
ple,aninformationintegrationsystemexportsaglobalvirtual
schemaover which userqueriesare posed,andsuchqueries
areansweredasedon the datastoredin a collectionof data
sourceswhosecontentin turnis describedn termsof views
over the global schema.In sucha setting,eachdatasource
correspondgo a materializedview, and the global schema
exportedto the usercorrespondso the schemaof the virtual
database Notice that typically, in dataintegration,the data
in the sourcesare correct(i.e., sound)but incompletewith
respectto their speci cationin termsof the global schema.
This is due the fact that typically the global schemais not
designedaking the sourcesinto account,but ratherthe in-
formation needsof users. Henceit may not be possibleto
preciselydescribethe informationcontentof the sources.In
this paperwe will concentraten this case(soundviews)®.

Therearetwo approacheto view-basedjueryprocessing,
calledview-basedqueryrewriting andview-basedqueryan-
swering respectiely. In theformerapproachwe aregivena
gueryanda setof view de nitions, andthe goalis to refor
mulatethe queryinto an expressionof a x edlanguagehat
refersonly to theviews andprovidestheanswerto thequery
The crucial point is that the languagean which we wantthe
rewriting is x ed,andin generakoincideswith thelanguage
usedfor expressingthe original query In view-basedquery
answeringpesidegshequeryandtheview de nitions, we are
alsogiventhe extensionsof the views. The goalis to com-
putethe setof tuplesthatareanswerdo the queryin all the
databasethatareconsistentvith the views.

While query containmentand view-basedquery process-
ing have beenextensiely studiedin the relationalmodelin
the last decadestesultson theseproblemsin the context of
semistructuredataaremorerecentandlessknown. Thegoal
of this paperis to describebasicresultsandtechniqueson-
cerningquerycontainmentindview basedjueryprocessing
for theclassof two-wayregularpathqueries We will demon-
stratethatthebasicservicedor reasoningabouttwo-way reg-
ular pathqueriesaredecidablethusshaving thatthelimited
form of recursionexpressibleby thesequeriesdoesnot en-
dangerthedecidabilityof reasoning.

The paperis organizedasfollows. Section2 providesthe

1This correspondso adoptingthe so-called‘openworld assumptionfor
theviews.

formal de nitions of all the notionsusedin the paper Sec-
tion 3 illustratestheresultson querycontainmentSections4
and 5 presentthe resultsfor view-basedquery answering,
andview-basedjueryrewriting, respectiely. Section6 con-
cludesthe paper

2 Framework

Following the usualapproactin semistructurediata[1], we
de ne a semistructued databaseasa nite directedgraph
whoseedgesare labeledby elementdrom a given nite al-
phabet . Eachnoderepresentanobjectsandanedgefrom
objectx to objecty labeledby r, denoted (x; y), represents
thefactthatrelationr holdsbetweernx andy. Obsere that
a semistructuredlatabaseanbe seenasa ( nite) relational
structureover the set  of binary relationalsymbols. A re-
lational structue (or simply structu€) B over is a pair
( B; B), where B isa nite domainand B is a function
thatassigngo eachrelationsymbolinr 2  abinaryrela-
tionr® over B, alsodenotedoyr(B).

A regular-pathquery(RPQ)over is expresse@saregu-
lar expressioror a nite-stateautomatorover . Theanswer
Q(B) toanRPQQ overadatabaseB is thesetof pairsof ob-
jectsconnectedn B by adirectedpathtraversinga sequence
of edgeformingawordin theregularlanguagé. (Q) de ned
by Q.

RPQsallow for navigating the edgesof a semistructured
databaseenly in theforward direction. RPQsextendedwith
the ability of navigating databasedgeshackward are called
two-wayregular-pathqueries(2RPQs)11].

Formally, weconsidemanalphabet = [fr jr2 g
whichincludesa new symbolr for eachrelationsymbolr
in . Thesymbolr denotegheinverseof the binaryrela-

tionr. If p2 , thenwe usep to meantheinverseof p,
i.e.,if pisr,thenp isr ,andif pisr ,thenp isr. A
2RPQover is expressedsaregularexpressioror a nite-

stateautomatorover . TheanswerQ(B) to a 2RPQQ
over a databaseB is the set of pairs of objectsconnected
in B by a semipaththat conformsto the regular language
L(Q). A semipathn B fromx toy (labeledwithp;  p,)is

n 0¥ = X, ¥, = Y, andfor eachy; 1;p;;V:, we have
thatp; 2 , and,if p, = r then(y; 1;y;) 2 r(B), and
if p, = r then(y;;y; 1) 2 r(B). Intuitively, a semi-

tion of thedatabasé&romyy toy,,, following edgedorwardor
backward,accordingo thesequencef edgelabelsp;  p..
Note that the objectsin a semipathare not necessarilydis-
tinct. A semipaths saidto besimpleif noobjectin it appears
morethanonce. We saythata semipath(yo; p1;:::; Pn;Vn)
conformsto a2RPQQ if p1  p, 2 L(Q). Summingup, a
pair (x; y) of objectsis in theanswerQ(B) if andonly if, by
startingfrom x, it is possibleto reachy by navigatingon B



accordingto oneof thewordsin L (Q).

