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Abstra
tThe use of markup languages like SGML or XML for en
oding the stru
ture of do
u-ments has lead to many do
ument databases where entries are adequately des
ribedas trees. In this 
ontext query formalisms are interesting that o�er the possibility torefer both to textual 
ontent and logi
al stru
ture of stru
tured do
uments. Manyquery formalisms model answers to su
h queries as mappings from query variablesto nodes in the do
ument database. Confronted with a set of su
h answers the usermay have problems to understand the inner stru
ture and possible dependen
ies inthis set. Due to the unstru
tured presentation of the query result in the form of aset of answers the user may even fail to lo
ate the relevant pie
es of information.This de�
ien
y of mapping-based query formalisms in general serves as the majormotivation for this work.This work takes as a starting point the Tree Mat
hing formalism for retrievingstru
tured do
uments developed by Pekka Kilpel�ainen. This mapping-based for-malism has a simple and abstra
t model and is yet powerful in its expressivity. Theproblem of answer presentation and two 
ommon phenomena 
ausing a 
ombinato-rial explosion in the number of answers are illustrated with Tree Mat
hing, leadingto the result that there are O(nq) answers to a Tree Mat
hing query, where n (q)is the size of the database (query). The basi
 Tree Mat
hing model is reformulatedin a language of �rst order predi
ate logi
 and extended in order to provide more
exibilty in query formulation.The �rst 
entral 
ontribution of this work is the introdu
tion of a data stru
ture
alled \
omplete answer aggregate" that is presented to the user instead of anunstru
tured list of all answers. Complete answer aggregates provide an intuitiveand visual overview over the set of all answers with their inner dependen
ies. Sharedparts of distin
t answers are only represented on
e in order to (1) support the usersin their understanding of the query result, (2) redu
e the size of the presented result,and (3) 
ompute a result eÆ
iently. The size of a 
omplete answer aggregate is oforder O(n � h � q) where h is the maximal length of a path in the database.The se
ond main 
ontribution des
ribes an algorithm 
omputing the 
ompleteanswer aggregate for a query and database in time O(n � log(n) � h � q). For asubstantial 
lass of queries and databases this algorithm runs even in time O(n �log(n) � q). The algorithm makes use of dedi
ated index stru
tures exploiting thepe
uliarities of stru
tured do
uments.The third 
entral 
ontribution des
ribes how users 
an exploit the added value of
omplete answer aggregates in the retrieval pro
ess. An iterative retrieval model inthe 
avor of retrieval models developed in Information Retrieval is presented. In thismodel users de�ne a \sphere of interest" with an initial query. The 
orresponding
omplete answer aggregate is modi�ed with various manipulation and explorationte
hniques to further explore the sphere of interest and a
hieve new knowledge.The visual nature nature of 
omplete answer aggregates makes this retrieval modelintuitive and easy to use.
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Chapter 1Introdu
tionThe information overload has be
ome proverbial in the last years. More and moreinformation is a

essible, on the World Wide Web (WWW) and through moretraditional 
ommuni
ation 
hannels, but �nding relevant information be
omes in-
reasingly diÆ
ult. In a Reuters study in 1998 ([Reu99℄) more than 40% of thequestioned managers a

ounted diÆ
ulties in retrieving relevant information to theproblem of information overload.1 This problem shows up in one of its worst man-ifestations in the WWW. In the tenth WWW user survey 
ondu
ted by the GVU([GVU99℄) 70% of the respondents stated that, when sear
hing for information inthe WWW, most of the time they sear
h for spe
i�
 information, but more than40% stated they have problems in �nding the information they are looking for.2The urge to support users in �nding information in the WWW led to the develop-ment of enri
hing Web do
uments with stru
tural information about the 
ontent,e.g. the Dublin Core framework ([Wei99℄). Another result of these e�orts was XML,the prospe
tive language of the WWW, allowing to stru
ture Web and other do
u-ments in an arbitrary way and to enri
h them with information about their 
ontent.Industrial and a
ademi
 resear
h is now 
onfronted with the task of �nding me
ha-nisms of exploiting the ri
her stru
ture of XML do
uments in order to support theuser in �nding do
uments in the WWW. In parallel, resear
h on Database Systems(DBS) was stimulated by problems a

ompanying the advent of the WWW, andte
hniques that have been developed in the �eld of Information Retrieval (IR) re-
eived suddenly a famous rebirth in sear
h engines for the WWW. In the momentwe 
an observe a tenden
y of amalgamation in the di�erent �elds 
on
erned withretrieving information, DBS, IR, and the WWW, and a fruitful ex
hange of ideasand te
hniques between these �elds. All these developments nourished the resear
hon the retrieval of stru
tured do
uments, that tou
hes the three �elds 
on
ernedwith retrieving information. But before giving a more detailed introdu
tion into the
on
epts of stru
tured do
uments and their retrieval, we will examine some devel-opments in a
ademi
 and industrial resear
h that had an impa
t on the synergeti
e�e
ts we 
an observe in DBS, IR, and the WWW.1In the �fth annual Reuters report on the aspe
ts and 
onsequen
es of information more than1000 business exe
utives worldwide had been questioned on their views and experien
es of handlinginformation. On the question \What do you think 
onstrains you or your 
olleagues from obtainingthe information you require?" 60% answered \Don't know how to get it," 59% \Time 
onstraints,"and 42% \Information Overload".2More than 5000 Web users parti
ipated in the tenth WWW user survey 
ondu
ted by theGraphi
, Visualization & Usability Center (GVU) of the Georgia Institute of Te
hnology in late1998. The question \To what extent would you say you use the Internet to sear
h for spe
i�
information?" was answered by 70% of the respondents with \Most times" and by 30% with\sometimes". For the question \What do you �nd to be the biggest problems in using the Web?"the respondents 
ould 
hose one more items from a list of points. 45% answered with \Not beingable to �nd the information I'm looking for". 9



10 CHAPTER 1. INTRODUCTION1.1 Finding the Needle in the Haysta
kIn Database Systems there has been a tenden
y for the last two de
ades towardsdeveloping spe
ialized data models dedi
ated to spe
i�
 appli
ation domains, asopposed to universal data models. Examples for this development 
an be observedin the appli
ation domains of geography, biology, text do
uments, multimedia, et
.Although there is this strong tenden
y towards divergen
e of data models, thereare, on the other hand, many resear
h e�orts aiming at data integration. Theyare motivated by the developments that distin
t databases are in
reasingly used to-gether and that more and more data is migrated from one database to another. Themigration is restrained by possibly di�erent s
hemas of the databases. The impa
tof new global 
ommuni
ation and data ex
hange stru
tures like the WWW makethis problem even more urging. In this setting the semistru
tured data model (e.g.[ABS99℄) was developed, that (1) relaxed the stri
t notion of s
hema established inthe �eld of DBS, allowing for data with irregular, unknown or 
hanging stru
ture,and where (2) the data des
ribes its stru
ture itself by the means of metadata, giv-ing the data a \meaning" even outside of a database environment with a de�nings
hema. These features make the model perfe
tly apt as a data ex
hange formal-ism. The observation that the semistru
tured data model is an abstra
t model forXML ([W3C98a℄), the prospe
tive language of the WWW and global data ex
hange,brought the semistru
tured data model into the fo
us of resear
h on DBS and dataex
hange.In Information Retrieval we 
an observe more attention towards the internalstru
ture of textual do
uments beyond the 
on
ept of words. Beginning with thedivision of do
uments into a �xed number of �elds more and more models begin topay attention to a more 
exible model for the stru
ture of textual do
uments (e.g.[Fuh96℄). A similar resear
h dire
tion breaks the monolithi
 view upon text do
u-ments and investigates the retrieval of passages of text instead of whole do
uments(e.g. [SAB93℄).Finally, the World Wide Web (WWW) with its overwhelming su

ess asglobal 
ommuni
ation medium, with its omnipresen
e in s
ien
e, industry, and pri-vate life, led to an enormous interest from industrial and a
ademi
 resear
h. IRte
hnologies that had been of interest for only a limited group of persons ten yearsearlier have be
ome a standard part of every sear
h engine in the WWW and areused by millions of people daily. With the introdu
tion of XML ([W3C98a℄) as theprospe
tive language of the WWW by the W3C (World Wide Web Consortium) theex
hange of information via the WWW be
omes even easier as with the state of theart language HTML. Due to the 
exible approa
h of XML to model the stru
tureand layout of text do
uments it is also be used outside the WWW as a data repre-sentation and ex
hange language, e.g. in the �elds of astronomy and biology. Sin
eXML is a formalism for stru
tured do
uments and there is an enormous interestin querying information on the WWW, the resear
h on the retrieval of stru
tureddo
uments gained a major interest in industrial and a
ademi
 resear
h, as 
an beseen from the manyfold a
tivities of the W3C on XML query languages, for examplethe �rst W3C workshop QL'98 ([W3C98b℄) on query languages for the WWW withover 60 international 
ontributions.In general we 
an observe a tenden
y towards 
onvergen
e of the three �elds as
an be seen from the general dire
tions mentioned above and the numerous workon, for example, database systems with IR fa
ilities, Web interfa
es to databasesystems, integration of Web pages into database systems, Web sear
h engines usingIR te
hniques, et
.



1.2. STRUCTURED DOCUMENTS 111.2 Stru
tured Do
umentsStru
tured do
uments, e.g. XML or SGML do
uments, are textual do
uments thatbear an expli
it, internal, 
ommonly hierar
hi
 stru
ture. This stru
ture is repre-sented by markup that appears in the do
uments in the form of tags. Tags delimitstru
tural elements inside the do
uments. These elements 
an be nested and ar-ranged in any form, apart from the fa
t that they 
annot overlap.3 In most 
asesa 
olle
tion of related stru
tured do
uments has a 
ommon stru
ture that 
an bedes
ribed by a grammar (whi
h is less restri
tive than a s
hema in the sense ofrelational DBS). This grammar (or DTD: do
ument type de�nition) determines theorder and possible in
lusion of elements in the do
uments. In Appendix B.3 a 
ol-le
tion of XML do
uments 
an be found that des
ribe movies, the 
orrespondingDTD is found in Appendix B.1. In SGML and XML syntax, whi
h we adapt inthis work, tags are embedded in \<" and \>", e.g. \<MOVIE>" for an opening tagand \</MOVIE>" for the 
orresponding 
losing tag. An element's 
ontent is betweenthe opening and 
losing tag. The do
ument on page 137 for example des
ribes amovie. The des
ription 
onsists of a title, information about the sta�, the produ
-tion year and some information about the 
ontent. The sta� for example 
ontainsthe name of the dire
tor and the 
ast, that is, the a
tors. On page 132 this hier-ar
hi
al stru
ture is depi
ted as a tree. The leaves of the tree 
ontain the a
tualtextual 
ontent, whereas the inner nodes are the stru
turing elements that bearlabels des
ribing the \representational fun
tion" of the element, e.g. \movie" or\a
tor". More 
omprehensive introdu
tions into SGML or XML 
an be found in[Gol90, vH94, ABS99, Oas℄.There are various formalisms to des
ribe stru
tured do
uments, notably the ISOstandards SGML (Standard Generalized Markup Language: [ISO86, Gol90, vH94,Oas℄) and ODA (OÆ
e Do
ument Ar
hite
ture: [ISO89℄), as well as XML (eXten-sible Markup Language: [W3C98a, ABS99, Oas℄) whi
h is under development bythe W3C (World Wide Web Consortium) and has 
urrently the status of a re
om-mendation. The abstra
t model underlying all formalisms is that of an ordered,labeled tree des
ribing the hierar
hi
 stru
ture of the do
uments with the leavesof the tree 
ontaining the a
tual textual 
ontent. Sin
e we are not 
on
erned withthe synta
ti
 pe
uliarities of the various representation formalisms for stru
tureddo
uments but with the abstra
t data model we will not go into further details ofthe formalisms here.1.3 Retrieving Stru
tured Do
umentsThe development of representation formalisms for stru
tured do
uments led to bigrepositories of stru
tured do
uments. The use of XML for the WWW will in
reasethe size and number of these already existing repositories by far. Resear
h on theretrieval of stru
tured do
uments is a rea
tion to the urging issue of how to supportthe user in the task of �nding relevant do
uments for his or her information need.Retrieval of stru
tured do
uments is a �eld in the interse
tion of DBS and IR: Theuser 
an a

ess both the stru
ture of the do
uments (what is a DBS aspe
t) andthe textual 
ontent (an IR aspe
t) at the same time. The aÆliation of stru
tureddo
ument retrieval with both �elds is additionally strengthened by 
onverging ten-den
ies in these �elds as elaborated in Se
tion 1.1. Aspe
ts from DBS in
lude persis-tent storage, eÆ
ient index stru
tures, query evaluation and optimization. From IRte
hniques like inverted �les, linguisti
 normalization, keyword extra
tion, relevan
eranking and relevan
e feedba
k tou
h the retrieval of stru
tured do
uments. The3In XML terminology stru
tured do
uments whose elements do not overlap are 
alled well-formed.



12 CHAPTER 1. INTRODUCTION
hallenge of stru
tured do
ument retrieval, additionally stimulated by the impa
tof the WWW on the DBS and IR 
ommunities, is to amalgamate these te
hniquesin an appropriate way with new te
hniques spe
i�
 to stru
tured do
uments.Query LanguagesThe e�orts in supporting the user in the retrieval of stru
tured do
uments led to thedevelopment of various query languages. In the query language the user spe
i�es apattern for the stru
ture that also 
ontains keywords that are required to o

ur inspe
i�
 elements. An answer returns elements (nodes) from the do
ument 
olle
tionthat mat
h the query. We 
an distinguish the main features of query languageswith the following (
oarse) 
lassi�
ation. A more 
omprehensive overview overquery languages known in the literature, together with pointers to the literatureand survey papers, 
an be found in Se
tion 8.3.One-Dimensional Versus Multi-Dimensional FormalismsOne-dimensional formalisms return as query result an unstru
tured set of do
u-ment nodes that mat
h the query, whereas multi-dimensional formalisms allow thede�nition of variables in the query and return as result a set of answers, whereea
h answer is a mapping from the variables in the query to mat
hing do
umentnodes.4 Informally, we 
an say that multi-dimensional formalisms pursue a moredatabase-oriented approa
h and one-dimensional formalisms are more IR-oriented.One-dimensional formalisms 
an be evaluated quite eÆ
iently due to their simplenotion of answers, but are restri
ted in expressiveness, as elaborated in more detailin Se
tion 8.3. And the la
k of 
omplex answers has the great disadvantage thatwe 
an not form queries like \Give me all author-title pairs of arti
les 
ontainingthe keyword 'IR'".Graphi
al Versus Text-Based Query LanguagesMost query languages require the user to submit the query in a textual form. Someformalisms use the abstra
t tree model underlying stru
tured do
uments as a guide-line for the design of their query language. The pattern that is being sear
hed for
an be formulated graphi
ally with the advantage of being easier to understand andformulate. Text-based formalisms are easier to a

ess with automati
ally generatedqueries. In some 
ases a graphi
al query language has a text-based 
ounterpart,and vi
e versa.Retrieval and ManipulationAll query languages for stru
tured do
uments have a retrieval (sele
tion) part thatdes
ribes how to lo
ate and spe
ify relevant do
uments and nodes. Some formalismswith a more database-oriented approa
h have in addition a manipulation (
onstru
-tion) part that allows to generate new do
uments out of the query result. With thelatter 
lass it is possible to update a do
ument 
olle
tion using the query language,i.e. to modify, remove or add do
uments.Example Appli
ationsThere is a ri
h �eld of appli
ations for the retrieval of stru
tured do
uments, in-
luding retrieval of te
hni
al manuals, of 
orresponden
e, of s
ienti�
 data, et
.4In some multi-dimensional formalisms these mappings are only a transient, internal state usedto produ
e a 
omplex result in the form of one or more new do
uments.



1.3. RETRIEVING STRUCTURED DOCUMENTS 13This se
tion illustrates some appli
ation areas of stru
tured do
ument retrieval onthe basis of example queries. In the rest of this text we use as running example ado
ument 
olle
tion based on the Internet Movie Database (IMDB, [IMD00℄) thatstores data about movies in a set of do
uments. The small example 
olle
tion 
on-sisting of ten do
uments 
an be found an Appendix B.3, a graphi
al representationof these do
uments in Appendix B.2, and a DTD in Appendix B.1. We will nowintrodu
e three domains with typi
al tasks that have to be performed on 
olle
tionsof stru
tured do
uments. The �rst example illustrates an industrial appli
ation,whereas the se
ond shows the use of stru
tured do
ument retrieval in a
ademi
 re-sear
h. The third example is the standard example in the literature on stru
tureddo
ument retrieval. Other examples illustrating appli
ation areas 
an be found e.g.in [W3C00b℄.Legal Do
umentsLegal do
uments are in general highly stru
tured into laws, 
ourt de
isions, para-graphs, senten
es, dates, 
ourts, et
. There already exist huge 
olle
tions of legaldo
uments in SGML or XML format, mainly in publishing 
ompanies for the pub-li
ation on paper, CD-ROM, or the WWW. Typi
al queries to 
olle
tion of legaldo
uments by a lawyer or judge, referring to both stru
ture and textual 
ontent atthe same time, in
lude:� Give me all titles of 
ourt de
isions together with the names of the 
orrespond-ing judges, that have been passed in Karlsruhe, Germany, between 1974 and1978.� Give me the names of all judges whose verdi
ts (being on the subje
t of 
opy-right law) have been quashed.� Find me all paragraphs that are referen
ed in 
ourt de
isions where the sumin dispute was higher than 10.000 EUR.Computational Linguisti
sIn the re
ent years there have been several proje
ts that established extensivedatabases of linguisti
 data des
ribing the stru
ture of phrases (e.g. [MSM93, OMM98,SLG95, SBKU98, HPS98, KN98b℄). These databases are available as tagged 
or-pora where the tags represent the (hierar
hi
) synta
ti
al stru
ture, sometimes withadditional semanti
 information. They are used as a means for veri�
ation of linguis-ti
 hypotheses and provide an empiri
 overview over stru
tural variety of phrases,
ontext-dependent uses and asso
iations of words and phrases, and other featuresof natural language. An appropriate query language 
an support the resear
her inmaking expli
it information that is only impli
itly available in the 
orpus. We listsome example queries.� What are the semanti
 
ategories of words that 
an be obje
t of the verb 'as-sist'? Are they di�erent from the respe
tive semanti
 
ategories of the verb'support'?� Whi
h words and/or parts of spee
h qualify as modi�ers for the word \heartdisease"?� Show me examples for the use of the adje
tive 'hot' in di�erent semanti

ontexts.
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ienti�
 Arti
lesS
ienti�
 arti
les have in most 
ases a 
ommon stru
ture: An arti
le has a title andauthors, a publishing lo
ation (e.g. name of journal or 
onferen
e), an abstra
t, abody, an appendix, a bibliography, et
. The following queries 
an be of interest:� Give me all titles and authors of arti
les 
ontaining the keyword 'InformationRetrieval' published at a SIGMOD 
onferen
e.� Give me the names of authors with at least three SIGIR publi
ations togetherwith the titles and years of publi
ation of the respe
tive arti
les.� Give me the author names of arti
les whose title 
ontain the same keywordsas the arti
le I am a
tually working on.1.4 The Tree Mat
hing FormalismIn 1992 Pekka Kilpel�ainen developed in his PhD thesis a retrieval formalism forstru
tured do
uments 
alled Tree Mat
hing ([Kil92℄). This is a very elegant andsimple, graphi
al and multi-dimensional formalism for retrieving (but not manipu-lating) stru
tured do
uments that is based on mappings between pattern trees andthe do
ument trees. An answer to a query and a do
ument 
olle
tion is a mappingthat preserves 
ertain hierar
hi
al and pre
eden
e relations. Kilpel�ainen de�neddistin
t 
lasses of Tree Mat
hing problems di�ering in the relations that have tobe preserved by answers. Due to its 
on
eptual simpli
ity, Tree Mat
hing 
an beseen as an abstra
t model of many other query formalisms for stru
tured do
u-ments. Summing up, Tree Mat
hing is a very expressive retrieval formalism whosegraphi
al approa
h to query formulation is very appealing and impresses with itssimpli
ity.On the negative side, Kilpel�ainen showed that the de
ision problem whetherthere exists an answer to a given query and database is NP-
omplete for one ofthe most interesting (for stru
tured do
ument retrieval) 
lasses of Tree Mat
h-ing problems. Another de�
ien
y of Tree Mat
hing 
an be observed in all othermulti-dimensional query formalisms as well: Due to the tuple stru
ture of answers
ombinatorial e�e
ts 
ome into e�e
t resulting in polynomially many answers in thesize of the database (number of nodes in the do
ument tree). Apart from the fa
tthat this e�e
t makes 
omputation even for the tra
table 
lasses of Tree Mat
hingproblems ineÆ
ient, these answers often share 
ommon subparts, making it for theuser diÆ
ult to lo
ate the relevant information in the list of all answers.Regarding the retrieval pro
ess and query formulation, the stri
t division intodi�erent problem 
lasses proved to be too in
exible for real-world appli
ations. Inaddition, there exists no elaborated retrieval model, as for example in the �eld of IR,that des
ribes and supports the user's exploration pro
ess and may involve queryreformulation based on a 
loser inspe
tion of the answers.1.5 Contribution of this WorkIn this work we will reformulate and extend the Tree Mat
hing formalism andintrodu
e a new 
on
ept of query result that is presented to the user. We willextend Tree Mat
hing in the dire
tions of (1) 
exibility and eÆ
ien
y providedin DBS, (2) the retrieval model developed in IR, and (3) spe
ial te
hniques forstru
tured do
uments.With minor 
hanges in the notion of answers the NP-
ompleteness result of TreeMat
hing 
an be avoided. The logi
al reformulation breaks the stri
t division of