Besidesthe basictask of query answering,i.e., evaluat-
ing a queryover a databasegatabaseshouldsupportother
reasoningservicesrelatedto querying. Oneof the mostim-
portantis query containmentj.e., verifying whetherfor all
databaseshe answerto a queryis a subsetof (resp.,equal
to) theanswelto asecondjuery Formally, giventwo queries
Q1 andQ, over , we saythatQ; is containedin Q, de-
notedQ; v Q., if for every databas® over , wehavethat
Q1(B)  Q2(B).

Considernowv a semistructureddatabasethat is acces-
sible only through a collection of views expressedas
RPQs/2RPQsandsupposeave needto answera RPQ/2RPQ
over the databas@nly on the basisof our knowvledgeon the
views. Speci cally, the collectionof views is representedy
a nite setV of view symbols eachdenotinga binary rela-
tion. Eachview symbolV 2 V hasanassociatediew def-
inition V , whichis an RPQ/2RPQover . A V-extension
E is a relationalstructureover V. We considerviews to be
sound[2, 25], i.e., we modela situationwherethe extension
of the views providesa subsef the resultsof applyingthe
view de nitions to thedatabaseGivenasetV of viewsanda
databas®, we useV (B) to denotethe V-extensionE such
thatV(E) = V (B), for eachV 2 V. We saythata V-
extensionE is soundwrt a databaseB if E~ V (B). In
otherwords, for aview V 2 V, all thetuplesin V (E) must
appeainV (B),butV (B) maycontaintuplesnotinV (E).

Given a setV of views, a V-extensionE, anda query Q
over , thesetof certainanswes (undersoundviews)to Q
with respectto V andE is the setof pairs(x;y) of objects
suchthat(x; y) 2 Q(B) for every databas® wrt whichE is
soundj.e.,E V (B). View-basedqueryanswering(under
soundviews)consistdn decidingwhethera given pair of ob-
jectsis a certainanswetrto Q with respecto V andE. Given
asetV of views anda query Q, we denoteby certg v the
guerythat,for every V-extensionE, returnsthe setof certain
answersindersoundviews to Q with respecto V andE.

View-basedquery answeringhasalso beentackledusing
anindirect approachbasedon view-basedquery rewriting.
Accordingto suchanapproacha queryQ over the database
alphabetis processedy rst reformulatingQ into an ex-
pressionof a x ed query languageover the view alphabet
V (calledrewriting), andthenevaluatingsuchan expression
over the view extensions. The relationshipbetweenview-
basedjueryansweringandview-basedjueryrewriting is in-
vestigatedin [29, 12, 13, 32].

Notethat,in our setting,views aresoundandthis property
mustbe taken into accountin the reformulationstepof the
rewriting processHowever, mostpapersonrewriting queries
usingviews are based eitherimplicitly or explicitly, on the
exact view assumptionwhich statesthat the extensionof a
view providesexactly the resultof applyingthe view de ni-
tion to the database.lt follows that we needto provide an
adequatale nition of rewriting in a settingwhereviews are

sound:let Q be a queryover the databasalphabetandlet
Q. beaqueryover the view alphabetv. We saythatQ,. is
arewriting of Q undersoundviewsV, if for every database
B andfor every V-extensionE with E ~ V(B), we have that
Q-(E) Q(B).

Obhviously, in view-basedjueryrewriting, we arenotinter-
estedn arbitraryrewritings, but we aim at computingrewrit-
ings that capturethe original queryat best. The problemof
view-basedqueryrewriting canin generalbe de ned asfol-
lows: givena queryQ anda setof views V, nd the setof
rewritings of Q undersoundviews V thatare maximalin a
givenclassC of queries.A queryQ,. in Cis arewriting of Q
undersoundviews V thatis maximalin Cif:

1. Q, is arewriting of Q undersoundviewsV, and

2. thereis no queryQ? in Cthatis a rewriting of Q under
soundviews V andsuchthat, for every databasd and
for every V-extensionE with E ~ V(B), we have that

Q.(B)  QE).

Sincein this paperwe arefocusingon 2RPQs we restrict
ourattentionto thecasewherealsorewritingsare2RPQsover
theview alphabeV, i.e.,rewritings areexpressedn thesame
languageas queriesover the database For 2RPQs,we have
thatif Q2 and Q% arerewritings of Q undersoundviews V
that are maximalin the classof 2RPQs,then Q% + Q%is
still a maximalrewriting in the classof 2RPQs. It follows
that Q2% andQ%areequivalent,i.e., for every databas@®, and
for every V-extensionE suchthatE  V(B), bothQ°(E)
Q%E), andQE)  QY%E). Hence,all 2RPQmaximal
rewritings for a 2RPQQ coincidemodulo equivalence,and
we canre ne thede nition of maximalrewriting asfollows.
A 2RPQQ.,. overthealphabet is a maximalrewriting of Q
undersoundviews V if:

1. Q, is arewriting of Q undersoundviewsV, and

2. for every 2RPQQY? thatis arewriting of Q undersound
views V, we have that, for every databaseB, and for
every V-extensionE with E V(B), we have that

QUE)  Qu(B).

3 Query Containment

Toillustrateour approactio querycontainmentye rst con-
siderRPQswherewe donotallow inversesymbols.We char
acterizequerycontainmentia afundamentalemma.

Lemmal (Language-Theoretitemmal): Let Q;;Q, be
RPQs.ThenQi v Q. iffL(Q1) L(Q>).