1.6. OVERVIEW 15the distin
t problem 
lasses and thus provides an extension towards more 
exibility.In addition, the logi
al formulation introdu
es generi
 relations modeling featuresof stru
tured do
uments like left-to-right order of elements, or attributes. Theserelations 
an be queried, thus making the reformulation more expressive than theoriginal formalism. In parallel with the logi
al reformulation we will maintain thegraphi
al approa
h of the Tree Mat
hing formalism, thus enjoying the bene�ts oftext-based and graphi
al query languages at the same time.As the 
entral 
ontribution of this work we will introdu
e a data stru
ture 
alled\
omplete answer aggregate" that avoids the negative e�e
ts of the 
ombinatorialexplosion in the number of answers and 
an be presented to the user as a substitutefor the list of all answers. Complete answer aggregates represent all answers in anintuitive and graphi
al way, giving the user a good overview over the set of all an-swers and its internal topology. Dependen
ies between distin
t answers and partsof answers that are impli
it in a list of all answers are made expli
it with 
ompleteanswer aggregates. The bene�ts 
oming from avoiding the 
ombinatorial explo-sion with 
omplete answer aggregates 
an be exploited in various multi-dimensionalformalisms for retrieving stru
tured do
uments.We show that 
omplete answer aggregates 
an be 
omputed very eÆ
iently. Fora realisti
 
lass of queries and do
ument databases even in time quadrati
 in thesize of the do
ument database and linear in the size of the query. The algorithm
omputing the 
omplete answer aggregate for a query and do
ument database usesnew index stru
tures that are dis
ussed and explained.We show how the elaborated retrieval model developed in IR resear
h 
an beadapted to the retrieval of stru
tured do
uments. This adaption relies heavily on
omplete answer aggregates as basi
 manipulation obje
ts. The retrieval model tobe developed in this work allows visual and intera
tive exploration of the informa-tion spa
e represented by the do
ument 
olle
tion and involves the user's feedba
kin query reformulation. All operations provided by this retrieval model are on agraphi
al basis.The 
entral 
ontributions of this work, whi
h are elaborated in Chapters 4, 5and 6, respe
tively, are:� The introdu
tion of 
omplete answer aggregates as a unique representationand substitute for the set of all answers,� an algorithm 
omputing the 
omplete answer aggregate for a query and do
-ument database eÆ
iently, supported by dedi
ated index stru
tures, and� a model for an iterative retrieval pro
ess that involves query reformulation and
onstitutes the graphi
al exploration of the information spa
e represented bythe 
olle
tion of stru
tured do
uments.1.6 OverviewIn the next 
hapter we will review Kilpel�ainen's Tree Mat
hing formalism and pointout its strengths and weaknesses. The primary observation will be that Tree Mat
h-ing, as any other multi-dimensional formalism, su�ers from a 
ombinatorial explo-sion in the number of answers. Di�erent answers have many subparts in 
ommonwhat makes it very diÆ
ult for the user to distinguish relevant from irrelevant an-swers.In Chapter 3 we will provide a logi
al reformulation that extends the expressivityof Tree Mat
hing to hybrid queries, i.e. queries that allow di�erent mat
hing require-ments in the same query, and queries with 
onstraints. Examples for 
onstraints



16 CHAPTER 1. INTRODUCTIONare given in Appendix A. A parti
ularly interesting 
onstraint is the horizontal left-to-right ordering of nodes in do
uments. Queries involving these 
onstraints formthe 
lass of partially ordered tree queries. In addition we will show how the originalgraphi
al formulation of Tree Mat
hing is 
ompatible with the logi
al formulationso that we 
an still enjoy the advantages of having a graphi
al query language.In the following 
hapter the 
entral notion of 
omplete answer aggregates will beintrodu
ed for simple and partially ordered tree queries. We show that a 
ompleteanswer aggregate is a natural and unique representation for exa
tly the set of allanswers to the query. It is natural sin
e it represents the internal topology, withthe sharing of subparts, of the set of all answers in an intuitive way. In addition,the 
omplete answer aggregate for a query is substantially smaller than the set ofall answers.Chapter 5 presents an algorithm 
omputing the 
omplete answer aggregate fora query in time O(q � n � h � log(n)) where q is the size (number of nodes/variables)of the query, n the size (number of nodes) of the do
ument 
olle
tion, and h theheight of the forest representing the do
ument 
olle
tion. For a realisti
 
lass ofqueries the algorithm runs even in time O(q �n �h). This 
hapter also elaborates onindex stru
tures used and the implementation of the algorithm in Java.In Chapter 6 we introdu
e a retrieval model with the 
avour of the iterativeretrieval model used in IR that involves feedba
k of the user and query reformula-tion. The retrieval model supports the user with a set of graphi
al operations inthe pro
ess of in
rementally exploring a \sphere of interest".The following 
hapter mentions points that 
ouldn't be treated in this work andmay serve as future work. These in
lude extensions of the query language and theintrodu
tion of the notion of relevan
e, a 
entral notion in IR, into the frameworkof logi
al Tree Mat
hing and 
omplete answer aggregates.Chapter 8 reviews related work in the �elds of DBS and IR and shows points of
onta
t.Appendix B 
ontains an informal des
ription of the example do
ument 
olle
-tion, \Movie Colle
tion", used as running example in this work, gives a DTD forthe 
olle
tion and lists the example do
uments in XML format as well as depi
tstheir abstra
t tree stru
ture.



Chapter 2Kilpel�ainen's Tree Mat
hingPekka Kilpel�ainen developed in his PhD thesis [Kil92℄ a simple and elegant modelfor a graphi
al query formalism to stru
tured do
uments based on the notion ofhomomorphisms between trees. In this 
hapter we will outline informally the 
entralfeatures this model and dis
uss its strengths and weaknesses. In the following
hapters we will develop a logi
al reformulation of Kilpel�ainen's Tree Mat
hingthat shall over
ome its weaknesses while preserving its strengths. In Se
tion 3.4we will dis
uss the di�eren
es between Kilpel�ainen's Tree Mat
hing model and thisreformulation.2.1 Kilpel�ainens Query, Database and Query Eval-uation ModelIn the Tree Mat
hing model a query is an ordered and labeled tree and the databaseis a set of ordered and labeled trees. Nodes of the query and the database 
an eitherbe text nodes or stru
tural nodes. Text nodes 
an only o

ur as leaves and bear thetextual 
ontent of the do
ument (for database nodes) or the sear
h terms (for querynodes). Stru
tural nodes impose a stru
ture on the database and query, e.g. dividingthe text into 
hapters, titles, paragraphs, et
. The query des
ribes a pattern that isto be mat
hed in the database. An answer to a query and a database is a mappingfrom the query nodes1 to the database nodes that respe
ts 
ertain homomorphi
requirements. One 
ondition is that answers have to respe
t labels and textual
ontent in the following sense: A mapping f from the nodes of a query to the nodesof a database is 
alled label-respe
ting i� the image of every query node under fhas the same label as the query node itself and the text of every text node in thequery o

urs as a substring in the text of its image node in the database (whi
h hasto be a text node itself). Depending on the nature of the additional requirementsKilpel�ainen distinguishes ten 
lasses of Tree Mat
hing problems. The requirementsare grouped into two orthogonal 
lasses, one 
lass 
on
erning the order (ordered vs.unordered), the other 
on
erning hierar
hi
 relationships (tree vs. path vs. regionvs. 
hild vs. subtree in
lusion). The ten problem 
lasses derive from the 
ombinationof the two requirement 
lasses. We will dis
uss the four most important (withinthe 
ontext of stru
tured do
ument retrieval) 
lasses of Tree Mat
hing problems:Ordered/unordered tree/path in
lusion.Hierar
hi
al Requirements A hierar
hi
al requirement determines what hier-ar
hi
al relations a mapping f has to preserve in order to be 
alled an answer.1The formalism allows to restri
t answers to 
ertain query nodes of interest.17



18 CHAPTER 2. KILPEL�AINEN'S TREE MATCHINGA mapping f from a query Q to a database T is 
alled tree-respe
ting if for allnodes u; v in Q� f(u) = f(v) i� u = v,� label(u) = label(f(u)) and� u is an an
estor of v in Q i� f(u) is an an
estor of f(v) in T .A mapping f from a query Q to a database T is 
alled path-respe
ting if for allnodes u; v in Q� u is the root in Q i� f(u) is the root in T .� f(u) = f(v) i� u = v,� label(u) = label(f(u)) and� u is a parent of v in Q i� f(u) is a parent of f(v) in T .Order Requirements We assume that we have total orders < on the nodes ofthe query and the nodes of the database. These orders re
e
t the order on siblingsand lifts it to all nodes in the standard way, i.e. u < v i� u is an an
estor of v or uappears in a subtree on the left of v.A mapping from a query Q to a database T is 
alled order-respe
ting if for allnodes u; v in Q holds: u < v i� f(u) < f(v).De�nition 2.1 A label-respe
ting mapping f from a query Q to a database Tis 
alled an answer to the unordered tree in
lusion (ordered tree in
lusion, un-ordered path in
lusion, ordered path in
lusion, resp.) problem de�ned by Q and Ti� f is tree-respe
ting (order-respe
ting and tree-respe
ting, path-respe
ting, order-respe
ting and path-respe
ting, resp.).2Example 2.2 Take as an example the tree3 depi
ted at page 135 
ontaining in-formation about the movie \Barbarella"as a database (
onsisting of one tree only)and the following query asking for the genres of movies dire
ted by Roger Vadim4:moviedire
torVadim genreIn the following pi
ture we see one possible answer for ordered and unordered treein
lusion to the query and the database5 
onsisting of the \Barbarella"-do
umentonly: moviedire
torVadim genre movietitleBarbarella staffdire
torR. Vadim 
ontentsgenreAdventure genreS
i-Fi2For the tree in
lusion problems, Kilpel�ainen de�nes additionally a minimality requirementthat we do not 
onsider here.3Some parts of the tree are omitted for layout reasons.4More exa
tly: someone with name \Vadim". In the examples to follow we will negle
t thisdi�eren
e that o

urs if two di�erent people have the same family name.5The do
ument tree is shortened for layout reasons.



2.2. DISCUSSION 19Note that there is no answer to the query and database for both path in
lusionproblems, sin
e the movie-node in the do
ument has no dire
tor-
hild.If the user has exa
t knowledge of the stru
ture of the database he or she mayuse path in
lusion problems. This 
an also help to ex
lude undesired answers, sin
ethe query is interpreted in a more stri
t way. In the other 
ase, tree in
lusionproblems help the user to retrieve nodes whose exa
t position with respe
t to theirpath from the root is not known or irrelevant. In any 
ase, both 
lasses of TreeMat
hing problems are undispensable for most real-life situations. Ordered TreeMat
hing problems allow the user to state that two nodes in the database shallappear in a given order. The fa
t that all formalisms for stru
tured do
umentretrieval known to the literature (as reviewed for example in [FSW99, BYN96,Loe94℄) model 
on
epts very similar to the four problem 
lasses des
ribed abovemakes 
lear that the underlying 
on
epts of these 
lasses are essential to a systemfor stru
tured do
ument retrieval.Query Evaluation Kilpel�ainen des
ribes bottom-up algorithms for evaluatingthe various 
lasses of Tree Mat
hing problems. These algorithms visit the databasenodes in a bottom-up manner and mark every database node v that quali�es asa 
andidate for an answer mapping f : u 7! v with all respe
tive query nodes u.Sin
e all des
endants of a visited database node v have already been visited, itis easy to verify whether the subtree spanned by a query node u 
an be mappedhomomorphi
ally to the subtree of v, with meeting the respe
tive requirements. Ifthis pro
ess assigns the root of the query to a database node, a solution is found.Table 2.1 shows the 
omplexity results for the four 
lasses of Tree Mat
hingproblems de�ned above. Note that these results do only refer to the de
ision prob-lem, i.e. the problem whether there exists an answer to a query and a database. Analgorithm 
omputing the set of all answers may take more time than the de
isionproblem alone, as we will point out in the following dis
ussion.tree in
l. path in
l.unordered NP-
omplete O(q1:5 � n)ordered O(q � n)Table 2.1: Complexities of Tree Mat
hing Problems2.2 Dis
ussionThe Tree Mat
hing formalism for retrieving stru
tured do
uments des
ribed in[Kil92℄ is a very elegant and simple formalism. We will dis
uss its advantages (+)and disadvantages (-) in 
omparison to alternative models for stru
tured do
umentretrieval as reviewed in [FSW99℄, [BYN96℄ and [Loe94℄. The de�
ien
ies of TreeMat
hing will serve as a motivation and starting point for the following 
hapters.+ Graphi
al Query Language and Easy Semanti
s The Tree Mat
hingmodel is very intuitive and easy to understand due to its graphi
al querylanguage and easy semanti
s. Most other models have a query language basedon operators. The semanti
s of a 
omplex query expression in these formalismsare not 
omprehensible at �rst sight, in 
ontrast to a Tree Mat
hing query.+ Multi-Dimensional Formalism An answer in Tree Mat
hing is a map-ping from nodes of the query tree to nodes of the database. This multi-dimensionality gives Tree Mat
hing a database orientation, as opposed to



20 CHAPTER 2. KILPEL�AINEN'S TREE MATCHINGother formalisms. With Tree Mat
hing, we 
an retrieve, say, pairs of au-thor/title nodes of arti
les satisfying given 
onditions. Most other formalismsfor stru
tured do
uments (e.g. [RLS98, NBY97, JK99, CCB95℄) are one-dimensional and 
an only retrieve unstru
tured sets of nodes.+ Query Power As [CM98℄ showed, many query formalisms (e.g. [NBY97,ST94, CCB95℄) have two restri
tions with respe
t to their expressive power.This 
on
erns the unability to express 
hildhood relationship (as opposed todes
endant relationship) on the one hand and the simultaneous an
estorshipof a node towards two nodes (e.g. \give me all 
hapters in
luding both a �gureand program 
ode"). Tree Mat
hing 
an express these 
lasses of queries.+ Grammar Independen
e Tree Mat
hing does not depend on the existen
eof a grammar. This �ts to new developments in the modeling of stru
tureddo
uments, namely the 
on
ept of wellformed XML do
uments, that mayexist without a des
ribing grammar (DTD). Nonetheless grammars 
an, ifprovided, be exploited for query optimization as elaborated in [Kil92℄.- NP-Completeness Kilpel�ainen showed that (the de
ision problem whetherthere exists a solution for) unordered tree in
lusion is intra
table. All otherformalisms for stru
tured do
ument retrieval implement a very similar 
on
eptto unordered tree in
lusion without being intra
table. We will 
hange theoriginal problem de�nition of Tree Mat
hing in this work slightly in order toavoid this intra
tability result. This 
hange will be dis
ussed in Se
tion 3.4.- Combinatorial Explosion Even in the 
ases where Kilpel�ainen showed thatthe de
ision problem 
an be solved in almost linear time, an enumeration of allanswers may take exponential time in the size of the database, sin
e there maybe (nq ) answers to a Tree Mat
hing query (with n (q, resp.) being the numberof nodes in the database (query, resp.)). This number holds for all four relevantTree Mat
hing problem 
lasses. We illustrate two orthogonal phenomena ofthe 
ombinatorial explosion in the number of answers in Examples 2.3 and 2.4.Example 2.3 Take as example the query on the left in the following illustra-tion 
onsisting of a root v0 with q 
hildren v1; : : : ; vq (q � 1) and the databaseon the right 
onsisting of one tree with root d and n 
hildren d1; : : : ; dn(n � 1; n > q). All nodes have the same label.Query: v0v1 v2 : : : vq Database: d0d1 d2 : : : dnThere are (nq )�q! = n!(n�q)! answers to the query and database for the unorderedpath and tree in
lusion problems and (nq ) = n!q!�(n�q)! for the ordered pathand tree in
lusion problems. This 
an be seen as follows: Node v0 has to bemapped to node d0. We have to 
hose q distin
t nodes fdi1 ; : : : ; ding out of theset fd1; : : : ; dng as targets for the nodes in fv1; : : : ; vqg. There are (nq ) di�erentpossibilities for 
hosing these q distin
t nodes. In the 
ase of ordered path ortree in
lusion the mapping between the nodes fv1; : : : ; vqg and fdi1 ; : : : ; dingis determined by the order. In the 
ase of unordered path or tree in
lusionthere are q! distin
t enumerations fdk1 ; : : : ; dkng of fdi1 ; : : : ; ding, where ea
henumeration de�nes a mapping vj 7! dkj for all 1 � j � q. In this 
ase this
ombines to a total of (nq ) � q! di�erent answers.Example 2.4 The following illustration depi
ts a sequen
e query (on the leftside) and a sequen
e database of q nodes and n nodes, resp. (n > q)). The



2.2. DISCUSSION 21query 
onsists of nodes v1; : : : ; vq (q � 2) and the database 
onsists of nodesd1; : : : ; dn (n � 2), so that vi (dj , resp.) is a 
hild of vi�1 (dj�1, resp.) for2 � i � q (2 � j � n, resp.).Query: v1v2vq Database: d1d2dnThere is one answer to the query and database for both path in
lusion prob-lems and (nq ) = n!q!�(n�q)! for both tree in
lusion problems. The argumentationis basi
ally the same as in Example 2.3 for the unordered tree or path in
lusionproblems.This high number of answers 
aused by permutation of answer parts has twonegative e�e
ts for the pra
ti
al use of Tree Mat
hing: The time for 
omputingand presenting the set of answers is at least as high as the number of answers,i.e. (nq ). And for the user a simple enumeration of the set of all answers isnot satisfa
tory at all. Dependen
ies and permutation e�e
ts are not madeexpli
it and in bigger examples the sheer number of answers (with taking intoa

ount that ea
h answer 
onsists of q variable bindings itself) 
an blur theinformation being sear
hed for.To avoid the 
ombinatorial explosion in the number of answers is one of themain reasons for introdu
ing the new data stru
ture \Complete Answer Ag-gregates" in this work, more spe
i�
ally in Chapter 4.- In
exible Query Language The user is bound to the disjoint problem
lasses. It is not possible to formulate \hybrid" queries where, say, one partof the query is evaluated a

ording to the tree in
lusion problem, whereasanother part is evaluated a

ording to the path in
lusion problem. The sameis true for ordered and unordered queries.The user has no possibilities to formulate additional 
onstraints on the nodeslike proximity, similarity, semanti
 
omparisons, typing information, attributevalues, et
. beyond the 
on
epts of edges, labels and order.In Chapter 3 we will des
ribe a notion of queries allowing for hybrid queriesand additional 
onstraints on nodes.- Closedness For many database and Information Retrieval appli
ations it isuseful to have a 
losed algebra, i.e. a formalism where the result of a query
an be 
on
eived as a database that 
an be queried itself. In InformationRetrieval this is for example ne
essary for eÆ
ient treatment of query re�ne-ment. In Database Systems 
losedness is a ne
essary 
ondition for referentialtransparen
y, i.e. the possibility to 
ompose 
omplex queries out of subqueriesin a 
onsistent way. In Tree Mat
hing the result of a query is a mapping, butnot a tree. In Se
tion 3.3.6 we will des
ribe a simple possibility how to 
on-
eive answer mappings as trees. In Se
tion 4.6 we will des
ribe another waybased on the new data model for answers introdu
ed in this work.As a 
on
lusion of this dis
ussion we 
an see that, if we want to use the ad-vantages of the Tree Mat
hing formalism for real-world appli
ations, we have toover
ome its de�
ien
ies. In the following 
hapters we will develop a logi
al refor-mulation of the Tree Mat
hing formalism, that allows for more 
exibility in queryformulation and avoids the intra
tability result for unordered tree in
lusion. Then



22 CHAPTER 2. KILPEL�AINEN'S TREE MATCHINGwe will de�ne the notion of 
omplete answer aggregates, a spe
ial data stru
turethat 
an be 
omputed eÆ
iently and is presented to the user as an intuitive rep-resentation of the set of all answers. This avoids the two problems 
aused by the
ombinatorial explosion in the number of answers.



Chapter 3Logi
al Tree Mat
hingThis 
hapter will de�ne a logi
al query and database model as a reformulation ofKilpel�ainen's Tree Mat
hing formalism. Sin
e the introdu
ed query formalism basedon formulae of PL1 (�rst-order predi
ate logi
) is in no way intended to be used bythe end user and we do not want to drop the graphi
al query language with all itsadvantages, we will show how the logi
al formulation 
orresponds with Kilpel�ainen'sformulation based on mappings between trees. In Chapter 6 we will des
ribe aretrieval environment based on the logi
al Tree Mat
hing formalism developed inthis 
hapter. Among other things, the reformulation will allow for hybrid queriesthat break the stri
t division of the distin
t Tree Mat
hing problem 
lasses, andit shows how 
onstraints beyond the 
on
epts of edges, labels and order 
an beformulated. We will 
on
lude the 
hapter with a dis
ussion on how the proposedmodel �ts with widespread standards like SGML or XML and a 
omparison ofKilpel�ainen's Tree Mat
hing model and the logi
al reformulation presented here.3.1 Formal PreliminariesIn this se
tion we provide some basi
 mathemati
al ba
kground that is needed later.As usual, if R denotes a binary relation on a set M , then R� (resp. R+) denotesthe re
exive-transitive (resp. transitive) 
losure of R.De�nition 3.1 A (�nite, unordered) tree is a pair (V;E) where V is a �nite,nonempty set and E is a binary relation on V su
h that the following 
onditionsare satis�ed:1. E is 
y
le-free, i.e., E+ is irre
exive,2. for ea
h v0 2 V there exists at most one element v 2 V su
h that hv; v0i 2 E,3. there exists exa
tly one element v 2 V , 
alled the root of (V;E), su
h thatthere exists no v0 2 V with hv0; vi 2 E.The elements of V are 
alled nodes. If hv; v0i 2 E, then v0 is a 
hild of v,
onversely v is 
alled the parent node of v0. Condition 2) expresses that ea
h nodehas at most one parent node. Distin
t 
hildren of a 
ommon parent node are 
alledsiblings. If hv; v0i 2 E+, then v0 is a des
endant of v, 
onversely v is 
alled anan
estor of v0. If hv; v0i 2 E�, then v0 is a re
exive des
endant of v, and v is are
exive an
estor of v0. It follows from 
onditions 1) and 3) that every node v 2 Vis a re
exive des
endant of the root u, i.e. hu; vi 2 E� holds. A node is a leaf if itdoes not have any 
hild, otherwise it is an inner node.23



24 CHAPTER 3. LOGICAL TREE MATCHINGA path of (V;E) is a sequen
e hv0; : : : ; vni 2 V n where v0 is the root of (V;E), vnis a leaf of (V;E) and hvi; vi+1i 2 E for 0 � i � n� 1. A partial path of (V;E) is apre�x of a path of (V;E).De�nition 3.2� A forest is a pair (V;E), where V is a �nite nonempty set and E a binaryrelation on V so that E is 
y
le-free and for every node v 2 V there exists atmost one element u so that hu; vi 2 E.� A sequen
e is a tree (V;E) where every node u has at most one 
hild v.From the de�nitions it follows that trees are a spe
ial 
ase of forests. We will usethe terminology 
oined for trees in the same way for forests and sequen
es.De�nition 3.3 An ordered tree (ordered forest) is a tree (forest) (V;E), togetherwith a stri
t partial order <Vlr on V , 
alled left-to-right ordering, that has the fol-lowing properties:1. <Vlr relates two nodes v1 6= v2 (in the sense that either v1 <Vlr v2 or v2 <Vlr v1)i� v1 and v2 have a 
ommon re
exive an
estor in (V;E) and neither v1 is ades
endant of v2 in (V;E) nor vi
e versa, and2. v1 <Vlr v2 implies that v01 <Vlr v02 for all re
exive des
endants v01 and v02 of v1and v2, respe
tively.If (V;E) is an ordered tree or forest, the union of des
endant relationship with left-to-right ordering is 
alled the pre-order relationship and denoted<Vp = E+[ <Vlr. Wewrite u �Vp v for u <Vp v _ u = v. The following lemmata are a trivial 
onsequen
eof the de�nitions.Lemma 3.4 Let (V;E) be an ordered tree or forest, let u; v 2 V . Then u <Vlr v i�there exists a node u0 2 V su
h that u <Vlr u0 and u0 �Vp v.Proof. Let u <Vlr v. Chose u0 = v, then u <Vlr u0 and u0 �Vp v hold. Now letu <Vlr u0 and u0 �Vp v hold. Then either (1) u0 = v, (2) u0 <Vp v, or (3) u0*+v. In
ase (1) we are �nished, and in 
aes (2) the 
laim follows from 
ondition 2) of <lr.In 
ase 3) the 
laim follows from transitivity of <Vlr.Lemma 3.5 If (V;E) is a tree, then the relation <Vp is a stri
t total order on V .Proof. Totality follows from Condition 1) of De�nition 3.3. Antisymmetry: Letu <Vp v. Then v is a des
endant of u or u <Vlr v. In both 
ases the assumptionv <Vp u leads to a 
ontradi
tion. Next we show transitivity of <Vp . Sin
e E+ and<Vlr are both transitive we only have to show that (a) u <Vlr v and hv; wi 2 E+ implyu <Vp w and (b) hu; vi 2 E+ and v <Vlr w imply u <Vp w. In both 
ases it followsfrom the assumptions with de�nition of <Vlr that u <Vlr w and therefore u <Vp holds.3.2 Semanti
s: Modeling Do
uments as Tree Stru
-turesAs established by international standards like SGML [ISO86℄ or XML ([W3C98a℄),we 
on
eive do
uments as labeled and ordered trees where nodes and edges areused to model the logi
al stru
ture of the do
ument. The leaves of a do
ument
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ontain the a
tual 
at textual 
ontent of the do
ument. Obviously, in order torepresent databases with stru
tured do
uments as trees we have to adapt this basi
data stru
ture to the spe
ial requirements of stru
tured do
uments. As a �rst stepwe introdu
e a formal distin
tion between \stru
tural" nodes and \textual" nodes.Depending on the appli
ation area it might be interesting to model additional re-lations on the nodes, and to make these relations available in the querying pro
ess.One important example that we dis
uss below is the left-to-right ordering betweennodes. Sin
e we do not want to restri
t the dis
ussion to a spe
i�
 set of relations,other relations that might be relevant, su
h as e.g. inequality, semanti
 
ompar-isons, typing information, attribute values, similarity, or proximity, are treated ina generi
 way as abstra
t 
onstraints, leaving apart their pre
ise nature. The re-sulting stru
tures for modeling do
ument databases will be treated as 
onventionalstru
tures of �rst-order predi
ate logi
 in the following 
hapters.3.2.1 Do
ument Stru
turesLet � and � denote two �xed disjoint alphabets, 
alled text alphabet and markupalphabet respe
tively. We assume that the textual 
ontent of a do
ument is modeledby elements of �� (i.e., by strings over �) and the stru
tural markup (labels ofstru
tural nodes) is modeled by symbols in �.De�nition 3.6 A do
ument stru
ture is a tuple D = (DS ; DT ;*;Lab;Txt) where1. (DT [DS ;*) is a forest where DT and DS represent disjoint sets of nodes,2. Lab is a fun
tion that assigns to ea
h node d 2 DS an element of � as label,and3. Txt is a fun
tion that assigns to ea
h node d 2 DT a string Txt(d) 2 �� astextual 
ontent.The following 
ondition must hold:4. Ea
h node in DT is a leaf of (DT [DS ;*).In the sequel, the nodes in DT and DS are 
alled text nodes and stru
tural nodesrespe
tively, and D := DT [ DS will always denote the joint set of nodes. Theelements of D are 
alled do
ument nodes or database nodes and are identi�ed by
onvention with (de
orated) symbols d; e.Example 3.7 In Appendix B.2 the reader may �nd a set of trees representing ado
ument stru
ture.With a do
ument path of D we mean a path of (DT [DS ;*).Re
all also that with a tree or forest we mean an unordered tree or forest if notsaid otherwise. Ordered trees and forests 
an be modeled with the relations thatwe introdu
e now.3.2.2 Relational Do
ument Stru
turesWe will now dis
uss relations that 
an be established on the do
ument nodes andused in queries by the user. We introdu
e a generi
 relation model that allowsto model arbitrary relations. But the fo
us lies on the left-to-right ordering ofdo
ument nodes, whi
h will be used in all of the following 
hapters. In Appendix Awe will also dis
uss other useful relations as examples how to exploit the generi
relation me
hanism.LetR denote a �xed (not ne
essarily �nite) set of relation symbols, ea
h equippedwith a �xed arity.



26 CHAPTER 3. LOGICAL TREE MATCHINGDe�nition 3.8 A relational do
ument stru
ture is a tupleD = (DS ; DT ;*;Lab;Txt; I),where (DS ; DT ;*;Lab;Txt) is a do
ument stru
ture and I is an interpretation fun
-tion for R, i.e., a mapping that assigns to every relation symbol r 2 R of arity k arelation I(r) � Dk. (Re
all that D = DS [DT .)We will use sometimes an abbreviated in�x notation for binary relation symbolsand write urv instead of hu; vi 2 I(r) if I is determined by the 
ontext.Examples for Other RelationsSin
e the user 
an only query those relations on the do
ument nodes that arede�ned in the do
ument stru
ture, it is important to �x the set of relations for anappli
ation. In Appendix A we will outline, in addition to the order relation de�nedin the following, some 
ommon relations that are typi
al for stru
tured do
uments.3.2.3 Ordered Do
ument Stru
turesDe�nition 3.9 A relational do
ument stru
ture D = (DS ; DT ;*;Lab;Txt; I) isordered if R 
ontains a symbol <lr where (DT [DS ;*) together with <Dlr := I(<lr)is an ordered forest.Example 3.10 The following �gure depi
ts an ordered relational do
ument stru
-ture taken from the \Movie Colle
tion" in Appendix B that represents a des
riptionof a movie.1 Textual nodes are indi
ated by re
tangles and stru
tural nodes are in-di
ated by oval nodes. The label or the textual 
ontent, respe
tively, is 
ontainedinside the nodes. The order <lr between the nodes is the left-to-right orderingsuggested by the graphi
al presentation. If we refer to the nodes by their labelor textual 
ontent, then, for example, Barbarella< yearand J. Fonda < J.P. Lawholds, but staff and dire
tor are in
omparable with <lr.movietitleBarbarella staffdire
torR. Vadim 
asta
torJ. Fonda a
torJ.P. Law
year1968 
ontentsgenreAdventure genreS
i-Fi summaryThe year is ...In the example above the de�nition of the relation <lr was depi
ted impli
itly in thepi
ture. This is not possible for all relations. In others 
ases, we may use expli
it,additional edges (or hyperedges) that 
onne
t nodes in the relational do
umentstru
ture for representing a relation on the nodes. The reader may �nd examplesfor this in Appendix A.Remark 3.11 When using markup languages like SGML or XML (see for exam-ple the XML representation of the example database \Movie Colle
tion" in Ap-pendix B.3), the logi
al stru
ture of a do
ument is en
oded using a 
at representa-tion by means of delimiting tags. Various interesting aspe
ts of the tree stru
ture
an be read o� in a simple way:1Some parts of the tree on page 135 are omitted for layout reasons.



3.2. SEMANTICS: MODELING DOCUMENTS AS TREE STRUCTURES 271. two nodes d1; d2 stand in the pre-order relationship, d1 <Dp d2, i� the openingtag for d1 pre
edes the opening tag for d2,2. two nodes d1; d2 stand in the left-to-right relationship, d1 <Dlr d2, i� the 
losingtag for d1 pre
edes the opening tag for d2,3. node d2 is a des
endant of node d1 i� both the opening and end tag for d2 arebetween the two tags for d1.3.2.4 Modeling SGML and XML Do
uments as RelationalDo
ument Stru
turesXML ([W3C98a℄) and SGML ([ISO86, Gol90℄) are ri
h and widespread languages todes
ribe stru
tured do
uments and do
ument 
lasses. We will dis
uss what featuresof SGML and XML do
uments 
an be modeled with relational do
ument stru
turesand how this 
an be done. If the reader is not familiar with the XML or SGMLstandard, he or she may �nd introdu
tions for example in [GP98, vH94, Oas℄. Thethree 
entral features in SGML and XML do
uments are elements, attributes andentities. Elements with their hierar
hi
al 
ontainment are modeled as nodes of thedo
ument trees as seen for example in Appendix B.3. Attributes 
an be modeledwith the help of relations as outlined in Appendix A.Entities require some more 
onsiderations. Entities basi
ally 
onstitute a kindof string repla
ement me
hanism for SGML and XML do
uments. In the most
ases, entitities are used to represent spe
ial 
hara
ters like �a or �
. In this 
asewe 
an apply the repla
ement before 
onsidering the do
uments. Another use ofentities is the in
lusion of external entities, e.g. �les et
. These external entities arepossibly treated in a spe
ial way, for example pi
tures in JPG format. Obviously, thestorage of these external entities in a do
ument database based on our formalismis super
uous sin
e their 
ontent 
an not be queried in a meaningful way withour query formalism. The treatment of multimedia obje
ts requires a dedi
atedtreatment (e.g. [BYRN99a, FGR98, OP98, KB96℄) that is not part of our work.In some 
ir
umstan
es, entities are used as a means for modeling shared data. Inthe tree model underlying the logi
al Tree Mat
hing shared data is not expressible.We 
an de
ide to negle
t the aspe
t of information sharing and simply expand allentities, i.e. repla
e them by their de�ned value. This redundant modeling 
anbe a

ompanied by notorious, undesired side-e�e
ts analyzed in the normalizationtheory for database systems (e.g. [Ull89℄). These side-e�e
ts refer to anomaliesevoked by 
hanges to the stored data. Sin
e this work does not 
over 
hanges tothe stored data, we 
an ignore these anomalies.Another feature of SGML and XML do
uments refers to links that are imple-mented with ID/IDREF attributes. With this feature, SGML and XML do
umentsshould be 
on
eived more adequately as dire
ted graphs. In our framework we haveto model ID/IDREF attributes as normal attributes as dis
ussed above. But then itis desirable to implement a join on attributes, i.e. a fa
ility to query whether twoattributes of two nodes have equal values. While this 
on
ept 
an be integrated intothe do
ument and query model easily, it is not sure wether it 
an be implementedin a way that performs eÆ
iently.Espe
ially SGML, but also XML, o�ers a lot more sophisti
ated features likemarked se
tions, pro
essing instru
tions, multiple do
ument stru
tures, et
., mostof whi
h are only expressible indire
tly in our model or not at all. Sin
e thesefeatures do not belong to the 
ore of XML or SGML we will not go deeper into thisdis
ussion.As a 
on
lusion we 
an see that we 
an 
over with our model the 
entral featuresof XML or SGML.
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tured Data as Relational Do
umentStru
turesThe models for semistru
tured data (e.g. the OEM model des
ribed in [PGMW95℄)are more general than relational do
ument stru
tures sin
e they are based upongraphs rather than trees. In addition they allow for multiple labels on nodes andlabels on edges. The latter point 
an be modeled with logi
al Tree Mat
hing asthe dis
ussion in Appendix A shows. In [MS00℄ a framework is des
ribed thatapplies the methods introdu
ed here to graph databases that are used for example insemistru
tured data. A method based on 
omparison of textual 
ontents to simulateat least a DAG stru
ture of the underlying database is dis
ussed in Remark 6.11 inSe
tion 6.3.3 Syntax: Querying Stru
tured Do
umentsIn this se
tion we de�ne a logi
al query language LR for databases that are repre-sented in the form of relational do
ument stru
tures. In prin
iple the full �rst-orderlanguage asso
iated with the given stru
ture, presented in the previous se
tion,may be used as query language. For pra
ti
al use in IR-systems, the sublanguageof so-
alled \tree-queries" seems to be of parti
ular relevan
e. This sublanguage,introdu
ed in the se
ond part of this se
tion, will be studied in the following undervarious aspe
ts.Note that the sublanguage introdu
ed now is not intended to be used by theend-user. Instead it is a formal basis for a stru
tured do
ument retrieval system.We will des
ribe in Chapters 6 and 5.7 how this formal basis 
an be used for thedesign and implementation of a system and how the user 
an employ it.3.3.1 The full �rst-order languageRe
all that the alphabets �, � as well as the signature R are assumed to be �xed.In the sequel, let Var denote a 
ountably in�nite set of variables, denoted x; y; z : : :,and let \/" (\
ontained in"), \�" (\parent of") and \�+" (\an
estor of") denotethree new binary symbols.De�nition 3.12 The set of atomi
 LR-formulae 
ontains all formulae of the form� x� y, for x; y 2 Var (
hild formulae),� x�+ y, for x; y 2 Var (des
endant formulae),� w / x, for x 2 Var and w 2 �+ (
ontainment formulae),� M(x), for x 2 Var and M 2 � (labeling formulae),� r(x1; : : : ; xk) where r 2 R has arity k and x1; : : : ; xk 2 Var (atomi
 
on-straints).Sometimes we will refer to 
hild (des
endant) formulae as rigid (soft) edges. LR-formulae are indu
tively de�ned as follows:� ea
h atomi
 LR-formula is an LR-formula,� if ', '1 and '2 are LR-formulae, then :', ('1^'2), ('1_'2), and ('1 ) '2)are LR-formulae,� if ' is an LR-formula and x 2 Var, then 9x' and 8x' are LR-formulae.



3.3. SYNTAX: QUERYING STRUCTURED DOCUMENTS 29An LR-formula ' is an L-formula i� ' does not have a subformula that is an atomi

onstraint.We write x �(+) y when refering to formulae of the form x � y and x �+ y at thesame time.Let D = (DS ; DT ;*;Lab;Txt; I) be a relational do
ument stru
ture. With avariable assignment in D we mean a total mapping � : Var! D.De�nition 3.13 Validity of an atomi
 LR-formula in D under � is de�ned as fol-lows2:� D j=� x� y i� �(x)*�(y),� D j=� x�+ y i� �(x)*+ �(y),� D j=� w / x i� �(x) is a text node and Txt(�(x)) 
ontains the word w,� D j=� M(x) i� �(x) is a stru
tural node and Lab(�(x)) =M ,� D j=� r(x1; : : : ; xk) i� h�(x1); : : : ; �(xk)i 2 rD.The validity relation is extended as usual to arbitrary LR-formulae: Boolean 
on-ne
tives are just lifted to the meta-level, furthermore we de�ne- D j=� 8x' i� for every node d 2 D we have D j=�0 ', where �0(y) := �(y) forall variables y 6= x and �0(x) := d,- D j=� 9x' i� there exists a node d 2 D su
h thatD j=�0 ', where �0(y) := �(y)for all variables y 6= x and �0(x) := d.An LR-formula ' is satis�able i� there exists a relational do
ument stru
ture Dand an assignment � su
h that D j=� '. The set fr(') of free variables of an LR-formula ' is de�ned as usual. If fr(') is given in a �xed order ~x = hx1; : : : ; xniand if ~d = hd1; : : : ; dni is a sequen
e of nodes of D we write D j= '[d1; : : : ; dn℄ i�D j=� ' for ea
h variable assignment � mapping xi to di for 1 � i � n.A

ording to De�nition 3.13, atomi
 formulae of the form \w / x" refer onlyto textual nodes. Obviously, it is desirable to refer in a similar way to the part ofthe 
at text that is dominated (indire
tly) by a stru
tural node. If x is a variableof a query that 
ontains a stru
tural 
ondition of the form M(x), we may write9y(x �+ y ^ w / y) to express that the word w must o

ur in the text asso
iatedwith node x. If more 
omfort is needed we might add some \synta
ti
 sugar" andintrodu
e a new type of atomi
 formula that represents the above 
onjun
tion.De�nition 3.14 A query is a pair Q = ('; ~x) where ' is an LR-formula and ~x isa �xed enumeration of fr('). The set fr(') is also 
alled the set of free variables ofQ and denoted in the form fr(Q).Note that we do not require that every variable x in a query has a 
orrespondinglabeling formula M(x). Variables may remain unlabeled what makes the querylanguage more 
exible.De�nition 3.15 Let D be a relational do
ument stru
ture, let Q = ('; ~x) be aquery where ~x = hx1; : : : ; xni. A sequen
e ~d = hd1; : : : ; dni of nodes of D is ananswer to Q in D i� D j= '[d1; : : : ; dn℄. The setAD(Q) := fhd1; : : : ; dni 2 Dn j D j= '[d1; : : : ; dn℄gis 
alled the 
omplete set of answers for Q in D.2In the third 
ondition we do not formally de�ne what it means for a textual node to \
ontain"a given word w. This might mean \literal" 
ontainment, i.e., 
ontainment as a substring, or itmight in
lude more sophisti
ated notions of 
ontainment. See the dis
ussion on text 
ontainmentin Se
tion 3.3.3.



30 CHAPTER 3. LOGICAL TREE MATCHINGEquivalently, an answer hd1; : : : ; dni 
an be 
onsidered as a partial variable assign-ment mapping xi to di for i = 1; : : : ; n. Both perspe
tives will be used in thesequel.Example 3.16 Consider the relational do
ument database \Movie Colle
tion" inAppendix B.2 and the query (being a translation of the Tree Mat
hing query inExample 2.2)Q = (m�+ d ^ d� v ^m�+ g ^movie(m) ^ dire
tor(d) ^ \Vadim" / v ^ genre(g);hm; d; v; gi):This query has the following three answers in the database:fm 7! e1; d 7! e5; v 7! e6; g 7! e15gfm 7! g1; d 7! g5; v 7! g6; g 7! g21gfm 7! g1; d 7! g5; v 7! g6; g 7! g23gThe eÆ
ient 
omputation of the 
omplete set of answers to a given query 
an be
onsidered as the prin
ipal problem of an IR system. In this paper we 
on
entrateon a parti
ular sub
lass of queries.3.3.2 Tree QueriesIt is natural to assume that most queries aim to retrieve subtrees of a parti
ularform from the database. As long as matters of universal quanti�
ation are ignored,the tree queries introdu
ed in the following de�nition are a 
anoni
al 
hoi
e for thisretrieval task.De�nition 3.17 A tree query is a query Q = ( ^ 
; ~x) where  is a 
onjun
tion ofatomi
 L-formulae and 
 is a 
onjun
tion of atomi
 
onstraints with fr(
) � fr( )su
h that the following 
ondition is satis�ed: there exists a variable x 2 fr(Q),
alled the root of Q, su
h that for ea
h y 2 fr(Q) there exists a unique sequen
e ofvariables x = x0; : : : ; xn = y (n � 0) where  
ontains subformulae xi�(+) xi+1 for0 � i � n� 1.A sequen
e query is a tree query Q = ( ^ 
; ~x) where ~x = hx1; : : : ; xqi so that 
ontains formulae xi �(+) xi+1 for all 1 � i � q.The following lemma follows immediately from De�nition 3.17.Lemma 3.18 Let Q = ( ^ 
; ~x) be a tree query. Then1.  does not have any �(+)-
y
le, i.e., there is no sequen
e of variables x0; : : : ; xn(n � 0) su
h that  
ontains subformulae xi �(+) xi+1 for 0 � i � n� 1 anda subformula xn �(+) x0,2. the root of Q is unique,3. for ea
h y 2 fr(Q) there exists at most one formula in  of the form x�(+) y,and4. if Q is a sequen
e query for ea
h x 2 fr(Q) there exists at most one formulain  of the form x�(+) y.De�nition 3.19 A tree query Q = ( ^ 
; ~x) is in
onsistent if
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ontains a formula w / x, and a formula of the form M(x) or x �(+) y atthe same time, or2. if ' 
ontains two formulae M(x) and M 0(x) for M 0 6=M 2 �.Clearly, in
onsistent tree queries are unsatis�able. Below we shall see that every
onsistent tree query is satis�able if we do not restri
t the interpretation of relationsymbols in R. Hen
eforth, with a tree query we always mean a 
onsistent treequery. Sin
e tree queries have a tree shape, standard notions from trees 
an beused for des
ribing their stru
ture:De�nition 3.20 Let Q = ( ^
; ~x) be a tree query. A variable y 2 fr(Q) is 
alled arigid (resp. soft) 
hild of x 2 fr(Q) in Q i�  
ontains a formula x�y (resp. x�+ y).In this situation, x is 
alled a rigid (soft) parent of y in Q. A variable x that hasno 
hildren is a leaf in Q. Two distin
t 
hildren y1; y2 of a variable x in Q are saidto be siblings in Q. A variable y 2 fr(Q) is a re
exive des
endant of x in Q i� thereexists a 
hain x = x0; : : : ; xk = y of length k � 0 su
h that xi+1 is a 
hild (of eithertype) of xi in Q, for i = 0; : : : ; k � 1. A partial path of Q is a sequen
e hx0; : : : ; xkiof length k � 0 starting at the root of Q su
h that xi+1 is a 
hild (of either type) ofxi in Q for i = 0; : : : ; k � 1. A path of Q is a maximal partial path. Let x 2 fr(Q).The height hQ(x) of x with respe
t to Q is de�ned as follows: hQ(x) := 0 i� xdoes not have any 
hild in Q, and hQ(x) := maxfhQ(y)+ 1 j y is a 
hild of x in Qgotherwise.Note that x is always a re
exive des
endant of x in Q, for ea
h x 2 fr(Q).From now on we will use a graphi
al notation for tree queries in parallel to thelogi
al formulation. We will introdu
e this graphi
al representation here informally.A formal de�nition is given in Se
tion 3.3.5. Every variable is represented as anode with the variable atta
hed to it. The node 
ontains a label if there is alabeling formula for the respe
tive variable. Rigid edges are represented by solidlines between the nodes, soft edges by dashed lines. Constraints are drawn as ar
swith the name of the 
onstraint atta
hed to. The following example will illustratethis 
onvention. (For an example in
orporating 
onstraints see Example 3.26.)Example 3.21 Consider the following query Q asking for a
tors having 
ostarredwith Barbara Steele:Q = (m�+ a1 ^ a1 � t ^m�+ a2 ^a
tor(a1) ^ a
tor(a2) ^ \Steele" / t;hm; a1; t; a2i)It 
an be represented as the following tree:movie ma
tor a1 a
tor a2Steele tThe variable m has two 
hildren, a1 and a2, both of whi
h are soft 
hildren.The variables a1 and t have no 
hildren and are leaves. The query has two paths:hm; a1i and hm; a2; ti. The height of the query is 2.