Proof. Supposerst thatQ; v Qa. Letw = w;
L (Q1). Consideradatabas® of theform:

Wy 2

X W Wk y:




Thatis, B consistsof a pathfrom x to y labeledwith w.
Clearly (x; y) 2 Q1(B), so(x;y) 2 Qz(B). It follows that
w2 L(Q2)).

Corversely supposahatL(Q1) L(Q2). Let(x;y) 2
B, whereyg = X,y, = y,andp; p, 2 L(Q1). Butthen
alsop;  p, 2 L(Qz), and(x;y) 2 Q2(B). O

Sincecontainmentf regular expressionss known to be
PSRACE-completd36], it follows from Language-Theoretic
Lemmal that containmentof RPQsis PSRACE-complete.
Beforewe try to extendthis resultto 2RPQsit is instructive
to recallthe proof of the upperbound. The key is the obser
vationthatL(E;) L(E,) iff L(E1) L(E2) = ;. The
algorithmfor checkingwhetherL (E 1) L (E2) proceeds
asfollows, using classicalautomata-theoreticonstructions
[30]:

1. Construct nondeterministic nite-state automata
(INFAs) Aj1; A, suchthatL (A;) = L(E;). This step
involvesalinearblow-up.

2. Constructa INFA A, suchthatL (A,) = L(A,).
This stepinvolves an exponentialblow-up, as comple-
mentatiorrequiresanapplicationof thesubsetonstruc-
tion.

3. Constructa INFA A = A; A, suchthatL(A) =
L(E1) L(Ez). Thisrequirestakingtheproductof Ay
andA,, involving a quadraticblow-up.

4. Checkif thereis a pathfrom startstateto nal statein
A. This requiresnondeterministidogarithmic spacein
thesizeof A.

A naive application of steps (3—-4) would requires
exponential-space. Instead, we constructA on the vy,
constructingstatesonly as we searchfor a path from a
startstateto a nal statein A. This canbe donein poly-
nomial space,establishingthe upper bound (formally, we
needto appealto Savitch's Theorem[40Q] to eliminatethe
nondeterminisnin step(4).)

Extendingthis resultto 2RPQsencountergwo dif cul-
ties. The rst dif culty isthatanautomata-theoret@pproach
would mostlik ely involve two-way automatadueto thepres-
enceof inverseletters but extendingtheresultof [36] to two-
way automatds not straightforvard. While it is known that
two-way automatacanbe reducedo one-way automatathat
reductionhasan exponentialcost[30], making a naive ap-
proachto containmengexponentiallyharder An even more
fundamentatif culty is that Language-Theoreticemmal
failsfor 2RPQs.

Considerthe2RPQsQ; = p, andQ, = pp p. It is easy
to seethatQ; v Q2, asevery semipath(x; p;y), which es-
tablishesthat (x; y) 2 Q1(B), correspondgo the semipath
(X; p;y;pP ;X p;y), establishinghat(x; y) 2 Q,(B). At the

sametime, we clearly do not have L (Q1) L(Q2), since
p 62L(Q2). Our rst stepin studyingquery containment
for 2RPQds revisingthelanguage-theoreticharacterization,
which requiresthe notion of folding. Letu;v 2 . We say
thatv foldsontou, v ; u, if v canbe “folded” onu, e.qg.,

abb bc; abc Formally, we saythatv = v; v, folds

ontou = ug
tive integersbetweerD andjuj suchthat

ip = 0andi,, = n, and

forO | < m,eitherij; = i;+ landvj.g = U4,
Orijey = i; landvjy =u

% +1 "

(In particular vo = ug andv,, = u,.) For example,the
sequenc@emonstratinghatabb bc; abcis0;1;2;1;2;3.
Pictorially, 1 1* " 1" ¢ 1® " 1 LetL be
alanguage .Wedene fold(L) =fu : v; uv2Lg
We cannow offer a language-theoreticharacterizatiorior
containmentf 2RPQs.

Lemma 2 (Language-Theoreticemma?2) Let Q1 and Q»
be2RPQs.ThenQi v Q,iff L(Q1)  fold(L(Q2)).

Proof. Supposerst thatQ; v Q. . Letu = u;
L (Q1). Consideradatabas® of theform:

u, 2

X ! Lo y:

That is, B consistsof a path from x to y labeled with

u. Clearly (x;y) 2 Qi(B), so (x;y) 2 Q2(B). It
follows that that there is a semipathin B of the form

V=v; V, 2 L(Q2). It canbeshavn thatv folds ontou.
Thus,u 2 fold(L(Q2)).

Corversely supposethat L(Q;) fold(L(Q2)). If
(x;y) 2 Q1(B), thenthereis a semipathin B of the form

u=u; u, 2 L(Q1). It follows thatthereis a word
v 2 L(Q32)) suchthatv ; u. Butit canbethenshawvn that

(x;y) 2 Q2(B). O

Obsere that, in the proof of the abore lemmawe exploit
the factthat, if we considera databasd3,, constitutedoy a
singlesemipath

X % vy
then(x;y) 2 Q(By) if andonly if w 2 fold(Q). We are
goingto exploit this propertyalsolater.

We now shaw thatif A is a INFA, then fold(L(A)) can
berepresentethy a “small” two-waynondeterministicnite-
stateautomaton(2NFA). Recallthata 1NFA is atuple A =
( ;S;So; ; F),where isa nite alphabetSisa nite state
set,Sp S is aninitial-stateset,F S is a nal-state set,
and : S I 2% is atransitionfunction, providing for
eachstateandlettera setof possiblesuccessostates.A is a
2NFA if it hasatransitionfunction : S 1 25t 1019




providing for eachstateandlettera setof possiblesuccessor
statesanddirections.An acceptingun of A onawordw =
W1 W, isasequencegs;;ii);:::;(Sm;in), Wwheres; 2 S
andl i; nforl j<m,s;12Sgi1=1s,2F,
andi,,, = n + 1, andthefollowing holdsfor1 j < m:
thereis apair(s;+1;€) 2 (s;;a;) suchthatij, = i;+ c

. Thentheris
j+ 1) states.

Lemma 3 LetA beann-statelNFA over
a 2NFA for fold(L(A)) withn (|

Proof. LetA = ( ;S;Sp; ; F) bea 1INFA. We describe
a2NFA A%= ( ;S[ (S ) ;So; %F) for fold(L(A)).
Note that A®s stateset containsfor eachstates 2 S ad-
ditional copiesof s, taggedwith all the lettersin . The
initial-statesetand nal-state setare unchanged.The tran-
sitionfunction Cis de ned asfollows:

f(s;0)g ifa=Db

0 . . =
((s:2);b) otherwise

Intuitively, whena stateis taggedwith alettera, we just
checkthatthenext letterit readds indeeda.

(s;a) fig [
f(s%b); 1) :s°2 (s;b );b2 g
Intuitively, A® can emulateA forward or backwards.
Whenit emulatest backwards,it guesses letter and

usest to tagthe statein orderto checkit later. It canbe
shavn thatL (A9 = fold(L (A)). O

As;a) =

Accordingto Language-Theoreticemma2, to checkthat
Q1 v Q2, we needto checkL(Q1)  fold(L(Q2)). This
requiresthe ability to complement2NFAs. If we usethe
standardapproachwe'd rst corvert the 2NFA to a INFA
with an exponentialblow-up andthencomplementhe latter
with anotherexponentialblow-up [30], resultingin adoubly-
exponentialblow-up. Insteadwe accomplistbothtaskson a
singly-exponentialblow-up.

Lemma4 [45] LetA bea2NFAover . ThereisalNFAAc®
sud that

L(A) = L(A)

jiAcj 2 20Gi4i)
Proof. LetA = ( ;S;So; ; F). Theconstructions based
onthefollowing obseration:u;  u,, 62 (A) iff thereis a

1. S To andTn\ F=;.

2.1fs2 T,and(t;1) 2 (S;Us+1), thent 2 Ty, for
0 i<n.

3. Ifs2 T, and(t;0) 2 (s;U;+1), thent 2 T;, for O
i<n.

4. If s 2 T; and(t;
0<i<n.

1) 2 (s;us1),thent 2 T, 4, for

We call this sequenca counteexamplesequenceThe INFA
A° simply guesses countergamplewitness.

Ac is the automaton( ;Q;Qo; ;G). The statesetQ is
25 (25)%, i.e., setsof statesandpairsof setsof states The
start-statesetQq isfT : Sy, T  Sg, i.e., thecollection
of statesetsthat containSy. The nal-state setG is fT :
TVF=;9][ f(T;U) : U\ F = ;qg,i.e., thecollectionof
setsthatdo notintersect andpair of setswherethe second
componentoesnotintersect- .

It remainsto de ne the transitionfunction .
(T;U) 2 (T;a) if thefollowing holds:

1. If s2 T and(t;0) 2 (s;a),thent 2 T, and

2.ifs2 Tand(t;1)2 (s;a),thent2 U.
Wehave (U;V) 2 ((T;U);a) if thefollowing holds:

1l.Ifs2Uand(t; 1)2 (s;a),thent2 T,

2. If s2 Uand(t;0)2 (s;a),thent 2 U, and

3.ifs2Uand(t;1)2 (s;a),thent2 V.

We have

It is easyto verify thatA¢ acceptawordu = u;  u, if and
only if thereexistsa countergamplesequenceyhich means
thatu is notacceptedy A. O

We now have the “technology” to establishcompleity
boundsfor 2RPQcontainment.

Theorem 5 Containmenbf 2RPQss PSFACE-complete

Proof. Containmenbf RPQsis aspecialkcasewhichimplies
PSRACE-hardness.To establishthe PSRACE upperbound,
we usethefollowing stepsin orderto testQ; v Qa:

1. ConstructlNFAs A1, A, suchthatL(A;) = L(Q;).
This stepinvolvesa linearblow-up [30].

2. Construcia 2NFA A9 suchthatL (A9) = fold(L(A2)).
The stepinvolvesa polynomialblow-up (Lemma3).

3. Constructa INFA A§ suchthatL(AS) = ( )
L(A9). This step involves an exponential blow-up
(Lemma4).

4. Constructa INFA A = A;  AS§ suchthatL(A) =
L(Q1) fold(L(Q2)). Thisrequiresakingthe product
of A; andA$, involving a quadratidolow-up [30].