32 CHAPTER 3. LOGICAL TREE MATCHINGExistentially Quanti�ed Tree QueriesThe user may want to distinguish in the query between variables that he or shewants to see in the answer, and other variables that are only used to des
ribestru
tural requirements in the query. We put this into pra
ti
e with existentialquanti�
ation, a me
hanism used for this purpose in many bran
hes of 
omputers
ien
e, e.g. in Database Systems under the term proje
tion. Variables that areexistentially quanti�ed are invisible in answers.Example 3.22 Consider the tree query in Example 3.16. Sin
e the user is onlyinterested in the genres the following query seems more adequate:Q = (9m; d; v(m�+ d ^ d� v ^m�+ g ^movie(m) ^ dire
tor(d) ^ \Vadim" / v ^ genre(g));hm; d; v; gi):This query has the following three answers in the relational do
ument stru
turedepi
ted in Appendix B.2:fg 7! e15g; fg 7! g21g and fg 7! g23gSin
e tree queries with existential quanti�ers are treated in exa
tly the sameway as tree queries without existential quanti�ers, apart from the fa
t that somevariables are not part of the answer mappings, we will not treat this 
lass spe
i�
allyin the rest of this work.In the following se
tions three sub
lasses of tree queries (simple, lo
al and par-tially ordered tree queries) will be 
onsidered, ea
h obtained by restri
ting the
lasses of 
onstraints that may be used in queries.Simple and Lo
al Tree QueriesDe�nition 3.23 Let Q = ( ^ 
; ~x) be a tree query. A 
onstraint r(x0; : : : ; xn)of 
 is Q-simple i� either r is unary, or r is binary and x1 (or x0) is a 
hild of x0(resp. x1) in Q. A 
onstraint r(x0; : : : ; xn) of 
 is Q-lo
al i� Q has a variable xwith 
hildren y1; : : : ; yh su
h that fx0; : : : ; xng � fx; y1; : : : ; yhg. We say that Q isa simple (lo
al) tree query i� ea
h 
onstraint of 
 is Q-simple (Q-lo
al).Example 3.24 Consider a tree query des
ribing a stru
ture as in the followingillustration, i.e. x1 �+ x2 ^ x1 �+ x3 ^ x1 � x5 ^ x3 � x4:x1x2 x3x4 x5Then a 
onstraint 
(x1; x2; x5) is lo
al whereas 
onstraints 
(x2; x4) and x(x1; x3; x4)are not lo
al. Both 
onstraints are not simple, but 
(x1; x3) is a simple 
onstraint.It is important to note that \Q-simpli
ity" and \Q-lo
ality" are purely synta
-ti
 
on
epts that just restri
t the pairs of variables of Q that 
an be related in
onstraints.An important 
lass of Q-lo
al 
onstraints are the 
onstraints yi <lr yj expressingthat two sibling nodes stand in the left-to-right ordering relation<Dlr ofD. A formulayi <lr yj will be 
alled a left-to-right ordering 
onstraint.



3.3. SYNTAX: QUERYING STRUCTURED DOCUMENTS 33Partially Ordered Tree QueriesDe�nition 3.25 A tree query Q = ( ^ 
; ~x) is partially ordered if ea
h 
onstraintof 
 is either Q-simple or a left-to-right ordering 
onstraint, and if the subset 
lr ofleft-to-right ordering 
onstraints in 
 satis�es the following properties:1. for ea
h 
onstraint yi <lr yj in 
lr the variables yi and yj are siblings withrespe
t to Q,2. 
lr does not have a 
y
le of the form y0 <lr � � � <lr yn <lr y0.The tree query Q = ( ^ 
; ~x) is linearly ordered if the set of left-to-right 
onstraintsspe
i�es a linear ordering for the set of 
hildren of ea
h variable x of Q.Example 3.26 Consider the following query Q, that is derived from Example 3.21by adding an order 
onstraint between nodes a1 and a2. It asks for a
tors having
ostarred with Barbara Steele but in a role more \important". (The importan
e ofa role is re
e
ted by the ordering of the a
tors.)Q = (m�+ a1 ^m�+ a2 ^ a2 � t ^ a1 <lr a2 ^a
tor(a1) ^ a
tor(a2) ^ \Steele" / t;hm; a1; t; a2i)Q 
an be represented as the following tree:movie ma
tor a1 a
tor a2Steele t<lrQ is a linearly ordered tree query.Note that in parti
ular ea
h partially ordered tree query is a lo
al tree query. Thefollowing lemma shows|in a sense to be made pre
ise|that for lo
al tree queriesthe possible instantiations of the re
exive des
endants of a variable x 2 fr(Q) inanswers only depend on the instantiation of x, but not on the instantiation ofthe an
estors of x in Q. The lemma will play an essential role for the te
hniquessuggested in the following se
tions.Lemma 3.27 Let Q = ( ^
; ~x) be a lo
al tree query. Let y be a 
hild of x in Q, letY denote the set of proper des
endants of y in Q, and let Z = fr(Q)n (Y [fyg). Lethy1; : : : ; yri and hz1; : : : ; zsi denote enumerations of Y and Z respe
tively. Assumethat ~x has the form hz1; : : : ; zs; y; y1; : : : ; yri. If Q has two answershd1; : : : ; ds; d ; e1; : : : ; erihd01; : : : ; d0s; d ; e01; : : : ; e0rithat 
oin
ide on y, then hd1; : : : ; ds; d ; e01; : : : ; e0rihd01; : : : ; d0s; d ; e1; : : : ; eriare answers to Q as well.Proof. This follows immediately from the fa
t that  ^
 does not have any atomi
subformula that 
ontains variables from Y and Z at the same time.



34 CHAPTER 3. LOGICAL TREE MATCHING3.3.3 Text ContainmentIn De�nition 3.13 we did not exa
tly de�ne in whi
h 
ases the 
ontainment 
on-straint w / x holds. In the �elds of Information Retrieval and ComputationalLinguisti
s there are many elaborated de�nitions of text 
ontainment that go farbeyond literal 
ontainment as a substring. We will not tie ourselves down to one ofthe many notions of text 
ontainment, but will instead list the most 
ommon ideashere. An implementation has to 
hose a subset of these ideas that 
an be employedby the end-user. The following de�nitions are an (in
omplete) list of meanings for\string w is 
ontained in text node d".Substring: w is a substring of the text asso
iated with d.Exa
t Mat
h: w is exa
tly the text asso
iated with d.Regular expressions: w is a regular expression that 
an be mat
hed with the textasso
iated with d, e.g. \R* Vadim" mat
hes \Roger Vadim" and \R. Vadim".Distan
es: w 
ontains des
riptions like \words ailment and 
an
er separated bynot more than 5 words". These des
riptions are mat
hed with the text ofnode d in an obvious way.Fuzzy: w is 
ontained in d if the text of d 
ontains a substring that is similarto w. Depending on the notion of similarity, this notion is tolerant towardsmisspelling or phoneti
 ambiguities.Thesaurus: w is 
ontained in d if the text of d 
ontains a synonym of w, a moregeneral or a more narrow term. The user may spe
ify in the query whi
hof these interpretations he or she wants to use. In order to evaluate theseexpressions the query engine must be equipped with a thesaurus storing thesemanti
al relations between terms.Linguisti
: The terms in the text nodes as well as the terms in the query may besubje
t to linguisti
 normalization te
hniques like lemmatization or stemming.Then it is possible to mat
h, say, the term \
y" in a query with a substring\... 
ew ..." in the text of a do
ument node.3.3.4 Data-an
hored QueriesWe will des
ribe in this se
tion a spe
ial 
lass of queries, data-an
hored queries, onrelational do
ument stru
tures that will show a very 
onvenient behaviour in thefollowing. For example, in Chapter 5 we will show that answers 
an be 
omputermore eÆ
iently for these queries.De�nition 3.28 Let D = (DS ; DT ;*;Lab;Txt; I) be a relational do
ument stru
-ture and Q = (�; ~x) a query.� A label M 2 � is 
alled periodi
 in D i� there exists a path hd0; : : : ; dki in Dso that there are two nodes di and dj (0 � i; j � k; i 6= j) with Lab(di) =Lab(dj).� D is 
alled periodi
 i� � 
ontains a periodi
 label.3� Q is 
alled rigid i� it 
ontains no soft edges.� Q is 
alled data-an
hored in D i� for every soft edge x�+ y in Q there existsa labeling 
onstraint M(x) in Q so that M is not periodi
 in D.3Sometimes this property is 
alled 
y
li
ity or re
ursivity. We avoid these terms sin
e they arealready o

upied with other notions in our 
ontext.



3.3. SYNTAX: QUERYING STRUCTURED DOCUMENTS 35The following lemma is a trivial 
onsequen
e of the de�nitions above:Lemma 3.29� A rigid query is data-an
hored in every relational do
ument stru
ture.� Every query is data-an
hored in a non-periodi
 relational do
ument stru
ture.We will later see that the 
ombination of soft edges in a query and periodi
 rela-tional do
ument stru
tures in
rease the number of answers and make 
omputationof answers less eÆ
ient. With the 
lass data-an
hored queries we de�ned a 
lass ofqueries on relational do
ument stru
tures that behave better.Remark 3.30 If we have a grammar des
ribing the stru
ture of the do
umentdatabase (as is the 
ase for most XML and all SGML do
uments) the notions\periodi
" and \data-an
hored" 
an be spe
i�ed with using the grammar only (i.e.without looking at the relational do
ument stru
ture itself).4As a 
on
lusion of this dis
ussion we give a small example of a periodi
 do
umentstru
ture. Other examples in
lude do
ument stru
tures that 
ontain lists inside oflists, se
tions inside of se
tions, et
.Example 3.31 The following do
ument stru
ture des
ribes the basi
 stru
ture ofprogram 
ode. A pro
edure has a name and a body. The body of a pro
eduremay 
ontain other pro
edures and variable de
larations. This do
ument stru
tureis periodi
 sin
e pro
edures may o

ur inside of pro
edures.pro
nameP1 bodyvarV1 pro
nameP2 bodyvarV2 pro
nameP3 bodyvarV3
pro
nameP4 bodyvarV4 varV5

The user 
ould pose the following queries to this relational do
ument stru
ture:pro
 pname n var vV4 t pro
 pname n body bvar vV4 t4Here we negle
t the 
ase that the grammar allows for a periodi
 do
ument stru
ture, but the
on
rete instan
e, the relational do
ument stru
ture, is not periodi
.



36 CHAPTER 3. LOGICAL TREE MATCHINGThe �rst query (on the left) sear
hes for pro
edure names in whose s
ope variableV4 has been de�ned, while the se
ond query lo
ates names of pro
edures whosebody dire
tly 
ontains a variable de�nition for V4. The query on the left is triviallydata-an
hored in the relational do
ument stru
ture (sin
e it is rigid), while these
ond is not data-an
hored be
ause the label pro
 is periodi
 in the relationaldo
ument stru
ture and its node has an outgoing soft edge.3.3.5 Answers as HomomorphismsWe do not want to abandon the advantages of having a graphi
al query languagesas the one proposed in the original Tree Mat
hing formalism. Therefore we willpresent here a simple te
hnique how to 
on
eive tree queries as relational do
umentstru
tures5. Answers to queries 
orrespond to homomorphisms from the relationaldo
ument stru
ture des
ribing the query to the relational do
ument stru
ture rep-resenting the do
ument database.In order to have the same signature for relational do
ument stru
tures des
rib-ing the query as well as relational do
ument stru
tures des
ribing the do
umentdatabase, we have to make some slight te
hni
al 
hanges to the de�nition of rela-tional do
ument stru
ture. (In the rest of this work we will return to the view ofrelational do
ument stru
tures as de�ned in De�nition 3.8.)De�nition 3.32 A spare forest is a triple (V;*; +*) so that there exists a forest(V;E) with*� E and +*� E+.Now let � and � be �xed text and markup alphabets and let R be a �xed set ofrelation symbols. In the following dis
ussion a relational do
ument stru
ture willbe de�ned as tuples D = (D;*; +*;Lab;Txt; I);where (D;*; +*) is a spare forest with D being 
omposed of the disjoint sets of textand stru
tural nodes, Lab and Txt are partial fun
tions assigning labels in � tostru
tural nodes and strings over � to text nodes, and I is the interpretation forthe relation symbols. We now impose the additional restri
tion that text nodes mayonly 
ontain one word6. This is no loss of generality, sin
e a text node with severalwords 
an be modeled as a sequen
e of text nodes with one word ea
h.We 
an transform a relational do
ument stru
ture (DS ; DT ;*;Lab;Txt; I) in thesense of De�nition 3.8 to a relational do
ument stru
ture (D0;* 0;*; Lab0;Txt0; I 0)a

ording to the new de�nition in the following way: D0 = DS [DT ;* 0 =*; +*=*�; I 0 = I . This transformation 
an be reversed sin
e the domains of Lab and Txtidentify the sets DS and DT .The de�nition of an answer to a relational do
ument stru
ture remains the sameapart from some small synta
ti
al 
hanges.We now formulate the translation of tree queries to relational do
ument stru
-tures.De�nition 3.33 Let Q = ( ^ 
; ~x) be a tree query to a relational do
ument stru
-ture D = (D;* D; +*D;LabD;TxtD; ID). Then the query tree for Q is a relationaldo
ument stru
ture Q = (DQ;*Q; +*Q;LabQ;TxtQ; IQ) with the following 
ompo-nents:� DQ is the set of variables in Q.5We already used, in an informal way only, graphi
al representations of tree queries.6A word is the smallest atomi
 entity in �� that may be used in queries.



3.3. SYNTAX: QUERYING STRUCTURED DOCUMENTS 37� *Q is the set of pairs (x; y) so that Q 
ontains a formula x� y.� +*Q is the set of pairs (x; y) so that Q 
ontains a formula x�+ y.� LabQ is a partial fun
tion LabQ : Var! � that assigns a labelM to a variablex i� Q 
ontains a formula M(x).� TxtQ is a partial fun
tion TxtQ : Var ! �� that assigns a string w to avariable x i� Q 
ontains a formula w / x.� I is a fun
tion assigning to every relation symbol in r 2 R of arity k a relationI(r) � DQ so that hx1; : : : ; xki 2 I(r) i� Q 
ontains a formula r(x1; : : : ; xk).It is easy to verify that the stru
ture above is a relational do
ument stru
ture dueto 
onsisten
y of tree queries.Example 3.34 The graphi
al representation of a query tree for a given tree query isexa
tly the informal graphi
 representation for this query as given in Examples 3.21and 3.26.Lemma 3.35 Ea
h tree query where relation symbols do not have a �xed interpre-tation is satis�able.Proof. Let Q = ( ^ 
; ~x) be a tree query. Let Q0 be a tree query that isobtained from Q by repla
ing all soft edges by rigid edges. We may modify thequery tree for Q0 as follows. Ea
h unlabeled node re
eives a �xed label M 2 �.Obviously in this way a relational do
ument stru
ture D is obtained su
h that  ^ 
holds in D under ea
h variable assignment that maps ea
h element of ~x to itself.De�nition 3.36 Let �, � and R be �xed. A do
ument homomorphism from arelational do
ument stru
ture D1 = (D1;* 1; +*1;Lab1;Txt1; I1) to a relationaldo
ument stru
ture D2 = (D2;* 2; +*2;Lab2;Txt2; I2) is a mapping � : D1 ! D2so that the followings holds for all nodes u1; : : : ; uk 2 D:� If u1* 1u2 then �(u1)* 2�(u2).� If u1 +*1 u2 then �(u1) +*2 �(u2).� If Lab1 is de�ned for u1 then Lab1(u1) = Lab2(�(u1)).� If Txt1 is de�ned for u1 then Txt2(�(u1)) 
ontains Txt1(u1).� If hu1; : : : ; uki 2 I1(r) then h�(u1); : : : ; �(uk)i 2 I2(r).The following lemma shows that homomorphisms and answers to a given treequery are equivalent notions.Lemma 3.37 Let DQ = (XQ;*Q; +*Q;LabQ;TxtQ; IQ) be the query tree of thetree query Q, let D = (D;*D;LabD;TxtD; ID) be a relational do
ument stru
ture.A mapping � : XQ ! D is a do
ument homomorphism from DQ in D i� � is ananswer to Q in D.Proof. Let Q = ( ^ 
; ~x). We �rst show the dire
tion \left to right":Let � : fr(Q)! D be do
ument homomorphism from DQ to D. We show for everyatom ' in  ^
 that D j=� '. All argumentations follow the same line of referen
es,�rst to De�nition 3.33, then to De�nition 3.36, and �nally to De�nition 3.13:x � y: With De�nition 3.33 it follows: x * Qy. With De�nition 3.36 we have�(x)*D�(y). Finally De�nition 3.13 implies D j=� x� y.



38 CHAPTER 3. LOGICAL TREE MATCHINGx�+ y: Analogously.w / x: It follows TxtQ(x) = w. Then we know that TxtD(�(x)) 
ontains w.Therefore D j=� w / x.M(x): Then LabQ(x) = M . Therefore LabD(�(x)) = M . This results in D j=�M(x).r(x1; : : : ; xk): Then hx1; : : : ; xki 2 IQ(r). It follows that h�(x1); : : : ; �(xk)i 2 ID(r),and therefore D j=� r(x1; : : : ; xk).For the inverse dire
tion let � be an answer to Q in D, i.e. D j=�  ^ 
. We showthat � is do
ument homomorphism by validating ea
h 
ase in De�nition 3.36.As in the other dire
tion, every 
ase in the analysis of De�nition 3.36 follows thesame line of arguments: First a referen
e to De�nition 3.33, then to De�nition 3.13:x*Qy: Then (x� y) 2  , and therefore �(x)*D�(y).x +*Q y: Analogously.LabQ(x) =M : We have M(x) 2  and then LabD(�(x)) =M .w 2 TxtQ(x): Then (w / x) 2  , and therefore TxtD(�(x)) 
ontains w.hy1; : : : ; yki 2 IQ(r): It follows that 
 
ontains the atomi
 
onstraint r(y1; : : : ; yk),and therefore h�(y1); : : : ; �(yk)i 2 ID(r).3.3.6 Answers as Relational Do
ument Stru
turesAs pointed out in Se
tion 2.2 it is sometimes 
onvenient to have a 
losed algebra,where the data a query works on and the answer to a query are stru
tures with thesame signature. In this 
ase queries 
an be seen as �lters returning just a view ofa part of the database. We present in this se
tion one simple way how to a
hievethis goal. In Se
tion 4.6 we will show a more sophisti
ated way.The idea presented in this se
tion gives a de�nition how every single answer 
anbe seen as a view on the database.De�nition 3.38 Let � be an answer to a tree query Q = ( ^ 
; hx1; : : : ; xqi) anda relational do
ument stru
ture D = (DS ; DT ;*D ;LabD; ID). The answer stru
-ture D� for � is a relational do
ument stru
ture (D(S;�); D(T;�);* � ;Lab� ;Txt� ; I�)de�ned as follows:1. D(S;�) 
ontains �(x) for every x in ~x so that �(x) is a stru
tural node.2. D(T;�) 
ontains �(x) for every x in ~x so that �(x) is a text node.3. x* �y i� x is a (soft or rigid) 
hild of y in Q.4. Lab�(�(x)) = LabD(�(x)) for every x in ~x so that �(x) is a stru
tural node.5. Txt�(�(x)) = TxtD(�(x)) for every x in ~x so that �(x) is a text node.6. For all enumerations hx1; : : : ; xki of k-ary subsets of ~x and every relationsymbol 
 in R: h�(x1); : : : ; �(xk)i 2 I�(
) i� h�(x1); : : : ; �(xk)i 2 ID(
).It follows at on
e from this de�nition that an answer � to a query Q and arelational do
ument stru
ture D is also an answer to Q and the answer stru
tureD� .Example 3.39 Take the following query of Example 3.26:movie ma
tor a1 a
tor a2Steele t<lr



3.4. COMPARISON WITH KILPEL�AINEN'S TREE MATCHING 39One answer to this query is � = fm 7! a1; a1 7! a8; a2 7! a14; t 7! a15g. The
orresponding answer stru
ture D� is the following relational do
ument stru
ture.(The ordering relation <lr holds for the pairs ha8; a14i and ha8; a15i.)movie a1a
tor a8 a
tor a14Barbara Steele a153.4 Comparison with Kilpel�ainen's Tree Mat
hingWe mentioned in the introdu
tion that the present formalism 
an be understood asa variant and generalization of Kilpel�ainen's Tree Mat
hing formalism [Kil92℄. Inthis subse
tion we brie
y 
omment on this point.When we restri
t Tree Mat
hing to tree and path in
lusion our formalism ismore 
exible than Tree Mat
hing sin
e in a partially ordered tree query we mayspe
ify an arbitrary partial ordering between the 
hildren of a query node, andwe 
an also have rigid edges and soft edges at the same time. In this sense, thepresent formalism generalizes Tree Mat
hing. However, there are also two subtledi�eren
es:1. Kilpel�ainen's homomorphi
 embeddings are always assumed to be inje
tive,we do not impose su
h a restri
tion in our formalism.2. A relation is \preserved" in Kilpel�ainen's sense under a mapping h if it ispreserved in both dire
tions. For example, a mapping is said to preservean
estorship if, for all nodes x; y of the pattern, x is an an
estor of y if andonly if h(x) is an an
estor of h(y). We only demand the impli
ation from leftto right, i.e., the \only if" dire
tion.The following example illustrates the two di�eren
es.Example 3.40 1. The following mapping is an answer in our formalism but notin the original Tree Mat
hing formalism, sin
e it is not inje
tive.xy z ab2. The following mapping is an answer in our formalism but not in the originalTree Mat
hing formalism (for the tree in
lusion problem), sin
e the image bof y is an an
estor of the image 
 of z, but y is no an
estor of z.xy z ab
These inno
ent di�eren
es are responsible for the phenomenon that Kilpel�ainen'sunordered tree in
lusion problem is NP-
omplete even in the de
ision version (
f.[Kil92℄) whereas all the 
omplexity results obtained here are polynomial. Sin
e un-ordered tree in
lusion problems represent the most natural variant of Tree Mat
hing,the avoidan
e of the intra
tability result 
an be 
onsidered as a major advantage ofthe present formalism.
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Chapter 4Complete Answer AggregatesThis se
tion is devoted to the problem of �nding a suitable (re)presentation forthe 
omplete set of answers to a given tree query. As we will demonstrate below,the number of answers to a tree query Q may be exponential in the size of Q.Hen
e an expli
it enumeration leads to exponential-time behaviour in the worst
ase. Quite generally a naive enumeration will also su�er from many redundan
iessin
e di�erent answers may have several 
ommon sub-nodes. This makes it diÆ
ultto extra
t useful information from the sequen
e of answers.The question arises if there is a more 
ompa
t and organized way of (re)presentingall answers. This in
ludes two goals: A representation shall \
ontain" all answersso that they 
an be generated in a simple way out of this representation. On theother hand, sharing of information shall be exploited as mu
h as possible, so thatdatabase nodes that o

ur as targets in di�erent answers are only represented on
eif possible. This sharing of information shall give the user a good overview overthe lo
al dependen
ies that 
onstrain, say, a variable y to a set D(x;d;y) of databasenodes depending on the 
hoi
e of mapping another variable x to a database node d.This means that the representation shall make expli
it the answer to a reasoninglike: \If I 
hoose to map query node x to database node d what possibilities do Ihave for a 
hild y of x?"In the �rst part of this 
hapter we introdu
e the 
on
ept of a \
omplete an-swer formula" for a simple tree query. The \
omplete answer aggregates" thatare introdu
ed thereafter yield a physi
al representation of 
omplete answer formu-lae. A 
omplete answer aggregate yields a full representation of all answers thatis quadrati
 in the size of the database for simple tree queries. For data-an
horedqueries the size is linear. In the end of this 
hapter these notions and results areextended to lo
al tree queries and to ordered tree queries. Computational aspe
tsare postponed to the next 
hapter.4.1 Complete Answer Formulae for Simple TreeQueriesIn order to introdu
e our representation te
hnique we �x a simple tree query, Q,and a relational do
ument stru
ture D with set of nodes D. If Q has q variables, inthe worst 
ase the total number of answers to Q is of order O(jDjq), even for rigidqueries:Example 4.1 Consider the rigid query Q (depi
ted on the left side) and thedatabase D (on the right): 41