5. Checkif thereis a pathfrom startstateto nal statein
A. This requiresnondeterministidogarithmic spacein
thesizeof A.

Again, we constructA onthe y, constructingstatesonly as
we searchfor a pathfrom a startstateto a nal statein A.
This canbedonein polynomialspacegstablishinghe upper
bound. O



4 View-based Query Answering

In this sectionwe addresghe problemof view-basedquery
answeringby making use of a strong connectionbetween
view-basedquery answeringand the constraint-satigfction
problem.

A constaint-satisfactionproblem (CSP) is traditionally
de ned in termsof a setof variables,a setof values,anda
setof constraintsandaskswhetherthereis anassignmenof
the variableswith the valuesthat satis esthe constraints.A
characterizatioof CSPcanbe givenin termsof homomor
phismsbetweerrelationalstructure422]. Herewe consider
relationalstructuresvhoserelationsareof arbitraryarity.

A homomorphismh : A ! B betweentwo relational
structuresA and B over the samealphabetis a mapping
h: 41
(h(c1);:::5h(cy)) 2 r(B), for every relationsymbolr in
thealphabet.Let A andB betwo classe®f structures.The
(uniform) constaint-satisfactionproblem CSP(A; B) is the
following decisionproblem: givena structureA 2 A anda
structureB 2 B overthesamealphabetjs thereahomomor
phismh : A1 B? WhenB consistsof a singlestructure
B andA is the setof all structuresover the alphabetof B,
we gettheso-callechon-uniformconstraint-satisfctionprob-
lem, denotedby CSP(B), whereB is x edandtheinputis
justastructureA 2 A. As usual,we use CSP(B) alsoto
denotethe setof structuresA suchthatthereis ahomomor
phismfrom A toB.

Fromtheveryde nition of CSPit follows directly thatev-
ery CSP(A; B) problemisin NP. In particular anon-uniform
constraint-satisfctionproblem CSP(B), whereB isa x ed
structureis still in NP, i.e., checkingwhetherA 2 CSP(B)
isin NPin thesizeof A. In generaltheactualcompleity of
CSP(B) depend®n B, andtherearestructureB for which
CSP(B) is PTIME andstructuresB for which CSP(B) is
NP-complete.For example, CSP(K ), is the problemof 2-
colorability, whichis in PTIME, while CSP(K 3) is theprob-
lem of 3-colorability, whichis NP-completgK ,, is thecom-
pletegraphwith n nodes).

A tight relationshipbetweennon-uniformCSPand view-
basedqueryansweringor RPQsand2RPQshasbeendevel-
opedin [12, 17]. Sucharelationshipis basedon the notions
of constraintemplate associatedo the queryandview def-
initions, and constraintdnstance associatedo the view ex-
tension.Weillustratesucharelationshipfor 2RPQs.

Givena2RPQQ andasetV of 2RPQviews, theconstaint
templateCT g v of Q wrt V is therelationalstructureC de-

ned asfollows.

Thealphabebf CisV [ fU;; Uyg.

LetAg = ( ;S;So; ; F) bealNFA for Q. Thestruc-
tureC = ( ¢; ©)isgivenby:

C:25;

- 2U(C)iffSy
— 2UHC)iff \ F=1;

- foraview V 2 V, we have that( 1; ») 2 V¢
iff thereexistsawordqy g, 2 L(V ) anda

following hold:
1. To= andT, = o,
2.ifs2 T;andt 2 (s;g+1)thent 2 T,y , for
0 i<k,and
3.ifs2 T,andt 2 (s;q, ) thent 2 T; 1, for
0<i k.

Intuitively, theconstraintemplaterepresentor eachview
V how the statesof Ag (i.e., of the INFA for Q) change
whenwe follow databasedgesaccordingto what speci ed
by wordsin L(V ). Speci cally, the last condition abore
corresponds$o sayingthata pair of setsof stateq 1; ) is
in V(C) if andonly if thereis somewordw in L(V ) such
thatthefollowing holds: if we startfrom a statein ; onthe
left edgeof w and move backandforth on w accordingto
thetransitionsin A, then,if we endup attheleft edgeof w
we canbeonly in statesn ;, andif we endup at the right
edgeof w we canbe only in statesin ; similarly, if we
startfrom astatein , ontheright edgeof w. Moreover, the
setsof statesn U;(C) containall initial statesof Ay, while
the setsof statesin U¢(C) do not containary nal stateof
Ag. This takesinto accountthat we aim at characterizing
counter@gamplesto view-basedcontainmentand hencewe
areinterestedn notgettingto a nal stateof A, regardless
of theinitial statefrom which we startand how we follow
transitions.

Obsenre that,to checkthe existenceof aword gz ¢ 2
that conditions1-3 above are satis ed, we canresortto a
constructionanalogougo the onein the proof of Lemma4.
Hencesucha checkcanbe donein polynomialspacein the
sizeof Q, andin factin nondeterministidogarithmic space
in thesizeof V .

Given a V-extensionE and a pair of objectsc andd, the
constaint instanceE¢? for CTqy is the structurel =
( % 1) overthealphabeV [ fU;;U;gde ned asfollows:

I'= EJ[ fc;dg;
V(1) = V(E), foreachVv 2V,
U;(1) = fcg, andU(1) = fdg.

The following theoremprovides the characterizatiorof
view-basedjueryansweringn termsof CSP

Theorem 6 Let Q be a 2RPQ,V a setof 2RPQviews, E
a V-extension,and ¢, d a pair of objects. Then, (c;d) 62
certoy(E) if andonlyif E? 2 CSP(CTqyv) (i.e., there
is a homomorphisnfromE®< to CTq v).



Proof. “( ” Givenahomomorphisnh fromE?to CT v,
we constructa databaseB which is a countergample to
(c;d) beinga certainanswer In otherwords,B is suchthat
E V(B) but (c;d) 62Q(B). To constructB we proceed
asfollows. For every view V andevery pair (a;b) 2 V(E)
we chooseawordw 2 L(V ), satisfyingthe conditionsfor
(h(a);h(b) 2 V(CTg.v) (cf. lastitem of the construction
of the constrainttemplate),and we introducein B a simple
semipath

a—“ b
wherethe intermediateobjectsareall new andpairwisedis-
tinct. By contradictionsupposehat(c;d) 2 Q(B), i.e.,there
is a (notnecessarilygimple)semipath

Am 11— Ay,
\’VVL 2 L(Q)l

Q ——

fromc = agtod = a,, in B with
tensionon sucha path. By constructionof B, eachsim-
ple semithpath’; correspondgo a navigation over one of
the wordsw usedin the constructionof B. The semipath
", may navigate from the left side of w to its right side or

vice versa,or it may startand end at the sameside, when

statesof Ag suchthatsy 2 S, Sis1 2 (S;; is1) 2 for
0 i< mands,, 2 F. Ifs; 2 h(a;) anda;+1 6 a,,
sincewe have reacheds;,; by navigatingon a word w sat-
isfying the conditionsfor (h(a;); h(a;+1)) 2 V(CTq,v) (or
(h(ai+1);h(a)) 2 V(CTqv), if wis traversedfrom right
to left) for someview V, we musthave thats;+; 2 h(a;+1).
Similarly whena;s; = a;. Now we have thatsg 2 h(c),
andhence by inductionon m, we have thats,,, 2 h(d). But
sinceh(d) 2 Uy, we have thats,, 62F. This leadsto a
contradiction.

“y " Givenadatabaseé3 suchthatE  V(B) andtwo
objectsc, d suchthat(c;d) 62Q(B), we build a homomos#
phismfrom E%? to CT . To doso,we rst build a map-
pingh®: B 1 29 asfollows: initially h®assignghe empty
setto eachelementof E©¢, exceptfor h%(c) = Sg; thenwe
repeatthe following until h® doesnot changeary more: if
(x;y) 2 r(B) ands 2 h%x) thenadd (s;r) to hYy), and
if (x;y) 2 r(B) ands 2 hYy) thenadd (s;r ) to h9qx).
Notethat,since(c;d) 62Q(B), we have thath%d) \ F = ;.
Projectingh®on  E we obtainthe homomorphisnwe were
looking for. O

With respectto computationalcompleity, we provide
an analysisdistinguishingthe different sourcesof comple-
ity [44]. In particular we considerseparatelydata comple-
ity, i.e., the compl«ity wrt the datain the view extension,
expressioncompleity, i.e., the compleity wrt the queryand
theview de nitions, andcombineccompleity, i.e., thecom-
plexity wrt view extensionsguery andview de nitions.

2With a slight abuseof notationwe denotewith (s;; “i41) the setof
stateseachedrom s; by following theword labelingthe semipath’; 1.

We start by noting that the constraintinstanceE®? has
polynomial size in the view extensionE and doesnot de-
pendon Q andon the view de nitions V . The constraint
template CT¢ v, instead,is in generalexponentialin the
size of Q, polynomialin the sizeof V , and doesnot de-
pendon the view extensionE. Now, considerthat for two
structureA andB overthesamealphabetcheckingwhether
A 2 CSP(B), whereB is x ed,is in NP in the sizeof A.
By taking asstructureA the constraintinstanceE®? andas
structureB the constrainttemplateCT g v, by Theoremg,
we getthatthe datacompleity of view-basedqueryanswer
ing is in coNP For combinedcompleity, we canbuild the
constraininstanceandguessa mappingh from theconstraint
instanceto the constrainttemplate(without representinghe
constraintemplateexplicitly). Suchamappingh canberep-
resentedisinglogarithmic spacen the sizeof the constraint
template,and hencepolynomial spacein the size of Q and
logarithmic spacein the size of the view de nitions. Then
we can checkwhetherh is a homomorphismpy checking
for eachview V andfor each(a;b) 2 V(E“?), whether
(h(a);h(b)) 2 V(CTg,v). As discussedbore, this check
canbedonein nondeterministidogarithmicspacen thesize
of V andin polynomialspacen thesizeof Q.

Theorem 7 View-basedquery answeringfor 2RPQsis in
coNPwrt datacompleity andin PSRACE wrt combinedand
henceexpression)compleity.

Theupperboundsestablishedbore aretight.

Theorem 8 Miew-basedjueryansweringfor RPQsis coNP-
hard wrt datacompleity.