42 CHAPTER 4. COMPLETE ANSWER AGGREGATESQuery: x0x1 x2 : : : xq Database: d0d1 d2 : : : dnThe query Q has nq answers in D. The di�eren
e between this number and the num-ber of answers for Example 2.3 is explained by the di�eren
e between the originalTree Mat
hing formalism and our reformulation as elaborated in Se
tion 3.4.The example shows that nodes with a high bran
hing degree may lead to an ex-plosion of the number of answers. A similar example using data from the \MovieColle
tion" in the appendix 
an be found in Example 4.16. For queries with softedges an orthogonal potential sour
e of problems is deep nesting as already men-tioned in Se
tion 3.3.4:Example 4.2 Consider the following queryQ depi
ted on the left and the databaseD on the right: Query: x1x2xq Database: d1d2dnThe query Q has �nq � = n!q!�(n�q)! answers in D. (The same number of answers asin Example 2.4.)How 
an we avoid an enumeration of all answers? As a starting point, we takea logi
al perspe
tive. As a �rst step we will represent the set of all answers withformulae of �rst order predi
ate logi
. We use all nodes d of the relational do
umentstru
ture as 
onstants d, the set Var as the set of variables and only one relationsymbol, \=", that denotes the equality of obje
ts. The 
omplete set of answersto Q in D 
an then be represented as a formula in disjun
tive normal form of sizeO(q � nq) _hd1;:::;dqi2AD(Q)( q̂i=1 xi = di):It is well-known that the size of the disjun
tive normal form of a formula of proposi-tional logi
 may be exponential in the size of the original formula. Even if we do nothave anything like an \original" formula here, an obvious idea is to look for formulaethat are logi
ally equivalent to the disjun
tion of all answers but of smaller size, andto use a shared representation for multiple o

urren
es of the same subformula. Of
ourse, from a pra
ti
al point of view the formulae must o�er a transparent viewof all answers, and given the formula it should be possible to generate ea
h parti
-ular answer without 
omputational e�ort. Before we introdu
e a suitable 
lass offormulae, let us illustrate the basi
 idea using the above examples.Example 4.3 The set of all answers in Example 4.1 
an be en
oded as a formulaof size q � n of the form x0 = d0 ^ q̂i=1( n_j=1 yi = dj):The set of all answers in Example 4.2 
an be en
oded as a formula of size q � �nq �of the formn�q+1_i1=1 (x1 = di1 ^ n�q+2_i2=di1+1(x2 = di2 ^ n�q+3_i3=di2+1(: : : n_iq=diq�1+1(xq = diq ) : : :)))



4.1. COMPLETE ANSWER FORMULAE FOR SIMPLE TREE QUERIES 43Given this formula, ea
h answer to Q 
an be immediately obtained in the followingway. Sele
t a possible value di1 for x1 in the outermost disjun
tion. Ea
h possible
hoi
e leads to a spe
i�
 subdisjun
tion that gives possible values for x2. Continuingin the same way, the 
hoi
e of a value dik for xk (k < q) always determines anew subdisjun
tion that determines a set of possible values for xk+1. In moredetail, a value xk = dik always implies that the value for xk+1 
an re
ruit fromfdik+1; : : : ; dn�q+k+1g.Although the se
ond formula is not substantially smaller than the number ofbindings x 7! d in the set of all answers, its stru
ture serves as a starting point for�nding a 
ompa
t representation for the set of all answers.Let � stand for the empty sequen
e hi. The following de�nition generalizes theabove type of representation, introdu
ing a 
lass of formulae that may be usedfor \dependent instantiation" of variables, given Q. The idea is to instantiate thevariables of Q in a top-down manner, where the sets of possible values of des
endantvariables with respe
t to Q depend on the 
hosen instantiations of the an
estorvariables.De�nition 4.4 Let Q = ( ^ 
; ~x) be a simple tree query, let x 2 fr(Q). The setof dependent Q-instantiation formulae for x is indu
tively de�ned as follows. Firstassume that hQ(x) = 0. For ea
h non-empty set Dx � D, the formula�hxi� :� _d2Dx x = dis a dependent Q-instantiation formula for x. Now assume that hQ(x) > 0. Let; 6= Dx � D. For ea
h d 2 Dx and ea
h 
hild y of x in Q, let �hx;yihdi be a dependentQ-instantiation formula for y. Then�hxi� :� _d2Dx x = d ^ ^y 
hild of x in Q�hx;yihdi )is a dependent Q-instantiation formula for x. There are no other dependent Q-instantiation formulae for x besides those de�ned above. The set Dx is 
alled theset of target 
andidates for x in �hxi� .Note that the notion of a dependent Q-instantiation formula is de�ned in a purelysynta
ti
al way and does not refer to an answer. In the sequel we use expressionsof the form �hx0;:::;xkihd0;:::;dk�1i for refering to subformulae of a dependent Q-instantiationformula �hx0i� . These subformulae are indu
tively de�ned as follows: Assume that�hx0;:::;xkihd0;:::;dk�1i is a dependent Q-instantiation subformula of �hx0i� of the form_d2Dxk(xk = d ^ ^y 
hild of xk in Q�hxk;yihdi )where k � 0. If xk+1 is a 
hild of xk in Q and dk 2 Dxk , then �hx0;:::;xk+1ihd0;:::;dki denotes�hxk;xk+1ihdki . Furthermore ea
h disjun
txk = d ^ ^y 
hild of xk in Q�hxk;yihdiis written in the form Æhx0;:::;xkihd0;:::;dki . As an immediate 
onsequen
e of these de�nitionswe obtain



44 CHAPTER 4. COMPLETE ANSWER AGGREGATESRemark 4.5 Modulo asso
iativity and 
ommutativity of \^" and \_", ea
h for-mula Æhx0;:::;xkihd0;:::;dki is uniquely determined by its subformulae of the form �hx0;:::;xk;yihd0;:::;dkiwhere y is a 
hild of xk in Q. Similarly ea
h subformula of the form �hx0;:::;xk�1;xkihd0;:::;dk�1iis uniquely determined by its subformulae of the form Æhx0;:::;xkihd0;:::;dki .The following de�nition 
aptures the notion of in
rementally instantiating a depen-dent Q-instantiation formula in a top-down manner.De�nition 4.6 The set of partial (resp. total) instantiations of a dependent Q-instantiation formula �hx0i� is indu
tively de�ned as follows: the empty set \;" isa partial instantiation of �hx0i� . Assume that � is a partial instantiation of �hx0i� .If �hx0i� has a subformula of the form Æhx0;:::;xkihd0;:::;dki , if fhxi; dii j 1 � i � k � 1g � �and � does not have a pair of the form hxk; di (d 2 D), then � [ fhxk; dkig is apartial instantiation of �hx0i� . There are no other partial instantiations besides thosede�ned by the above rules. A partial instantiation � of �hx0i� is a total instantiationi� � 
ontains a pair hx; di for every x 2 fr(�hx0i� ).Lemma 4.7 Let Q be a simple tree query, let �hx0i� be a dependent Q-instantiationformula. Then every partial instantiation of �hx0i� 
an be extended to a total in-stantiation of �hx0i� . The set of total instantiations of �hx0i� is non-empty.The lemma 
an be proven by a trivial indu
tion on hQ(x0).Lemma 4.8 Let Q be a simple tree query, let �hx0i� be a dependent Q-instantiationformula for x0, let d0; : : : ; dk be elements of D. Then the following 
onditions areequivalent:1. �hx0i� has a subformula �hx0;:::;xkihd0;:::;dk�1i where dk is a target 
andidate for xk,2. �hx0i� has a subformula of the form Æhx0;:::;xkihd0;:::;dki ,3. Q has formulae x0 �(+) x1; : : : ; xk�1 �(+) xk and fhxi; dii j 0 � i � kg is apartial instantiation of �hx0i� .Proof. The equivalen
e \1 , 2" follows immediately from the de�nition of thesesubformulae. To prove the impli
ation \2 ) 3", let Æhx0;:::;xkihd0;:::;dki be a subformulaof �hx0i� . The de�nition of these formulae shows that xi+1 is a 
hild of xi, fori = 0; : : : ; k � 1. Hen
e Q has formulae x0 �(+) x1; : : : ; xk�1 �(+) xk. A trivialindu
tion on k shows that fhxi; dii j 0 � i � kg is a partial instantiation of �hx0i� .The inverse impli
ation \3 ) 2" follows by a trivial indu
tion on k.We now 
ome to the 
entral de�nition of this 
hapter.De�nition 4.9 Let Q be a simple tree query with root x0. A dependent Q-instantiation formula �hx0i� for x0 is 
alled a 
omplete answer formula for Q i�ea
h answer to Q is a total instantiation of �hx0i� and vi
e versa.Complete answer formulae will be denoted in the form �Q. Some of the followingformulations be
ome simpler when introdu
ing the falsum \?" as an additionaldependent Q-instantiation formula. By 
onvention, \?" does not have any instan-tiation.



4.1. COMPLETE ANSWER FORMULAE FOR SIMPLE TREE QUERIES 45Example 4.10 Consider the queryQ = (m� s ^ s�+ t ^m�+ k ^movie(m) ^ staff(s) ^Klaus Kinski / t ^ kw(k);hm; s; t; ki)asking for keywords for the �lms where Klaus Kinski belonged to the sta�.movie mstaff sKlaus Kinski t kw kIf we restri
t this query to the \Paganini"-do
ument depi
ted at page 136 in theappendix, we have the following 12 answers:fm 7! i1; s 7! i4; t 7! i6; k 7! i26gfm 7! i1; s 7! i4; t 7! i6; k 7! i28gfm 7! i1; s 7! i4; t 7! i6; k 7! i30gfm 7! i1; s 7! i4; t 7! i6; k 7! i32gfm 7! i1; s 7! i4; t 7! i9; k 7! i26gfm 7! i1; s 7! i4; t 7! i9; k 7! i28gfm 7! i1; s 7! i4; t 7! i9; k 7! i30gfm 7! i1; s 7! i4; t 7! i9; k 7! i32gfm 7! i1; s 7! i4; t 7! i17; k 7! i26gfm 7! i1; s 7! i4; t 7! i17; k 7! i28gfm 7! i1; s 7! i4; t 7! i17; k 7! i30gfm 7! i1; s 7! i4; t 7! i17; k 7! i32gThese answers 
an be represented as the following 
omplete answer formula:m = i1^(s = i4^ ) ^(k = i26 _ k = i28 _ k = i30 _ k = i32)(t = i6 _ t = i9 _ t = i17)We may now give the �rst kernel result.Theorem 4.11 For ea
h simple tree query Q = ( ^
; ~x) and ea
h relational do
u-ment stru
ture D there exists a 
omplete answer formula �Q whi
h is unique moduloasso
iativity and 
ommutativity of \^" and \_".Proof. First assume that Q does not have any answer in D. Then \?" is a
omplete answer formula for Q. It follows from Lemma 4.7 that Q does not haveanother 
omplete answer formula. Assume now that Q has at least one answer.Sin
e we later see how to 
ompute a 
omplete answer formula �Q for Q (
f. Chap-ter 5) we only prove the uniqueness part here. Let x0 be the root of Q, let �hx0i� and�hx0i� be 
omplete answer formulae for Q. Lemma 4.7 and Lemma 4.8 show that�hx0i� has a subformula Æhx0;:::;xkihd0;:::;dki i� �hx0i� has a subformula �hx0;:::;xkihd0;:::;dki . Starting atthe subformulae with maximal k it is then trivial to prove by \inverse" indu
tion



46 CHAPTER 4. COMPLETE ANSWER AGGREGATESusing Remark 4.5 that 
orresponding formulae Æhx0;:::;xkihd0;:::;dki and �hx0;:::;xkihd0;:::;dki are equalmodulo asso
iativity and 
ommutativity of \^" and \_". It follows that �hx0i� and�hx0i� are equal modulo asso
iativity and 
ommutativity of \^" and \_".Sin
e we want to obtain a representation where multiple o

urren
es of thesame subformula are shared, the following simple observation is 
ru
ial. The proofdepends strongly on Lemma 3.27.Lemma 4.12 Let �Q be a 
omplete answer formula for the simple tree query Q.Then two subformulae of �Q of the form Æhx0;:::;xk�1;xkihd0;:::;dk�1;dki and Æhx0;:::;xk�1;xkihd00;:::;d0k�1;dki arealways identi
al modulo asso
iativity and 
ommutativity of \^" and \_".Proof. The proof of Theorem 4.11 shows that it suÆ
es to verify the fol-lowing: if Æhx0;:::;xk�1;xkihd0;:::;dk�1;dki has a subformula of the form Æhx0;:::;xk�1;xk;xk+1;:::;xk+rihd0;:::;dk�1;dk;dk+1;:::;dk+ri ,then Æhx0;:::;xk�1;xkihd00;:::;d0k�1;dki has a subformula of the form Æhx0;:::;xk�1;xk;xk+1;:::;xk+rihd00;:::;d0k�1;dk;dk+1;:::;dk+ri andvi
e versa.Let Æhx0;:::;xk�1;xkihd0;:::;dk�1;dki have a subformula of the form Æhx0;:::;xk�1;xk;xk+1;:::;xk+rihd0;:::;dk�1;dk;dk+1;:::;dk+ri . ByLemma 4.8, �Q has partial instantiations of the form fhxi; dii j 0 � i � k + rgand fhxi; d0ii j 0 � i � kg where dk = d0k. By Lemma 4.7 there exist answers �1(resp.�2) of Q that extend the former (latter) partial instantiation. By Lemma 3.27there exists an answer �3 to Q that 
oin
ides with answer �1 on the set of re
exivedes
endants of xk and with answer �2 on all other variables in fr(Q). Answer �3extends the partial instantiation fhxi; d0ii j 0 � i � k�1g[fhxi; dii j k � i � k+rg.Hen
e Æhx0;:::;xk�1;xkihd00;:::;d0k�1;dki has a subformula of the form Æhx0;:::;xk�1;xk;xk+1;:::;xk+rihd00;:::;d0k�1;dk;dk+1;:::;dk+ri . Bysymmetry the lemma follows.The following lemma is a simple 
onsequen
e of Lemma 4.7, proven by stru
turalindu
tion on x, stating that a 
omplete answer formula 
ontains no super
uousinformation:Lemma 4.13 For every variable x in a simple tree query Q and every atom x = din a 
omplete answer formula �Q for Q and a relational do
ument stru
ture D,there exists a total instantiation � of with �(x) = d.4.2 Aggregates for Simple Tree QueriesOur next aim is to give a 
ompa
t physi
al representation of 
omplete answer for-mula.Complete Answer AggregatesLemma 4.12 shows that for ea
h pair (xk; dk) (where xk 2 fr(Q) and dk 2 D) allsubformulae of �Q of the form Æhx0;:::;xk�1;xkihd0;:::;dk�1;dki are identi
al. We shall write themin the form Æxk(dk). In the physi
al representation, all o

urren
es of a subformulaÆx(d) are shared and represented as a �eld Aggx[d℄ of a re
ord1 Aggx assigned tothe variable x.De�nition 4.14 Let Q = ( ^ 
; ~x) be a simple tree query. An aggregate for Qis a family AggQ of re
ords, fAggx j x 2 ~xg. Ea
h re
ord is 
omposed of a �nite1In some 
ontexts, the data stru
ture that is used here, with an open number of �elds that area

essed by arbitrary keys, are 
alled \di
tionaries" and distinguished from \re
ords" (whi
h havea �xed number of �elds). Sin
e the terminus \di
tionary" is preo

upied to a 
ertain extend inour 
ontext we prefer to ignore this di�eren
e here.



4.2. AGGREGATES FOR SIMPLE TREE QUERIES 47number of �elds with indi
es d 2 D, denoted Aggx[d℄. For ea
h 
hild y of x in Q, the�eld Aggx[d℄ 
ontains a list of pointers, Aggx[d; y℄. Ea
h pointer in a list Aggx[d; y℄points to a �eld Aggy[e℄ of the re
ord Aggy. Distin
t pointers of Aggx[d; y℄ pointto distin
t �elds.In the sequel we will sometimes with the terms \slot x or \slot Aggx" refer to there
ord Aggx and use the term link as a synonym for pointer.In Examples 4.16, 4.20 and 4.21 graphi
al representations for aggregates maybe found. Sin
e we are 
on
erned in this se
tion with the size of answers we willde�ne the size of an aggregate as the number of pointers of the aggregate. Moduloa 
onstant fa
tor this value re
e
ts the storage spa
e needed for an aggregate.De�nition 4.15 Let Q = ( ^ 
; ~x) be a simple tree query, let �Q denote the
omplete answer formula for Q. A 
omplete answer aggregate for Q is a Q-aggregateAggQ = fAggx j x 2 ~xg that satis�es the following 
onditions:(CAA1) a re
ord Aggx has a �eld Aggx[d℄ i� �Q has a subformula Æx(d),(CAA2) a list Aggx[d; y℄ has a pointer to a �eld Aggy[e℄ i� Æx(d) 
ontains a sub-formula of the form Æy(e).Example 4.16 Consider the query in Example 4.10 asking for keywords for �lmswhere Klaus Kinski belonged to the sta�:movie mstaff sKlaus Kinski t kw kRestri
ting this query to the \Paganini"-do
ument depi
ted at page 136 in theappendix, we have the following 
omplete answer aggregate:
s

t

k

t

s

m

k

i6 i9 i17

i4

i1

i26 i28 i30 i32

We 
an re
ognize the similarity to the original 
omplete answer formula presentedin Example 4.10. This 
omplete answer aggregate stores 12 answers (see Exam-ple 4.10). (The 
omplete answer aggregate for this query applied to all do
umentsin Appendix B.2 
an be found in Example 5.26.)Remark 4.17 Ignoring the trivial 
ase of an unsatis�able query it is easy to seethat a 
omplete answer formula �Q for a simple tree query Q uniquely determinesthe 
orresponding 
omplete answer aggregate AggQ. Conversely, given a 
omplete



48 CHAPTER 4. COMPLETE ANSWER AGGREGATESanswer aggregate AggQ we may re
onstru
t the 
omplete answer formula �Q in thefollowing way: to obtain �Q,� read the re
ord Aggx of the root x of Q as the disjun
tion of theformulae asso
iated with the �elds Aggx[d℄,� asso
iate with ea
h �eld Aggx[d℄ the 
onjun
tion ofx = d with the formulae asso
iated with the pointer lists Aggx[d; y℄,� asso
iate with ea
h list of pointers Aggx[d; y℄ of a �eld Aggx[d℄ thedisjun
tion of the formulae asso
iated with the address �elds of the pointers.With the help of the following de�nition we will see how the individual answers
an be extra
ted from a 
omplete answer aggregate:De�nition 4.18 A mapping � : fr(Q) ! D is an instantiation of the aggregateAggQ = fAggx j x 2 fr(Q)g i� the following 
onditions are satis�ed:(INST1) Aggx has a �eld Aggx[�(x)℄ for all x 2 fr(Q),(INST2) if y is a 
hild of x in Q, if d = �(x) and e = �(y), then e is an addressnode of a verti
al pointer of a 
olumn Aggx[d; y[l; �℄℄ of the array Aggx[d; y℄.We say that ea
h �eld Aggx[�(x)℄ belongs to the instantiation �. Similarly ea
hpointer 
olumn Aggx[d; y[l; �℄℄ of the form des
ribed in (INST2) is said to belong to�.Instantiations 
an be formed out of an 
omplete answer aggregate AggQ, similar tothe 
omplete answer formula �Q, in a re
ursive top-down fashion by following thepointers.From the de�nition of 
omplete answer formulae and the 
orresponden
e be-tween 
omplete answer formulae and 
omplete answer aggregates it follows thatevery instantiation of a 
omplete answer aggregate for a simple tree query Q and arelational do
ument stru
ture D is an answer to Q and D and vi
e versa.Example 4.19 We 
an verify in Examples 4.16 and 4.10 that every instantiationof the 
omplete answer aggregate is an answer to the query and database, and vi
eversa.To make the 
orresponden
e between the 
on
epts of 
omplete answer aggregatesand 
omplete answer formulae more obvious we add the following two examples.Example 4.20 The 
omplete answer aggregate for the �rst formula in Example 4.3(an en
oding of all answers to the rigid tree query given in Example 4.1) 
an bedepi
ted as follows.
x

... ... ......
x2 qd0x1

......
x1 d d dn21 ...

x
d d dn21

2
...

xq d d dn21

0 x

The root variable x 
an only be instantiated with d0. All other variables 
an beinstantiated with ea
h of the nodes d1; : : : ; dn.In this example, the number of pointers of the aggregate is q � n. Hen
e the size ofthe 
omplete answer aggregate is of order O(q � n).



4.2. AGGREGATES FOR SIMPLE TREE QUERIES 49Example 4.21 For the spe
ial 
ase q = 4 and n = 8 the 
omplete answer aggregatefor the se
ond formula in Example 4.3 (an en
oding of the 70 answers to the treequery in Example 4.2) is of size 45, i.e. 
ontains 45 pointers:
d1 d2 d3 d4 d5

d2 d3 d4 d5 d6

d3 d4 d5 d6 d7

d4 d5 d6 d7 d8

x1

x2

x3

x4For arbitrary n � q, ea
h re
ord Aggxq 
ontains n� q + 1 target 
andidates. The�rst target 
andidate in ea
h re
ord Aggxi (apart from the last re
ord Aggxq , whi
h
ontains no pointers at all) has n�q+1 pointers to target 
andidates in Aggxi+1 , thelast target 
andidate 
ontains only one pointer. Hen
e ea
h re
ord Aggxi 
ontains1 + : : : + (n � q + 1) = (n�q+1)(n�q+2)2 pointers, apart from the target 
andidatesin the leaf re
ord Aggxq . Therefore the total number of pointers in the aggregate is(q � 1) � (n�q+1)(n�q+2)2 .As the example shows, a �eld of a 
omplete answer aggregate 
an serve as theaddress of several pointers if the query 
ontains soft edges.Minimality of Complete Answer AggregatesWe will now show that a 
omplete answer aggregate is a minimal representation ofthe set of all answers in the following sense:De�nition 4.22 An aggregate Agg is 
alled minimal i� all its �elds and pointersbelong to an instantiation of Agg.Example 4.23 The following aggregate is not minimal be
ause target 
andidatei32 does not belong to an instantiation:
s

t

t

s

m

k

i6 i9 i17

i4

i1

i26 i28 i30 i32

k

Lemma 4.24 The 
omplete answer aggregate Agg for a simple tree query Q and arelational do
ument stru
ture D is minimal.