Proof. To shaw this hardnessesultwe reducethe problem
of graph3-colorability, known to be NP-completg24], to the
problemof checkingwhethera pair of objects(c;d) is nota
certainanswetto a x edqueryQ with respecto asetof views
V whosede nition is x ed. The alphabetis givenby =
fRyy Xy 2 1r;9,b0;x 6 yo[ fS,;S,; S0 fF,; Fy; Fu.
Intuitively, R, denotesudirectededgeconnectingwo nodes
of thegraphcoloredrespectiely x andy, S, denoteshecon-
nectionfrom a x ed startingobjectc not partof the original
graphto anodeof thegraphcoloredby x, andF, denoteghe
connectiorfrom a nodecoloredby x to a x ed nal objectd
not part of the original graph. We introducethreeviews V;,
V¢, andVg with de nitions:

\/s = ST' + SE/ + Sb
V, = F.+F,+F,
VG = Rrg + Rgr + Rop+ Ry + Rgb + Rbg

Now considera graphG = (N;E) to be checled for 3-
colorability. FromG we de ne aview extensionE asfollows
(wherec andd arethe x edobjectsnotin N ):

Vs(E) f(c;a)ja2Ng
Vy(E) f(a;d)ja2Ng
Va(E) f(a;b); (b;a) j (a;b) 2 Eg



Intuitively, Vg represent$s given as a symmetricdirected
graph,while V, andV; areusedto connectc andd to all
nodesof thegraph.Thequeryis
X X
Q = Sz Fy + Sa: Ry;w Fz
xy €{rig:b} xy w;z e{r;g;b}
X7y X7y VW2
Intuitively, Q describeghe existenceof anerrorin assigning
colorsto the nodesof the graph. Indeed,if the graphG is
3-colorable thenwe can constructa databasd3 containing
asobjectsthe nodesof the graphplus c andd. By takingas
extensionof S,, (respectiely F.) all pairs(c;a) (respectiely
(a;d)) suchthatthe color assignedo a is x, andtaking as
extensionof R, the pairs(a; b) suchthatthe color assigned
to a is x andthe color assignedo b is y, we have thatE is
soundwrt B and(c;d) 62Q(B). Corversely from adatabase
B suchthat(c;d) 62Q(B), we candirectly obtaina3-coloring
of thegraph,by assigningo anodea the colorx determined
by the (necessarilyunique)relationS,, (or, equivalently F,)
with (c;a) 2 S,(B) (respectiely, (a;d) 2 F.(B)). |

In the above proof we madeuse of union and chaining
(i.e., join) in the query and in the views, but did not ex-
ploit re exive-transitve closure.Thus,thecoNPlowerbound
for view-basedqueryansweringholdsalsowhenqueriesand
views areunionsof conjunctve querieq2].

In fact, the above reductioncanstraightforvardly be gen-
eralizedto reduceary instanceof CSPover directedgraphs
to view-basedjueryanswerindg12].

Theorem 9 View-based query answering for RPQs is
PSRACE-had wrt expression(and hencecombined)com-
plexity.

Proof. By reductionfrom regular expressionuniversality
known to be PSRACE-completg24]. We reduceuniversality
of aregularexpression®\ to answeringqueryQ = A usinga
singleview V with de nition V= andextensionE such
thatV (E) = f(c;d)g. It iseasyto verify thatL( ) L(A)
if andonly if (c;d) 2 certg, v (E). O

5 View-Based Query Rewriting

In this section,we addresshe problemof view-basedquery
rewriting for 2RPQsj.e., nding the maximalrewriting of a
2RPQQ undersound2RPQviewsV. We denotethealphabet
V[ fV |V 2 Vgincludinganew symbolV for eachV

inV by V . In thefollowing, we make useof the notion of

expansionof aword overV wrt thede nition of the views
inV. Givenawordv = v; v, overV , we denoteby

expand (v) thesetof all thewordsw;  w,, over such
that,for 1 i n, we have thatw; 2 L(v; ). In other
words,everywordin expand (V) is obtainedromv by sub-
stituting every symbolv; appearingn v with one word w;

belongingto thelanguageof theview de nition L(v; ).

Our techniquefor computingthe maximalrewriting of Q
undersoundviews V is basedon characterizinghe words
over the alphabety thatdo not belongto ary rewriting of
Q undersoundviews V. Thesearethewordsv overV such
thatthereis at leastoneword in ezpand (v) thatis notin
fold(Q) (cf. Section3), i.e., consideringheword asa linear
databasethe endpointsare not in the answerto Q. In the
following we shav how to constructa 2NFA thatacceptsex-
actly suchwords. ThecomplemenRy ¢ of sucha2NFA has
the propertythatit acceptsexactly all wordsthatbelongto at
leastonerewriting of Q undersoundviews V. It follows that
Ry ¢ is themaximalrewriting of Q undersoundviews V.

Theconstructiorof Ry ¢ is basedntheideaof represent-
ing in a singleword bothaword overV andits expansion.
Speci cally, we considemwordsover [ V [ $;:gofthe
form

Vi, w, $ BV, w;, $

with V; 2 V ,andw; 2 () . Usingsuitableprojec-
tions of suchwords, respectiely on andonV , wecan
checkconditionsrelatedto Q, view de nitions, andpossible
rewritings.