50 CHAPTER 4. COMPLETE ANSWER AGGREGATESProof. Sin
e Agg dire
tly 
orresponds to the 
omplete answer formula �Q for Qand D the 
laim follows dire
tly from Lemma 4.13.Due to the 
orresponden
e of instantiations of 
omplete answer aggregates andanswers, the above lemma states that the 
omplete answer aggregate 
ontains nosuper
uous nodes or pointers, i.e. no nodes or pointers that do not 
ontribute to ananswer.Size of Complete Answer AggregatesWe show now that the size of a 
omplete answer aggregate for a data-an
horedsimple tree query Q is linear both in the size of the query and the database. In thesequel, let jQj denote the number of symbols of Q. This means in parti
ular thatthe number of variables of Q and the number of atomi
 
onstraints of Q is boundedby jQj. With jDj we denote the 
ardinality of D.Lemma 4.25 Let Q be a data-an
hored simple tree query in a relational do
umentstru
ture D and Agg the 
omplete answer aggregate for Q and D. For every �eldAggy[e℄ in Agg there exists maximally one pointer with target Aggy[e℄.Proof. Ea
h pointer with target Aggy[e℄ starts at a �eld of the form Aggx[d℄ wherex is the parent of y in Q: the de�nition of the 
omplete answer aggregate impliesthat the 
omplete answer formula, �Q, has a formula Æx(d) with subformula Æy(e).Lemma 4.8 and Lemma 4.7 show that �Q has a total instantiation � mapping x tod and y to e. If y is a rigid 
hild of x in Q it follows that d = �(x) is the uniqueparent of e = �(y) in D, sin
e � is an answer to Q. If y is a soft 
hild of x in Qthen Q 
ontains a labeling 
onstraint M(y) so that M is not periodi
 in D, sin
eQ is data-an
hored. In this 
ase d = �(x) is the unique an
estor of e = �(y) withlabel M in D.Theorem 4.26 Let D be a relational do
ument stru
ture and let Q be a data-an
hored simple tree query in D. Then the size of the 
omplete answer aggregatefor Q is of order O(jQj � jDj).Proof. The 
omplete answer aggregateAgg for Q 
ontains � jQj re
ords Aggx,the total number of �elds Aggx[d℄ is bounded by jQj � jDj. Lemma 4.25 shows thatfor a �xed �eld Aggy[e℄ there is at most one pointer ending at Aggy[e℄. Thereforethe total number of pointers is bounded by jQj � jDj as is the number of �elds in�Q. It follows that the total size of Agg is of order O(jQj � jDj).Theorem 4.26 depends on the fa
t that ea
h target 
andidate in an aggregateis pointed at only on
e. If we 
on
eive the aggregate as a graph, with the target
andidates as nodes and the pointers as edges, then the resulting graph is a treeor forest if the query is data-an
hored in the relational do
ument stru
ture. Forarbitrary tree queries and databases, every target 
an be pointed at by more thanone pointer. The graph indu
ed by the aggregate is not ne
essarily a tree and themaximal size also depends on the maximal length of a do
ument path, denoted hD:Theorem 4.27 Let D be a relational do
ument stru
ture and let Q be a simple treequery. Then the size of the 
omplete answer aggregate for Q is of order O(jQj � jDj �hD).Proof. In this 
ase a �eld Aggy[e℄ 
an serve as the address of at most hDpointers: in fa
t all pointers with address Aggy[e℄ start from some �eld Aggx[d℄where x is the parent of y in Q and d is an an
estor of e. There are at most hDan
estors of e, and for a �xed �eld Aggx[d℄ there is at most one pointer from Aggx[d℄
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e the total number of pointers is bounded by jQj�jDj�hD. It followsthat the total size of AggQ is of order O(jQj � jDj � hD).It should be noted that in both bounds we 
ould repla
e the size jQj of the queryby the number of variables o

urring in Q.4.3 Complete Answer Aggregates and Lo
al De-penden
iesOne motivation of this 
hapter was the sear
h for a representation te
hnique thatallows to generate all answers in a simple way and that makes expli
it lo
al depen-den
ies.We saw how instantiations, and thus answers, 
an be obtained from 
ompleteanswer aggregates in a simple way. With the notion of instantiations we 
ould seeimpli
itly that 
omplete answer aggregates also meet the motivation of making lo
aldependen
ies expli
it. We will now des
ribe an alternative way of 
hara
terizing a
omplete answer aggregates being based on dependen
ies between bindings in an-swers that should make the last point more 
lear. With this point of view 
ompleteanswer aggregates 
an be 
on
eived as \folded" 
omplete answer sets.De�nition 4.28 A lo
al dependen
y aggregate for a simple tree query Q = ( ^
; ~x)and a relational do
ument stru
ture D is an aggregate Agg so that(LDA1) Aggx 
ontains a �eld Aggx[d℄ i� there exists an answer � to Q and D with�(x) = d and(LDA2) Aggx[d℄ 
ontains for a 
hild y of x a pointer to a �eld Aggy[e℄ i� thereexists an answer � to Q and D with �(x) = d and �(y) = e.From this de�nition follows that there exists exa
tly one lo
al dependen
y aggregatefor a given query and relational do
ument stru
ture.Lemma 4.29 Let Q be a simple tree query and D a relational do
ument stru
ture.Then the 
omplete answer aggregate for Q and D is the lo
al dependen
y aggregatefor Q and D.Proof. Let Agg be the 
omplete answer aggregate for Q and D. We show that Aggis the lo
al dependen
y aggregate for Q and D and begin with 
ondition (LDA1):Let x be a query variable and Aggx[d℄ a �eld in Aggx. Due to minimality of 
ompleteanswer aggregates (Lemma 4.24) Aggx[d℄ belongs to an instantiation and thereforethere exists an answer � with �(x) = d. Now let � be an answer with �(x) = d.Sin
e � 
an be obtained as an instantiation of Agg, the re
ord Aggx 
ontains a �eldAggx[d℄.We show now 
ondition (LDA2): Let x and y be query variables so that y is a 
hildof x. Let Aggx[d℄ and Aggy[e℄ be �elds in Aggx and Aggy so that Aggx[d℄ 
ontains apointer for y to Aggy[e℄. Due to minimality of 
omplete answer aggregates, we 
anform an instantiation � with �(x) = d and �(y) = e. With � we found an answermapping x to d and y to e. Now let � be an answer with �(x) = d and �(y) = e.Sin
e this answer 
an also be obtained from an instantiation of Agg, we know thatAggx and Aggy, respe
tively, 
ontain �elds Aggx[d℄ and Aggy[e℄ so that Aggx[d℄ hasa pointer for y to Aggy[e℄.Sin
e the lo
al dependen
y aggregate for Q and D is unique, the 
laim is provennow.
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ompare the 
omplete answer set to the query and relationaldo
ument stru
ture in Example 4.10 with the resulting 
omplete answer aggregatein Example 4.16, we 
an observe that the 
omplete answer aggregate is the lo
aldependen
y aggregate for the query. We 
an also see how a 
omplete answer ag-gregate 
ould be 
onstru
ted out of the 
omplete answer set, following exa
tly Def-inition 4.28, what supports the view of 
omplete answer aggregates being \folded"
omplete answer sets.In [MS00℄ 
omplete answer aggregates were de�ned for more general query
lasses like DAG queries or graph queries via the notion of lo
al dependen
y aggre-gates. For these more general query 
lasses the goal of having a representation outof whi
h the set of all answers 
an be generated in a simple way was not a
hieved:When we try to form an instantiation of a lo
al dependen
y aggregate, ba
ktra
k-ing, i.e. asear
h in the 
omplete answer aggregates, 
an be required. The reason forthis is that Lemma 3.27, and therefore Lemma 4.7, do not hold for DAG or 
y
li
graph queries.The dis
ussion above should make 
lear that trees are a natural limit for stru
-tural 
omplexity of queries that still allow to a
hieve both goals, making expli
itlo
al dependen
ies and obtaining all answers in a simple way, with the means ofdata stru
tures similar to 
omplete answer aggregates.4.4 Complete Answer Formulae for Lo
al TreeQueriesSo far, we have introdu
ed 
omplete answer aggregates for the restri
ted 
lass ofsimple tree queries only. In this se
tion we brie
y dis
uss how the same 
on
ept 
anbe used for more general 
lasses of queries. One important 
hara
teristi
s of thenotion of a 
omplete answer aggregates is the prin
iple that the administrationalinformation that is stored in a �eld Aggx[d℄ only 
on
erns the possible instantiationsof the 
hildren of the variable x in the query Q. This restri
tion 
an be interpretedas a form of lo
ality. Sin
e we do not want to give up the prin
iple, the 
lass ofQ-lo
al 
onstraints seems to represent a natural limit for representation te
hniquesbased on the idea of a 
omplete answer formulae. The 
hara
terizations of 
ompleteanswer formulae for lo
al tree queries obtained in this se
tion will be used later whentreating the spe
ial 
ase of partially ordered tree queries.Let Q be a lo
al tree query. Suppressing all 
onstraints of Q that are not Q-simple we obtain a simple tree query Qs. Let �Qs be the unique 
omplete answerformula forQs (
f. Theorem 4.11). Ea
h subformula Æx(d) of �Qs des
ribes the set ofpossible instantiations of the des
endants of x under the hypothesis that x is mappedto d. These instantiations respe
t Q-simple 
onstraints, but not ne
essarily thesuppressed Q-lo
al 
onstraints. To 
ir
umvent this problem we add a new restri
tor
ondition to ea
h formula Æx(d) that guarantees that the instantiation of the 
hildreny1; : : : ; yh of xk in Q satis�es the Q-lo
al 
onstraints imposed on hxk ; y1; : : : ; yhi inQ. In prin
iple the synta
ti
 form of restri
tor 
onditions is arbitrary, as longas they 
orre
tly en
ode Q-lo
al 
onstraints. For the sake of spe
i�
ity we usean expli
it enumeration of admissible instantiation tuples for hy1; : : : ; yhi in thefollowing de�nitions. The following de�nition 
aptures the synta
ti
al form of anappropriate 
lass of formulae, while the notion 
omplete answer formula de�nedafterwards 
aptures the semanti
s.De�nition 4.31 Let Q = ( ^ 
; ~x) be a lo
al tree query, let x 2 fr(Q). The set ofdependent Q-instantiation formulae for x is indu
tively de�ned as follows. Assume
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h non-empty set Dx � D, the formula�hxi� :� _d2Dx x = dis a dependent Q-instantiation formula for x. Now assume that hQ(x) > 0. Let; 6= Dx � D. Let fy1; : : : ; yhg denote the set of 
hildren of x in Q. For ea
hd 2 Dx and ea
h 
hild yi, let �hx;yiihdi be a dependent instantiation formula for yiwith set of target 
andidates Dxd(yi). If Rxd(y1; : : : ; yh) is a non-empty subset ofDxd(y1)� � � � �Dxd(yh) su
h that for all i = 1; : : : ; h and all di 2 Dxd(yi) there existsa tuple in Rxd(y1; : : : ; yh) where the i-th 
omponent is di (\
ontribution obligation"),then �hxi� :� _d2Dx(x = d ^ hy1; : : : ; yhi 2 Rxd(y1; : : : ; yh) ^ ĥi=1�hx;yiid )is a dependent Q-instantiation formula for x. Besides the above formulae, there areno other dependent Q-instantiation formulae for x.In the sequel, Rxd(y1; : : : ; yh) will be 
alled the restri
tor set of the subformulax = d ^ hy1; : : : ; yhi 2 Rxd(y1; : : : ; yh) ^ Vki=1�hx;yiid . The 
ondition that restri
torsets are always non-empty ensures that partial instantiations of dependent instan-tiation formulae 
an be extended to total instantiations (see below). The se
ond
ondition on restri
tor sets, whi
h will be 
alled \
ontribution obligation" for thesake of referen
e, ensures that no target 
andidate di 2 Dxd(yi) is isolated, i.e. everytarget 
andidate di 2 Dxd(yi) 
ontributes to at least one answer. As in the 
aseof simple tree queries we use expressions �hx0;:::;xkihd0;:::;dk�1i and Æhx0;:::;xkihd0;:::;dki for refering tosubformulae of a dependent Q-instantiation formula �hx0i� .De�nition 4.32 Let Q be a lo
al tree query. The set of partial (total) instantia-tions of a dependent Q-instantiation formula �x0� is indu
tively de�ned as follows:for ea
h subformula Æx0d0 the mapping fhx0; d0ig is a a partial instantiation of �x0� .Let Æhx0;:::;xkihd0;:::;dki be a subformula of �x0� of the formxk = dk ^ hy1; : : : ; yhi 2 Rxkdk (y1; : : : ; yh) ^ ĥi=1�hxk;yiidk(where y1; : : : ; yh is the sequen
e of 
hildren of xk in Q). Assume that � is apartial instantiation of �x0� su
h that fhxi; dii j i = 1; : : : ; kg � � and � does notinstantiate any 
hild yi of xk. For ea
h tuple he1; : : : ; ehi 2 Rxkdk (y1; : : : ; yh) themapping � [ fhyi; eii j 1 � i � hg is a partial instantiation of �x0� . There areno other partial instantiations besides those de�ned by the above rules. A partialinstantiation � of �x0� is a (total) instantiation i� � 
ontains a pair hx; di for everyx 2 fr(�x0� ).De�nition 4.33 Let Q be a lo
al tree query, with root x0. A dependent Q-instantiation formula �hx0i� for x0 is 
alled a 
omplete answer formula for Q i�ea
h answer to Q is a total instantiation of �hx0i� and vi
e versa.The following theorem and its proof is a simple extension of Theorem 4.11:Theorem 4.34 For ea
h lo
al tree query Q a 
omplete answer formula �Q isunique modulo asso
iativity and 
ommutativity of \^" and \_".Before we 
an prove Theorem 4.34 some preparation is needed.
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al tree query, let �x0� be a dependent Q-instantiationformula. Then every partial instantiation of �x0� 
an be extended to a total instan-tiation of �x0� . The set of total instantiations of �x0� is non-empty.Proof. Follows immediately from the fa
t that restri
tor sets for variables xwith hQ(x) > 0 as well as arbitrary sets of target 
andidates are always non-empty.Lemma 4.36 Let Q be a lo
al tree query, let �hx0i� be a dependent Q-instantiationformula for x0, let d0; : : : ; dk be elements of D. Then the following 
onditions areequivalent:1. �hx0i� has a subformula �hx0;:::;xkihd0;:::;dk�1i where dk is a target 
andidate for xk,2. �hx0i� has a subformula of the form Æhx0;:::;xkihd0;:::;dki ,3. Q has formulae x0 �(+) x1; : : : ; xk�1 �(+) xk and fhxi; dii j 0 � i � kg is asubset of a partial instantiation of �hx0i� that does not instantiate any 
hild ofxk in Q.Proof. The equivalen
e \1 , 2" is trivial. Impli
ation \2 ) 3" follows fromthe 
ontribution obligation mentioned after De�nition 4.31 using indu
tion on k.The 
onverse dire
tion \3 ) 2" is trivial.Proof of Theorem 4.34. Let �hx0i� and �hx0i� be 
omplete answer formu-lae for Q. Assume that �hx0i� has a subformula Æhx0;:::;xkihd0;:::;dki . If xk is a leaf of Q itfollows from Lemmata 4.35 and 4.36 that �hx0i� has a 
orresponding subformula�hx0;:::;xkihd0;:::;dki . Assume now that y1; : : : ; yh (for h � 1) denotes the set of 
hildren of xkin Q. Let he1; : : : ; ehi be an element of the restri
tor set of Æhx0;:::;xkihd0;:::;dki . Using Lem-mata 4.36 and 4.35 we see that Q has an answer � that maps xi to di for i = 1; : : : ; kand yj to ej for j = 1; : : : ; h. But then �hx0i� must have a subformula �hx0;:::;xkihd0;:::;dkiwhere he1; : : : ; ehi is an element of the restri
tor set, sin
e otherwise answer � 
ouldnot be obtained as an instantiation of �hx0i� . By symmetry it follows that �hx0i� and�hx0i� have 
orresponding subformulae of the form Æhx0;:::;xkihd0;:::;dki respe
tively Æhx0;:::;xkihd0;:::;dkiwith identi
al restri
tor sets. Starting at the subformulae with maximal k it is thensimple to prove by \inverse" indu
tion that 
orresponding formulae Æhx0;:::;xkihd0;:::;dki and�hx0;:::;xkihd0;:::;dki are equal modulo asso
iativity and 
ommutativity of \^". It follows that�hx0i� and �hx0i� are equal modulo asso
iativity and 
ommutativity of \^" and \_".The following lemma and its proof are again simple variants of the 
orrespondingLemma 4.12.Lemma 4.37 Let �Q be a 
omplete answer formula for the lo
al tree query Q.Then two subformulae of �Q of the form Æhx0;:::;xk�1;xkihd0;:::;dk�1;dki and Æhx0;:::;xk�1;xkihd00;:::;d0k�1;dki arealways identi
al modulo asso
iativity and 
ommutativity of \^" and \_".Proof. It suÆ
es to verify the following: if Æhx0;:::;xk�1;xkihd0;:::;dk�1;dki has a subformulaof the form Æhx0;:::;xk�1;xk;xk+1;:::;xk+rihd0;:::;dk�1;dk;dk+1;:::;dk+ri , then Æhx0;:::;xk�1;xkihd00;:::;d0k�1;dki has a subformula of theform Æhx0;:::;xk�1;xk;xk+1;:::;xk+rihd00;:::;d0k�1;dk;dk+1;:::;dk+ri and vi
e versa. Moreover, if hQ(xk+r) > 0, then therestri
tor sets of both formulae are identi
al.



4.4. COMPLETE ANSWER FORMULAE FOR LOCAL TREE QUERIES 55Let Æhx0;:::;xk�1;xk;xk+1;:::;xk+rihd0;:::;dk�1;dk;dk+1;:::;dk+ri be a subformula of Æhx0;:::;xk�1;xkihd0;:::;dk�1;dki . By Lemma 4.8,�Q has partial instantiations that extend the mappings fhxi; dii j 0 � i � k + rgand fhxi; d0ii j 0 � i � kg where dk = d0k. By Lemma 4.7 there exists an answer �(resp. �) of Q that extends the former (latter) partial instantiation. By Lemma 3.27there exists an answer � of Q that 
oin
ides with answer � on the set of re
exivedes
endants of xk and with answer � on all other variables in fr(Q). Answer �extends the mapping fhxi; d0ii j 0 � i � k� 1g[ fhxi; dii j k � i � k+ rg. But thenÆhx0;:::;xk�1;xkihd00;:::;d0k�1;dki must have a subformula of the form Æhx0;:::;xk�1;xk;xk+1;:::;xk+rihd00;:::;d0k�1;dk;dk+1;:::;dk+ri . Bysymmetry the �rst 
ondition mentioned above follows.Assume that that both subformulae exist and that hQ(xk+r) > 0. Let y1; : : : ; yh bethe sequen
e of 
hildren of xk+r and let he1; : : : ; ehi be an element of the restri
torset of Æhx0;:::;xk�1;xk;xk+1;:::;xk+rihd0;:::;dk�1;dk;dk+1;:::;dk+ri . It follows from Lemma 4.8 and Lemma 4.7 thatQ has an answer � that extends the mapping fhxi; dii j 0 � i � k + rg [ fhyi; eii ji = 1; : : : ; hg. Lemma 3.27 shows that there exists an answer � of Q that extendsthe mapping fhxi; d0ii j 0 � i � k � 1g [ fhxi; dii j k � i � k + rg [ fhyi; eii ji = 1; : : : ; hg. But then he1; : : : ; ehi must be an element of the restri
tor set ofÆhx0;:::;xk�1;xk;xk+1;:::;xk+rihd00;:::;d0k�1;dk;dk+1;:::;dk+ri . By symmetry it follows that both subformulae men-tioned above have the same restri
tor set.On the basis of the lemma we may write subformulae Æhx0;:::;xk�1;xihd0;:::;dk�1;di in the formÆx(d) and subformulae of the form �hx0;:::;xk�1;x;yiihd0;:::;dk�1;di in the form �x;yi(d).Constraints as Restri
tor ConditionsAt the end of this se
tion we want to show that the restri
tor 
onditions of a
omplete answer formula for a lo
al tree query Q are equivalent to the Q-lo
al (nonQ-simple) 
onstraints imposed on the respe
tive variables in Q. A de�nition isneeded before.De�nition 4.38 Let Q be a lo
al tree query and let y1; : : : ; yh be the 
hildren of aquery variable x. A sequen
e of nodes he1; : : : ; ehi satis�es a 
onstraint r(x; yi1 ; : : : ; yir )(where fyi1 ; : : : ; yirg � fy1; : : : ; yhg) relative to d i� rD(d; ei1 ; : : : ; eir ) holds in D.Lemma 4.39 Let Q = ( ^
; ~x) be a tree query, Æx(d) a subformula of the 
ompleteanswer formula �Q for Q and y1; : : : ; yh be the 
hildren of x. In the situation ofDe�nition 4.38, let R denote the restri
tor set of Æx(d), for i = 1; : : : ; h let Dibe the set of target 
andidates for yi in �x;yi(d). Then R is the set of all tupleshe1; : : : ; ehi 2 D1�� � ��Dh where he1; : : : ; ehi satis�es all non Q-simple 
onstraintsr(x; yi1 ; : : : ; yir) (where fyi1 ; : : : ; yirg � fy1; : : : ; yhg) of 
 relative to d.Proof. Let he1; : : : ; ehi 2 R. By de�nition, he1; : : : ; ehi 2 D1�� � ��Dh. It followsfrom Lemma 4.35 and Lemma 4.36 that Q has an answer that extends the mappingfhxi; dii j i = 1; : : : ; kg [ fhyi; eii j i = 1; : : : ; hg. This shows that hdk ; e1; : : : ; ehisatis�es all 
onstraints r(xk ; yi1 ; : : : ; yir ) in 
 where fyi1 ; : : : ; yirg � fy1; : : : ; yhg.Conversely let he1; : : : ; ehi 2 D1� � � � �Dh, assume that hdk; e1; : : : ; ehi satis�es allnon Q-simple 
onstraints r(xk ; yi1 ; : : : ; yir ) in 
 where fyi1 ; : : : ; yirg � fy1; : : : ; yhg.Assume, to get a 
ontradi
tion, that he1; : : : ; ehi 62 R. Repla
ing R with R [fhe1; : : : ; ehig we would get a dependent Q-instantiation formula with a larger setof instantiations where still ea
h instantiation is an answer to Q. In fa
t, sin
e wedid not modify any set of target 
andidates the new Q-instantiation formula leadsto instantiations that satisfy all Q-simple 
onstraints and L-formulae of the query.This would mean that �Q is not a 
omplete answer formula.Lemma 4.39 shows that we may use the Q-lo
al 
onstraints itself as restri
torformulae. Therefore it is easy to see that a 
omplete answer formula for a given
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al tree query always exists if the query has at least one answer. For the spe
ial
ase of ordered tree queries we shall give an algorithm for 
omputing a 
ompleteanswer formula in the next se
tion.Though this form of representation of restri
tor formulae with the Q-lo
al 
on-straints itself seems natural and yields a 
ompa
t representation it has the disad-vantage that it might be far from obvious whi
h tuples of target 
andidates for the
hildren variables a
tually satisfy the relevant set of Q-lo
al 
onstraints. On theother hand, a naive enumeration of all elements of the restri
tor set might lead toserious spa
e problems, something that we wanted to avoid with the use of answeraggregates. Sin
e the optimal representation of restri
tor sets depends on the 
on-
rete type of Q-lo
al 
onstraints that are used we do not 
ontinue the dis
ussion onthis general level. Instead we treat the spe
ial 
ase of ordered tree queries in moredetail.4.5 Complete Answer Aggregates for Partially Or-dered Tree QueriesPartially ordered tree queries represent a spe
ial sub
lass of lo
al tree queries, hen
eall results of the previous se
tion 
an be applied. We may now give our se
ond majorresult.Theorem 4.40 For ea
h partially ordered tree query Q there exists a 
ompleteanswer formula �Q whi
h is unique modulo asso
iativity and 
ommutativity of \^"and \_".Proof. The uniqueness part is a spe
ial instan
e of Theorem 4.34. In Se
tion 5we give an algorithm that 
omputes a 
omplete answer formula for Q.It remains to �nd a suitable representation for restri
tor sets that 
an be usedto immediately enumerate possible instantiations and leads to reasonable spa
erequirements.Consider a partially ordered tree query Q. Let Qs denote the simple tree querythat is obtained by suppressing all left-to-right ordering 
onstraints and let AggQsbe the 
omplete answer aggregate for Qs. We assume that the �elds Aggy[e℄ of ea
hre
ord Aggy are ordered via pre-order relation <Dp of the nodes e. Similarly pointerlists of the form Aggx[d; y℄ are ordered following the ordering of their address �elds.These assumptions will help to �nd a simple en
oding for left-to-right ordering
onstraints.To illustrate the idea, 
onsider a pointer Aggx[d; yi[l℄℄ of AggQs pointing to a�eld Aggyi [ei℄ as indi
ated in the �gure below. Assume that Q has a 
onstraintyi <lr yj . Now let Aggx[d; yj [m℄℄ be the left-most pointer in Aggx[d; yj ℄ with anaddress �eld Aggyj [ej ℄ su
h that ei <Dlr ej .2
yi

ej

x
... ... ... ...