We constructa 2NFA A; that acceptswords of the form
above suchthatw;, w;_ 2 fold(Q) (cf. Lemma3). Let
A, bea 1INFA thatcomplement®\; (cf. Lemmad4). Let A3
bea 1NFA thatacceptsaword of theform

Vi, w, $ BV, w;, $

if andonly if for everyi;, thewordw;; isin L(V; ), i.e.,if

andonly if thewordw,;,  w;_ isin expand (V;, Vi, ).
Now considethe INFA Az \ A,. A word

$Vi1 :Wi1$ $Vim Wi $
is acceptedy this INFA if andonly if thewordw,,  w;_

is in ezpand (V;,
acceptall wordsV;,
of thewords

V;. ) andis notin fold(Q). Let A4
Vi, thatareprojectionsontheV; 's

$Vi1 :Wi1$ $Vim Wi $

that are acceptedby Az \ A,. By construction, A,
acceptsall words V;, V;, such that there is a word
in ezpand (V;, V) that is not in fold(Q). Fi-
nally, let Ry o be the complementof A;. Hence,Ry g
acceptsall words V,;;, V,, such that every word in
expand (Vi Vi, ) isin fold(Q). It canbe shovn that
Ry ¢ is a maximal rewriting of Q under soundviews V
(se€[11,17)).

With regard to the compleity of the abore method,ob-
sene thatthe sizeof A; is polynomialin the sizeof Q, the
sizeof A, is exponentialin the size of A;, andthe size of
A3 is polynomialin the sizeof V. Finally, the size of A4
is polynomialin the sizeof A3 andA,. Therefore the size
of Ry ¢ is exponentialin the size of A4, which meansdou-
ble exponentialin the size of Q, andexponentialin the size



of the view de nitions. It follows thatthe problemof view-

basedqueryrewriting for 2RPQsis in 2EXPTIME. In [16]

it is alsoshavn that the problemof verifying the existence
of a nonemptyrewriting of an RPQ Q under soundviews
V is EXPSRACE-complete,and that there are caseswhere
the smallestmaximalrewriting of anRPQQ is doublyexpo-

nentialin the sizeof Q. This impliesthatthe abore method
for computingthe maximalrewriting of a2RPQundersound
2RPQviews s essentiallyoptimal.

Oncewe have computedhe maximalrewriting, the prob-
lem arisesof checkingwhethersucha rewriting indeedpro-
videsall certainanswerswhenevaluatedover a view exten-
sion. The coNP datacomplity resultof view-basedquery
answering(cf. Theorem8) andthe factthata 2RPQcanbe
evaluatedin polynomialtime datacompleity tells usthatin
generathe maximalrewriting will not provide all certainan-
swers. A techniqueto checkwhethera speci ¢ rewriting
providesall certainanswerss developedin [17], acain ex-
ploiting the connectiorwith CSP Suchatechniquegivesusa
NEXPTIME upperboundin the size of the rewriting, which
canalsoshavn to betight [17].

Relatedto the problem of computing rewritings, is the
problemof checkingwhethera given 2RPQQ,. over V is
a rewriting (wrt a setV of views) of a given 2RPQQ over

. For monotonequerylanguagesandhencefor RPQsand
2RPQs,Q.. is arewriting of Q undersoundviews V if and
only if the queryQ,., obtainedfrom Q,. by replacingeach
view symbolwith the correspondingiew de nition, is con-
tainedin Q [17]%. Hence to checkwhetherQ,. is arewriting
of Q undersoundviews, we canresortto querycontainment.

Also of interestis checkingwhethera given rewriting Q.-
(e.g., the maximally containedrewriting computedby the
above algorithm)is exact i.e., equvalentmodulothe views
to the original query [17]. By the above obseration this
amountsto checkingwhether after expandingview de ni-
tions,Q,. become®quialentto the original query The exis-
tenceof anexactrewriting canbe shavn to be 2EXPSACE-
complete,both for RPQsand2RPQs[16]. Note that exact-
nessof arewriting is asufcient (but notnecessarygondition
for therewriting to provide all certainanswers.

6 Conclusions

In this paperwe have presentedasicresultsandtechniques
concerningjuerycontainmenandview basedjueryprocess-
ing for the classof two-way regularpath queries. We be-
lieve that, besideghe speci ¢ results,our methodshave the
merit of shaving the power of two-way automatan reason-
ing on comple queries. Indeed,the techniquesdescribed

3Noticethat, becausef this property for monotondanguagesthe orig-
inal de®nition of rewriting basedon expandingview de®nitionsand then
checkingcontainmentsee e.g.,[33, 16]), actuallycorrespondso thenotion
of rewriting undersoundviews.

in this papercan be adaptedto reasoningaboutqueriesof
moregeneraforms. Firstresultsin thisdirectionarereported
in [10, 14 for the problemof checkingcontainmenbf con-
junctive regularpathquerieswith inverse.

Althoughin this papemwe concentratedur attentionto ba-
sic techniquedor query containmentand view-basedquery
processingye noticethatthe problemof reasoningn regu-
lar pathqueriesandtheir variantsis currentlyunderinvesti-
gationin severalresearclprojects.For example,containment
andansweringunderconstrainthave beenstudiedfor RPQs
in [26] andfor subclassesf XPathincludingrestrictedforms
of RPQs[21].

Also, containmentand view-basedquery processingare
not the only reasoningservicesof intereston 2RPQs. For
example, additionalinferencetasksthat have beenalready
consideredhcludeview-basedcontainmenfl7, 37] andloss-
lessnes§ls].
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