...

... ...

y

dl m jy

y
ei ... ... ... ... ... ... ............ jiIn this situation, all pointers Aggx[d; yj [m0℄℄ with index m0 � m have address �eldsAggyj [em0 ℄ su
h that ei <Dlr em0 , and these are the only pointers of Aggx[d; yj ℄ with2For the sake of simpli
ity we assume that su
h a pointer exists. The dis
ussion of the other
ase, where we have to erase Aggx[d; yi[l℄℄, is postponed to Se
tion 5.3.
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ondition. In fa
t, by our ordering 
onvention for�elds we have ej �Dp em0 for ea
h su
h m0 and, sin
e ei <Dlr ej , Lemma 3.4 showsthat ei <Dlr em0 . This shows that all pointers have the required property. By 
hoi
eof m, no other pointer 
an satisfy the 
ondition. Hen
e, in order to en
ode theleft-to-right ordering 
onstraint yi <lr yj subje
t to the 
hoi
es x = d and yi = eiit suÆ
es to introdu
e a \horizontal" pointer from Aggx[d; yi[l℄℄ to Aggx[d; yj [m℄℄as indi
ated in the following �gure.
yi

ej

x
... ... ... ...

...

... ...

y

dl m jy

y
ei ... ... ... ... ... ... ............ jiThe pointer is interpreted in the following way. When instantiating x with d andyi with ei, we may use exa
tly the pointers Aggx[d; yj [m℄℄, Aggx[d; yj [m + 1℄℄; : : :for instantiating yj . Of 
ourse, when we pro
eed in this way we have to introdu
ehorizontal pointers for all possible instantiation values of variables and all left-to-right ordering 
onstraints. We illustrate the 
omplete pi
ture with an example:Example 4.41 Let D have the following form (we ignore labels and textual 
on-tents) where the left-to-right ordering between the 
hildren of d0 is as depi
ted inthe �gure. d0d1 d2 d3 d4 d5The 
omplete answer aggregate for the partially ordered tree query Q of the form(x � y1 ^ x� y2 ^ x� y3 ^ y1 <lr y2 ^ y1 <lr y3; hx; y1; y2; y3i)is the following obje
t.

y1 y2 y3

d0

1y
d1 d3d2 d4

2y
d2 d4d3 d5

3y
d2 d4d3 d5

1 4 1 14 4

v

y

y
2

3

x

Sin
e there are two left-to-right ordering 
onstraints for y1, y1 <lr y2 and y1 <lry3, with ea
h verti
al pointer of Agg[d0; y1℄ (row \v") we asso
iate two horizontalpointers (rows \y2" and \y3"). When instantiating y1 with d2, for example, we mayinstantiate y2 using the pointers to d3; d4 or d5, and similarly for y3.De�nition 4.42 Let Q = ( ^
; ~x) be a partially ordered tree query. An aggregatefor Q is a family AggQ of re
ords, fAggx j x 2 ~xg. Ea
h re
ord Aggx is 
omposedof an ordered sequen
e of �elds Aggx[d℄, the ordering is given by the pre-orderrelationship of nodes d in D. For ea
h 
hild yi of x in Q, the �eld Aggx[d℄ 
ontains atwo-dimensional array Aggx[d; yi℄. With Aggx[d; yi[l; �℄℄ we denote the l-th 
olumn.



58 CHAPTER 4. COMPLETE ANSWER AGGREGATES1. The �rst entry Aggx[d; yi[l; v℄℄ of Aggx[d; yi[l; �℄℄ is a \verti
al" pointer, i.e., apointer to a �eld of the form Aggyi [ei℄. Node ei is 
alled the address node ofAggx[d; yi[l; �℄℄. Address nodes of distin
t 
olumns are distin
t.2. For ea
h left-to-right ordering 
onstraint yi <lr yj of Q there is one additionalentry (horizontal pointer) Aggx[d; yi[l; yj ℄℄ in Aggx[d; yi[l; �℄℄ that representsa pointer to the �rst 
olumn Aggx[d; yj [m; �℄℄ with an address node ej su
hthat ei <Dlr ej . There are no other entries in Aggx[d; yi[l; �℄℄.De�nition 4.43 Let Q = ( ^ 
; ~x) be a partially ordered tree query, let �Qdenote the 
omplete answer formula for Q. A 
omplete answer aggregate for Q isan aggregate fAggx j x 2 ~xg for Q that satis�es the following 
onditions.(CAA1) Aggx has a �eld Aggx[d℄ i� �Q has a subformula Æx(d),(CAA2) an array Aggx[d; yi℄ has a verti
al pointer with address �eld Aggyi [e℄ i�Æx(d) has a subformula Æyi(e).Ignoring the trivial 
ase of an unsatis�able query it is again easy to see that a 
om-plete answer formula �Q for a partially ordered tree query Q uniquely determinesthe 
orresponding 
omplete answer aggregate AggQ. Conversely, given a 
ompleteanswer aggregate AggQ we may re
onstru
t the 
omplete answer formula �Q in thefollowing way: to obtain �Q� read the re
ord Aggx of the root x of Q as the disjun
tion of theformulae asso
iated with the �elds Aggx[d℄,� asso
iate with ea
h �eld Aggx[d℄ the 
onjun
tion ofx = d with the horizontal pointer 
ondition (see below)and the formulae asso
iated with the lists of pointers,� asso
iate with ea
h list of pointers Aggx[d; y℄ of a given �eld Aggx[d℄ thedisjun
tion of the formulae asso
iated with the address �elds of the pointers.Assume that Aggx[d℄ has the pointer arrays Aggx[d; y1℄; : : : ;Aggx[d; yh℄ for the 
hil-dren y1; : : : ; yh of x inQ. The horizontal pointer 
ondition has the form (y1; : : : ; yh) 2Rxd(y1; : : : ; yh) where Rxd(y1; : : : ; yh) 
ontains all tuples (e1; : : : ; eh) that satisfy thefollowing 
onditions:1. there exist pointer 
olumns Aggx[d; y1[l1; �℄℄; : : : ;Aggx[d; yh[lh; �℄℄ where ver-ti
al pointers have address nodes e1; : : : ; eh,2. for ea
h horizontal pointer Aggx[d; yi[li; yj ℄℄ with address Aggx[d; yj [k; �℄℄ wehave k � lj .Clearly, the sets Rxd(y1; : : : ; yh) are exa
tly the restri
tor sets de�ned in De�ni-tion 4.31.We de�ne the notion of instantiations of 
omplete answer aggregates similar tosimple tree queries:De�nition 4.44 A mapping � : fr(Q) ! D is an instantiation of the aggregateAggQ = fAggx j x 2 fr(Q)g i� the following 
onditions are satis�ed:(INST1) Aggx has a �eld Aggx[�(x)℄ for all x 2 fr(Q),(INST2) if y is a 
hild of x in Q, if d = �(x) and e = �(y), then e is an addressnode of a verti
al pointer of a 
olumn Aggx[d; y[l; �℄℄ of the array Aggx[d; y℄,



4.5. AGGREGATES FOR PARTIALLY ORDERED TREE QUERIES 59(INST3) if �(x) = d and AggQ has a horizontal pointer Aggx[d; yi[l; yj ℄℄ withaddress Aggx[d; yj [m; �℄℄, if ei := �(yi) is the address node of the verti
alpointer Aggx[d; yi[l; v℄℄, then ej := �(yj) is the address node of a verti
alpointer Aggx[d; yj [m0; v℄℄ su
h that m0 � m.We say that ea
h �eld Aggx[�(x)℄ belongs to the instantiation �. Similarly ea
hpointer 
olumn Aggx[d; y[l; �℄℄ of the form des
ribed in (INST2) is said to belong to�.As was the 
ase for simple tree queries, every instantiation of a 
omplete answeraggregate for a partially ordered tree query Q and a relational do
ument stru
tureD is an answer to Q and D.Minimality of Complete Answer AggregatesComplete answer aggregates for partially ordered tree queries are minimal repre-sentations of the set of all answers in the in the same sense as 
omplete answeraggregates for simple tree queries:De�nition 4.45 An aggregate Agg is 
alled minimal i� all its �elds and pointersbelong to an instantiation of Agg.Lemma 4.46 The 
omplete answer aggregate Agg for a partially ordered tree queryQ and a relational do
ument stru
ture D is minimal.Proof. Sin
e Agg dire
tly 
orresponds to the 
omplete answer formula �Q for Qand D the 
laim follows dire
tly from Lemma 4.47.The following lemma (
orresponding to Lemma 4.13 in the simple tree query
ase) is a simple 
onsequen
e of Lemma 4.35 and needed for the proof of Lemma 4.46.Lemma 4.47 For every variable x in a simple tree query Q and every atom x = din a 
omplete answer formula �Q for Q and a relational do
ument stru
ture D,there exists a total instantiation � of with �(x) = d.Before we show how to 
ompute a 
omplete answer aggregate for a partiallyordered tree query we want to give an upper bound for the size.Size of Complete Answer AggregatesRemark 4.48 Let Q = ( ^ 
; ~x) be a partially ordered tree query, let Agg denotethe 
omplete answer aggregate for Q. To ea
h pointer p = Aggx[d; yi[l; s℄℄ of Aggwe assign a unique triple (L1(p); L2(p); L3(p)) as follows.� L1(p) is the address node of the verti
al pointer Aggx[d; yi[l; v℄℄ of the 
olumnAggx[d; yi[l; �℄℄ of p.� We de�ne L2(p) := d. Re
all that d is always an an
estor of L1(p).� L3(p) is the following atomi
 subformula/
onstraint of Q: if s = v (p is averti
al pointer) then L3(p) := x �(+) yi is the formula of Q that expressesthat yi is a 
hild of x.If s = yj , then L3(p) is the left-to-right ordering 
onstraint yi <lr yj .Clearly distin
t pointers are mapped to distin
t triples. Hen
e the total numberof pointers of Agg is bounded by the number of possible triples. This yields ageneral bound jDj �hD � jQj for tree queries, and a bound jDj � jQj for data-an
horedqueries in relational do
ument stru
tures. This 
an be seen as follows. There arejDj possibilities for L1(p). L2(p) must be an an
estor (a parent for rigid queries) of



60 CHAPTER 4. COMPLETE ANSWER AGGREGATESL1(p). If L1(p) is �xed, there are hD possibilities for L2(p), and just one possibilityfor data-an
hored queries. Sin
e L3(p) is an atomi
 subformula of Q, there are jQjpossibilities for L3(p).It follows that the bounds for the size of a 
omplete answer aggregate that weobtained for simple tree queries hold for partially ordered tree queries as well:Theorem 4.49 Let D be an ordered relational do
ument stru
ture and let Q be apartially ordered tree query. Then the size of the 
omplete answer aggregate for Q isof order O(jDj � hD � jQj). If Q is data-an
hored in D, then the size of the 
ompleteanswer aggregate for Q and D is of order O(jDj � jQj).4.6 Complete Answer Aggregates as Relational Do
-ument Stru
turesAs pointed out in the dis
ussion in Se
tion 2.2 it is useful to have a formalismwhere answers to queries 
an be 
on
eived as relational do
ument stru
tures them-selves. In Se
tion 3.3.6 we already presented a very simple me
hanism to 
on
eiveanswers as relational do
ument stru
ture. In this se
tion we will present a moresophisti
ated way that makes use of the graph stru
ture present in 
omplete an-swer aggregates. We restri
t this dis
ussion to data-an
hored queries in relationaldo
ument stru
tures. For the full 
lass of tree queries it is not possible to a
hievea simple result sin
e in this 
ase the 
omplete answer aggregates do not ne
essarilyhave a tree or forest stru
ture.Consider the aggregate in Example 3.31. We 
an observe that the pointersimpose a forest stru
ture on the set of target 
andidates. Lemma 4.25 raises thisobservation to a formal proposition. We 
an therefore de�ne an aggregate stru
turein the following way:De�nition 4.50 Let Q be a data-an
hored query in a relational do
ument stru
-ture (D = DS ; DT ;*;Lab;Txt; I) and Agg be the 
omplete answer aggregate forQ and D. Then the aggregate stru
ture for Agg DAgg = (D(S;Agg); D(T;Agg);*Agg;LabAgg;TxtAgg; IAgg) is a relational do
ument stru
ture de�ned in the fol-lowing way:� D(S;Agg) 
ontains all stru
tural nodes d 2 DS so that Aggx[d℄ is a target
andidate Aggx[d℄ in Agg.� D(S;Agg) 
ontains all text nodes d 2 DT so that Aggx[d℄ is a target 
andidateAggx[d℄ in Agg.� hd; ei 2*Agg i� there exist target 
andidates Aggx[d℄ and Aggy[e℄ in Agg sothat there is a verti
al pointer from Aggx[d℄ to Aggy[e℄.� LabAgg(d) = Lab(d) and TxtAgg(d) = Txt(d) for all nodes d 2 DS;Agg [DT;Agg.� hd; ei 2 IAgg(r) i� hd; ei 2 I(r).The notion of aggregate stru
tures is well-de�ned sin
e Lemma 4.25 guarantees that*Agg imposes a forest stru
ture upon D(S;Agg) [D(T;Agg).Example 4.51 The 
omplete answer aggregate in Example 4.16 de�nes, a

ordingto the above de�nition, the following aggregate stru
ture:



4.6. AGGREGATES AS RELATIONAL DOCUMENT STRUCTURES 61movie i1staff i4Klaus Kinski i6 Klaus Kinski i9 Klaus Kinski i17kw i26 kw i28 kw i30 kw i32Analogously to the idea elaborated in Se
tion 4.3 of 
omplete answer aggregatesbeing folded 
omplete answer sets, we 
an 
on
eive aggregate stru
tures as foldedanswer stru
tures as de�ned in Se
tion 3.3.6.A more interesting perspe
tive presents the aggregate stru
ture as a view uponthe relational do
ument stru
ture: The aggregate stru
ture 
ontains a subset of thenodes in the relational do
ument stru
ture and inherits all relations. If soft edgesare used in the query, a sequen
e of edges in the relational do
ument stru
ture maybe 
ollapsed into a single edge in the aggregate stru
ture.As for answer stru
tures we have a similar kind of idempoten
e for aggregatestru
tures: All answers to a data-an
hored query Q in a relational do
ument stru
-ture D are also answers to Q and DAgg. If Q is rigid, the answer aggregate Aggfor Q and D is also the 
omplete answer aggregate for Q and DAgg.
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Chapter 5Computing CompleteAnswer AggregatesIn this se
tion we show how the 
omplete answer aggregate for a partially orderedtree query and a relational do
ument stru
ture 
an be 
omputed and prove thefollowing 
entral result:Theorem 5.1 Let Q be a partially ordered tree query, let D be a relational do
u-ment stru
ture. Then it is possible to 
ompute a 
omplete answer aggregate for Q intime O(jQj � jDj �hD � log(jDj)) and spa
e O(jQj � jDj �hD). If Q is data-an
hored inD then we 
an 
ompute the 
omplete answer aggregate in time O(jQj � jDj � log(jDj))and spa
e O(jQj � jDj).Before we des
ribe the algorithm we give in the �rst se
tion a short overview overthe involved index stru
tures and the main pro
edures. The algorithm uses spe
ialindex stru
tures for a

essing the relational do
ument stru
ture that we des
ribein more detail in the se
ond se
tion. In the next se
tion we 
hara
terize �eldsand pointer 
olumns of aggregates that 
an not 
ontribute to any instantiation. Inthe algorithm, these �elds and pointer 
olumns will be eliminated by a dedi
atedsub-pro
edure. Hereafter, the algorithm itself together with its sub-pro
edures isdes
ribed, followed by the soundness and 
ompleteness proof. In the last part of this
hapter we dis
uss 
omplexity and implementation issues and make some remarkson related work.5.1 OverviewThis se
tion will provide a short overview over the algorithm and index stru
turesused in the algorithm. The details are to be found in the following se
tions. Thebasi
 algorithm for evaluating partially ordered tree queries on relational do
umentstru
tures as des
ribed in Se
tion 5.4.2 
onsists of �ve pro
edures: COMP-AGG,SEL-ANC , CREATE, INTR-HOR-P, and CLEAN . For the optimizations de-s
ribed in Se
tion 5.4.3 a sixth pro
edure, TD-ALIGN is used. The algorithmuses four index stru
tures for a

essing the relational do
ument stru
ture, the pathsele
tion index, the alignment index, and in the optimized version additionally there
all index and the node database. The overall dependen
y stru
ture of the algo-rithm 
an be seen in the following illustration:63
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COMP-AGG3

COMP-AGG

SEL-ANC

CREATE

INTR-HOR-P

CLEAN

TD-ALIGN

keyword/label         occ. paths

keyword/label         # occ. paths

(nodeID,nodeID,rel.)       true/false

nodeID        properties

Alignment Index

Recall Index

Path Selection Index

NodeDB

The pro
edure COMP-AGG1 triggers the bottom-up query evaluation with anempty aggregate. It de
omposes the query into paths and 
alls for the keywordsor labels in the leaf of ea
h query path the path sele
tion index. The path sele
-tion index returns a set of paths in the relational do
ument stru
ture that lead toa database node mat
hing the keyword or label. In order to mat
h the returneddatabase paths with the respe
tive query path the pro
edure SEL-ANC is 
alled forevery query path. This pro
edure enters mat
hing database nodes into the respe
-tive slots of the aggregate (that are 
onstru
ted on the 
y if ne
essary). In order todete
t pairs of nodes that do not meet the requirements imposed by the query thealignment index is queries by SEL-ANC . The pro
edures SEL-ANC and CREATEwander through the query path and database paths in parallel in a double-re
ursiveway. If all query paths are treated this way a 
all to the pro
edure INTR-HOR-Padds horizontal pointers to the �elds in the aggregate, if order 
onstraints are used.As a last step of the basi
 algorithm the pro
edure CLEAN removes (\isolated")target 
andidates and pointers from the aggregate that 
an not 
ontribute to solu-tions. These were identi�ed in the previous steps. The removal of target 
andidatesmay trigger removal of further target 
andidates. The resulting aggregate is the
omplete answer aggregate for the query and relational do
ument stru
ture.In the optimized version the pro
edure COMP-AGG3 
alls the re
all index inorder to dete
t query paths where a top-down evaluation is more eÆ
ient, sin
e thedatabase path sets returned by the path sele
tion index would be too big. Databasepath sets small enough are treated in the way des
ribed above. If a database pathset 
orresponding to a query path is too big, it is not used (not even loaded intomain memory) and a top-down alignment is triggered by a 
all to the pro
edureTD-ALIGN . This pro
edure mat
hes the query path with the nodes in the rela-tional do
ument stru
ture and �lls the slots of the aggregate in a similar way as thepro
edures SEL-ANC and CREATE. The di�eren
es are that alignment begins atthe root and wanders downwards in the query path and relational do
ument stru
-ture, and that the node database (a persistent data stru
ture storing informationabout nodes, e.g. parent and 
hildren) has to be queried several times in order to1Most pro
edures of the algorithm are presented in di�erent versions, e.g. COMP-AGG1 orCOMP-AGG2. If we use the name of the pro
edure without a number we refer to all versions ofthe pro
edure.
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e in this 
ase we have no expli
it set of database paths thatshall be mat
hed. If all query paths are treated with either SEL-ANC/CREATEor TD-ALIGN , the pro
edures INTR-HOR-P and CLEAN are 
alled as des
ribedin the basi
 version.We will now des
ribe the used index stru
tures in more detail.5.2 Index ar
hite
tureThe algorithm for 
omputing a 
omplete answer aggregate for a given query usestwo basi
 index stru
tures for D: the path sele
tion index and the alignment index.For the optimized version another index stru
ture, the re
all index, and a persistentdata stru
ture, the node database, storing information about the do
ument nodesis used. In order to fa
ilitate the index a

ess we shall assume that D is an orderedrelational do
ument stru
ture. Even if su
h an ordering does not exist a priori, anarti�
ial ordering 
an always be imposed on D. This turns out to be advantageous.Ea
h formula of the form w / x (w 2 K), M(x) (M 2 �) or r(x) (r 2 R) willbe 
alled a unary index formula, formulae of the form r(x; y) (r 2 R) are 
alledbinary index formulae2. When we abstra
t from the variable x 2 X that is used wetalk about (unary resp. binary) index predi
ates. Note that formulae of the formx � y; x �+ y as well as left-to-right ordering 
onstraints are not treated as indexformulae. The motivation for this distin
tion is the following: we assume that theinformation that des
ribes the tree stru
ture of the database (i.e., the a
tual setof nodes, 
hildren relationship, left-to-right ordering) is stored separately in a nodedatabase from.Overall the algorithm a

esses three persistent data stru
tures that will be de-s
ribed here: a node database, a path sele
tion index for unary predi
ates, and analignment index for binary predi
ates. For some optimizations, a fourth persistentdata stru
ture, the re
all index, is used.5.2.1 Node DatabaseThe node database stores the relational do
ument stru
ture in a table. It imple-ments mappings from nodes (i.e. their identi�ers) to their parents, 
hildren, labels,textual 
ontents, and unary relations like attributes. The pre-order relation of nodesis en
oded via node identi�ers, 
f. Remark 5.18. This means that the node databaseestablishes an exhaustive (apart from binary relations, that are stored in the align-ment index only) representation of the relational do
ument stru
ture in the form ofa relational database. Nonetheless, to make query evaluation perform eÆ
iently, weneed additional index stru
tures. The node database will be used in the algorithmfor navigational tasks only, when the path sele
tion index 
annot perform well.5.2.2 Path Sele
tion IndexThe path sele
tion index is a 
onstru
tive index, mapping appropriate unary pred-i
ates to sets of o

urren
es. It implements a mapping for ea
h kind of unarypredi
ate: w / for terms w 2 ��, unary relations r for r 2 R, and M for labelsM 2 �.O

urren
esIn Information Retrieval an o

urren
e (des
ribing the o

urren
e of a sear
h term)is de�ned as a pair of do
ument and o�set (of the respe
tive term inside the do
-2Theorem 5.1 and the algorithm to be des
ribed below refer to partially ordered tree queriesonly, therefore we 
an restri
t ourselves to unary and binary formulae.
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urren
e is insuÆ
ient for our purpose, sin
e we needa stru
tural rather than a 
at notion of o

urren
e. Therefore we de�ne an o

ur-ren
e as the path leading from the leaf 
ontaining the sear
h term to the root ofthe respe
tive do
ument, plus the o�set. E.g. an o

urren
e of the term Mar
eauin the relational do
ument stru
ture in Appendix B.2 is hg1; g4; g7; g14; g15i : 2,where hg1; g4; g7; g14; g15i is the path from the root of the respe
tive do
ument tothe leaf 
ontaining the term Mar
eau and 2 indi
ates that Mar
eau is the se
ondterm in that leaf. Of 
ourse, this in
reases the size of the path sele
tion index a lot,but lets the system perform more eÆ
iently.3A alternative approa
h would be to de�ne an o

urren
e as a pair of the leaf 
on-taining the sear
h term and the o�set inside the leaf.Our algorithm 
ompares thepath leading to an o

urren
e returned by the path sele
tion index to a path patternin the query. This means that the node database has to be used to navigate fromthe leaf (the returned o

urren
e) to the root in order to obtain the 
orrespondingpath. We 
an see that this approa
h leads to a high number of page a

esses to thenode database for retrieving the paths from the leaves to the root, resulting in abad eÆ
ien
y due to the high I/O 
osts.The following de�nition of an inverted partial do
ument path 
aptures the notionof o

urren
es.De�nition 5.2 An inverted partial do
ument path is a non-empty sequen
e ofnodes hdi; di�1; : : : ; d0i su
h that hd0; : : : ; dii is a partial do
ument path. The ini-tial node of an inverted partial do
ument path hdi; di�1; : : : ; d0i is the bottom-mostnode di. An inverted query path has the form hxk ; : : : ; x0i where hx0; : : : ; xki is apath of Q.An inverted partial do
ument path will simply be 
alled an inverted do
umentpath. The path sele
tion index 
ontains for ea
h unary index predi
ate p a list �pof inverted do
ument paths. �p is assumed to be ordered via pre-order relationshipof initial nodes. The lists �p are assumed to be \sound" and \
omplete" in thefollowing sense:Remark 5.3 A node d 2 D is an initial node of an inverted do
ument path in�p for a unary index predi
ate p if and only if d satis�es the predi
ate p in D, i.e.D j= p[d℄.Clearly the number of inverted do
ument paths is bounded by the number n ofnodes in the relational do
ument stru
ture. For distin
t unary index predi
ates pand p0 the interse
tion of the lists �p and �p0 
an be 
omputed in time O(n) usinga simultaneous traversal of �p and �p0 along <Dp . This 
an be generalized to �niteinterse
tions.Lemma 5.4 Let p1; : : : ; pr be unary index predi
ates. The interse
tion �p1 \ : : : \�pk 
an be 
omputed in time O(r � n).Given the query Q, ea
h 
all to the path sele
tion index will be triggered by aninverted query path hxk ; : : : ; x0i. In order to simplify the presentation of the follow-ing algorithm we shall assume that the index a

ess dire
tly yields the interse
tion�p1 \ : : :\�pr where p1(xk); : : : ; pr(xk) is the 
omplete list of unary index formulaefor variable xk in Q. From Lemma 5.4 we getLemma 5.5 Let q be the number of atoms in a query Q and n the number of nodesin a relational do
ument stru
ture D. The total time-
omplexity for the a

ess tothe path sele
tion index of D for a query Q is bounded by O(q � n).3In order to limit the in
rease of index growth we use a two step storage: Every path has anidenti�er and is stored separately in a table mapping the identi�er to the a
tual database nodes.An o

urren
e is now a pair of path identi�er and o�set.



5.2. INDEX ARCHITECTURE 67In real-life situations we will not 
all the path sele
tion index for every unary indexpredi
ate. As we will see in the des
ription of the algorithm, the path sele
tionindex will only be used in appropriate 
ases, when the number of paths returned issmall enough.5.2.3 The Alignment IndexThe algorithm will 
he
k if an inverted do
ument path �D that results from the 
allto the path sele
tion index for an inverted query path �Q = hxk ; : : : ; x0i is 
onformwith the 
onditions that are imposed on the variables x0; : : : ; xk in Q. The 
he
kis organized as a bottom-up alignment pro
ess that removes do
ument paths �Dnot 
onforming to the requirements imposed by the query. This latter pro
ess issupported by the alignment index. We 
all it therefore a destru
tive index.Remark 5.6 For theoreti
al estimation of the time-
omplexity of the algorithm tobe des
ribed in the following se
tion the following assumption will be made.1. for ea
h node d and ea
h unary index predi
ate p 2 R it is possible to 
he
kin 
onstant time if D j= p[d℄, and2. for ea
h pair of nodes di* +dj and ea
h binary index predi
ate r 2 R it ispossible to 
he
k in 
onstant time if D j= r[di; dj ℄.We say that the pair hdi; di�1i satis�es the index formulae for hy; xi i� di�1 satis�esthe unary index formulae for x (i.e. labeling and unary 
onstraints) and hdi; di�1isatisfy the binary 
onstraints for hy; xi. For unary index predi
ates p the requiredtest 
an be implemented by assigning to p an array Lp of all nodes of D that satisfyp. From a theoreti
al point of view, a similar approa
h is possible for binary indexpredi
ates r, just using two-dimensional arrays, Lr.Surely this strategy is not optimal in 
on
rete 
ases. However, sin
e all binaryindex predi
ates are \generi
" relations r 2 R is seems hard to suggest a betterapproa
h that works in full generality.Sin
e we assume that the number of distin
t index predi
ates is �nite and 
on-stant the above assumptions lead to the following result.Lemma 5.7 Given a pair of do
ument nodes (di; dj) where dj is an an
estor ofdi, and a set of index predi
ates, P , it is possible to 
he
k in 
onstant time if djsatis�es all unary predi
ates in P and if (di; dj) satis�es all binary index predi
atesin P .5.2.4 The Re
all IndexAs pointed out in Se
tion 5.2.2, we do not use the path sele
tion index if the set�p of paths returned by the path sele
tion index for a unary index predi
ate p istoo big. In order to dete
t these situations, we use a third index stru
ture thathelps to speed up query evaluation. The re
all index returns for every unary indexpredi
ate p the size of the set �p 
ontaining all inverted do
ument paths so thatRemark 5.3 holds. The re
all index is a supporting index sin
e it supports thealgorithm in eÆ
iently using the other index stru
tures. As for the path sele
tionindex, we generalize this and say that the re
all index returns for an inverted querypath hxk ; : : : ; x0i the size of the interse
tion �p1\ : : :\�pr where p1(xk); : : : ; pr(xk)is the 
omplete list of unary index formulae for variable xk in Q. Obviously there
all index is not an independent index on its own but 
an be implemented as asimple additional fun
tionality within the path sele
tion index.



68 CHAPTER 5. COMPUTING COMPLETE ANSWER AGGREGATES5.2.5 Implementation Aspe
tsThe index stru
tures have been des
ribed so far as abstra
t mappings without pay-ing attention to their physi
al implementation. In this se
tion we will make someremarks on the physi
al implementation of the index stru
tures and the storagespa
e needed. We will not 
over the re
all index on its own, sin
e it 
an imple-mented as an additional fun
tionality of the path sele
tion index. In this se
tion wepropose an implementation on top of a relational database system. Other imple-mentations are possible as well, for example using a dedi
ated text indexing systemlike Altavista's Sear
h Intranet Developer's Kit (Altavista SDK: [Alt99℄).The path sele
tion index maps terms and labels to sets of inverted do
umentpaths. We propose a two-level storage, giving ea
h path an identi�er on its own. Thepath sele
tion index maps terms or labels now to ordered sets of path identi�ers andthe a
tual paths have to be retrieved from a path table using the path identi�ers.This te
hnique saves storage spa
e, sin
e there may be many o

urren
es of distin
tterms in the same leaf (with the same database path). If we would store the pathsexpli
itly for every term the path index would grow dire
tly proportional with thenumber of terms in the do
ument 
olle
tion. In addition we store in every databasepath for every node (apart from text nodes) not only the node identi�ers but alsothe a

ording labels, e.g. hg1 : movie; g4 : 
ast; g7 : staff; g14 : a
tor; g15i : 2.This makes query evaluation more eÆ
ient sin
e we main e�ort in the algorithmis 
omparing the labels in order to mat
h the query paths, but does not 
onsumemu
h additional storage spa
e, sin
e the labels 
an be en
oded as integer numbers.The size of the path table is of order O(hD �n) sin
e there are maximally n pathin the relational do
ument stru
ture and ea
h path has maximally hD nodes, wherehD is the maximal height of the trees in the relational do
ument stru
ture. If weassume for path and node identi�ers a length of 4 bytes, and for label en
odings alength of 2 bytes, we have a total storage spa
e for the path table of n�(4+hD�(4+2))bytes, i.e. approximately 6 � n � hD.The size of the path sele
tion index itself depends on the number t of terms andlabels indexed in the relational do
ument stru
ture. We 
an assume that t is biggerthan n sin
e every leaf 
ontains many terms. Index stru
tures for terms (\inverted�les") have been thoroughly investigated in the �eld of Information Retrieval. Thereare many te
hniques how to organize inverted �les, like Tries, Patri
ia Trees, or PATarrays. The size of an index stru
ture is between 30% and 40% of the original textsize ([BYRN99b℄, pages 192 �.) but 
an be redu
ed with sophisti
ated 
ompressionte
hniques. Sin
e all stru
tural information is stored in the path table, we 
anassume the same size (0:3 � t) for the path sele
tion index in our 
ase.The alignment index depends strongly on the relations that are used. As shownfor the example of the left-to-right order a skillful integration of a relation in theframework 
an save a huge amount of storage spa
e and 
omputational e�ort. If norelations are de�ned in addition to the left-to-right order the size of the alignmentindex is 0, sin
e we already integrated the label information into the path sele
tionindex.The size of the node database depends on the unary relations de�ned, e.g. at-tributes et
. The textual 
ontent of text nodes is stored with o�sets pointing into
at text �les storing the do
uments in their original form. If no additional relationsare de�ned, the size of the node database depends on the width w of the relationaldo
ument stru
ture, i.e. the maximal number of 
hildren a node 
an have, and is oforder O(n�w). If we assume a storage spa
e of 4 bytes for every node identi�er, wehave a maximal total storage spa
e for the node database of (4�w)+4+4)�n � 4�w�nfor asso
iating the node identi�er of a node with the node identi�ers of its parentand 
hildren.The �gures given in this se
tion for the size of the index stru
tures do always
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ase. In average we 
an expe
t mu
h smaller index stru
tures,sin
e, for example, the number of paths is smaller than the number of nodes in therelational do
ument stru
ture, not all paths have the same maximal length hD, andnot all nodes have the same number w of 
hildren.5.3 Isolated �elds and pointer 
olumnsGiven a partially ordered tree query Q, our algorithm �rst tries to 
ompute a 
om-plete answer aggregate for the modi�ed query Qs that is obtained by suppressing allleft-to-right ordering 
onstraints of Q. In this situation the algorithm will sometimesintrodu
e \isolated" �elds that do not 
ontribute to answers.De�nition 5.8 A �eld Aggx[d℄ of an aggregate for Q is upwards isolated if x isnot the root of Q and if there does not exist any verti
al pointer with address�eld Aggx[d℄. A �eld Aggx[d℄ is downwards isolated if for some 
hild y of x thearray Aggx[d; y℄ is empty. A �eld is isolated if it is upwards isolated or downwardsisolated.As an illustration 
onsider the following aggregate.
y1 y2 y1 y1d

x

e
y1 y2Field Aggy1 [e℄ is upwards isolated. There is no value for x that would allow for aninstantiation of y1 with e. Field Aggx[d℄ is downwards isolated. An instantiationof x with d 
annot be 
ompleted sin
e there exists no possible instantiation for y2in this 
ase. A similar problem may arise with pointer 
olumns in 
onne
tion withhorizontal pointers:De�nition 5.9 A pointer 
olumn Aggx[d; yi[l; �℄℄ is right isolated if the addressnode of its verti
al pointer Aggx[d; yi[l; v℄℄ is a node ei su
h that for an ordering
onstraint yj <lr yi there is no address node ej of yj in Aggx[d; yj ℄ su
h thatei <lr ej . A pointer 
olumn Aggx[d; yj [l; �℄℄ with address �eld Aggyj [ej ℄ is leftisolated if there exists a 
onstraint yi <lr yj in Q and if the left-most horizontalpointer Aggx[d; yi[1; yj ℄℄ points to a 
olumn Aggx[d; yj [k; �℄℄ su
h that k > l.In this situation, an instantiation of yi (yj) with ei (resp. ej) 
annot 
ontributeto a su

essful instantiation of Agg. As an example, 
onsider the following re
ord,where Q is assumed to have a 
onstraint y1 <lr y2.

y1 y2 1 4

2y1y

1 4

y1

x

v
2 3 5 2 3 5

d

e1 e4e2 e e8e3 e7e6 e9 e10 5
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es of ei re
e
t the left-to-right ordering, i.e. ei <lr ej i�i < j. In this 
ase an instantiation of y1 with e9 or e10 
annot be 
ompletedwith a suitable instantiation of y2 su
h that the 
onstraint y1 <lr y2 is satis�ed.The 
olumns Aggx[d; y1[4; �℄℄ and Aggx[d; y1[5; �℄℄ are right-isolated. We say thatAggx[d; y1[4; y2℄℄ and Aggx[d; y1[5; y2℄℄ are \dangling" pointers with value ?. On theother hand, it is 
lear that an instantiation of y2 with e1 or e2 
annot be 
ompletedwith a 
orresponding instantiation of y1. The pointer 
olumns Aggx[d; y2[1; �℄℄ andAggx[d; y2[2; �℄℄ are left-isolated.In the des
ription of the algorithm we shall use dangling pointers with value ?.The adaption of the de�nition of an aggregate for Q is straightforward.5.4 Algorithm for Evaluating Tree QueriesIn this se
tion we will des
ribe an algorithm for evaluating partially ordered treequeries on relational do
ument stru
tures. In order to make the des
ription of thealgorithm more 
lear, we will �rst des
ribe a simpli�ed algorithm, that evaluatessimple sequen
e queries on relational do
ument stru
tures. Then we will extend thebasi
 pro
edures developed for the sequen
e 
ase to the general 
ase for partiallyordered tree queries on ordered relational do
ument stru
tures. As a last step, wewill extend this algorithm to the full version that makes more sophisti
ated use ofthe index stru
tures and spe
ial 
ases in the query stru
ture.In all versions the basi
 pro
edure will remain the same: In the �rst phase wewill 
onstru
t an aggregate that possibly 
ontains isolated �elds. These �elds areremoved in a se
ond phase, yielding the 
omplete answer aggregate for the queryand relational do
ument stru
ture. The overall stru
ture of the pro
edure CLEANused in the se
ond phase is very similar to a part of an algorithm des
ribed in[MH86℄. We will dis
uss this point in more detail in Se
tion 5.8.2.The line numbering used in the di�erent versions of the algorithm is 
onsistent,i.e. lines that remain the same have equal line numbers in the di�erent versions.Therefore the line numbering in the �rst two versions is not always 
onse
utively.5.4.1 Simple Sequen
e Queries on Relational Do
ument Stru
-turesThe following pro
edure COMP-AGG1 
omputes a 
omplete answer aggregate fora given sequen
e query and a relational do
ument stru
ture. As stated in thelines following Lemma 5.4, we assume that the path sele
tion index returns foran inverted query path hxk; : : : ; x0i dire
tly the interse
tion of all path sele
tionindex results for all unary index formulae for the leaf variable xk. The pro
edure's
ore is a loop (lines 20-23) where we try to map the query leaf xk to leaves dm ofthe paths returned by the path sele
tion index. For ea
h inverted database pathhdm; : : : ; d0i returned by the path sele
tion index, the main pro
edure SEL-ANC1is 
alled in the loop. This pro
edure yields a Boolean value indi
ating if dm isa possible image for xk . It also 
omputes an aggregate Agg. This aggregate may
ontain some super
uous do
ument nodes that do not 
ontribute to answers. Thesenodes are marked red. As a �nal step all red nodes are removed using the pro
edureCLEAN1. The resulting stru
ture Agg is the 
omplete answer aggregate for thequery Q and database db.The pro
edure COMP-AGG1 
ontains a 
all to the path sele
tion index in line18.1 pro
edure Aggt COMP-AGG1(Query q, Database db) f2 Aggt Agg := ;;16 let �Q := hxk; : : : ; x0i be the inverted path of Q



5.4. ALGORITHM FOR EVALUATING TREE QUERIES 7117 Agg := Agg [ fAggxkg where Aggxk is an empty re
ord;18 � := list of inv. do
. paths obtained from path sel. index for db and �Q;1920 for ea
h path � = hdm; dm�1 ; : : : ; d0i of � do f21 introdu
e a field Aggxk [dm℄ with empty pointer array for 
hild y of x;22 SEL-ANC1(Agg; xk; hdm; dm�1 : : : ; d0i);23 g31 CLEAN1(Agg);32 return Agg;gPhase 1: Constru
tionCOMP-AGG1 triggers for ea
h database path a re
ursive 
hain of 
alls to thepro
edures SEL-ANC1 and CREATE1 whi
h try to align the query path and adatabase path, beginning with the leaves and 
limbing up via parents and an
estors.In order to avoid the 
ase that pairs hx; di are treated more than on
e bySEL-ANC1, every pair is added to the aggregate (by inserting �eld Aggx[d℄ intore
ord Aggx) the �rst time it is treated. If it later turns out that node d is not apossible image of x, the �eld Aggx[d℄ will be 
olored red.SEL-ANC1(Agg; y; hdi; : : : ; d0) tries to map a query node y to a database nodedi and yields a respe
tive Boolean value. At �rst, lines 103-105 verify whetherthe alignment pro
ess is already �nished, sin
e it rea
hed the root of the query(su

essful) or the root of the database path (unsu

essful). If there are nodes leftin the query and database path, two 
ases are distinguished for the parent x of y.(1) If the edge between y and x is rigid (lines 108-112), the parent di�1 of di is triedwhether it is a possible image for x. This is the 
ase if the pair hdi; di�1i satis�esthe index formulae for hy; xi (line 109) and if the 
all to CREATE1 was su

essful,i.e. the rest of the query and database path 
ould be aligned su

essfully. (2) If theedge between y and x is a soft edge (lines 113-119), all an
estors di�1; : : : ; d0 of diundergo the same pro
ess as in 
ase (1).If during the exe
ution of SEL-ANC1 at least one 
all to CREATE1 was su
-
essful, the node di is a possible image for y. In the other 
ase the �eld Aggy[d℄ is
olored red for later removal (line 121).CREATE1(x; dj ;Agg; y; hdi; : : : ; d0i) 
reates a �eld Aggx[dj ℄ (lines 133 or 161)and links it to �eld Aggy[di℄ if the 
all to SEL-ANC1 was su

essful. If ne
essarya re
ord Aggx is 
reated beforehand (lines 131-140).An important feature that leads to the good time-
omplexity of the algorithm isthat CREATE1 only 
alls SEL-ANC1 if the �eld Aggx[dj ℄ did not already exist (line151). The intuitive justi�
ation for this is that all the stru
ture (pointers, �elds and
olors) that we would obtain by 
ontinuation of the alignment pro
ess has alreadybeen in
luded in the aggregate. If the 
all to SEL-ANC1 was su

essful or if the�eld Aggx[dj ℄ did already exist and wasn't 
olored red, then verti
al pointers fromAggy[di℄ to Aggx[dj ℄ are introdu
ed (lines 152-156 or 162-166).Summing up, the re
ursive upwards alignment of the query and database pathstops in the following situations: If the root of either path is rea
hed in SEL-ANC1,if the index formulae for the two a
tual query nodes x and y are not satis�ed forthe a
tual database nodes, or if CREATE1 treats a database node that has alreadybeen inserted in the respe
tive re
ord of the aggregate.The pro
edure SEL-ANC1 
ontains 
alls to the alignment index in lines 109 and115.101 pro
edure Bool SEL-ANC1(Aggt Agg, QNode y, DBNodes hdi ; : : : ; d0i) f102 Bool Node-Found := false;103 if y = root of Q or i = 0 then f104 if y is root of Q then Node-Found := true;105 g



72 CHAPTER 5. COMPUTING COMPLETE ANSWER AGGREGATES106 else f107 x := parent of y in Q;108 if y is a rigid 
hild of x in Q then f109 if hdi; di�1i satisfy index formulae for hy; xi in Q then f110 if CREATE1(x; di�1;Agg; y; hdi; : : : ; d0i) then Node-Found := true;111 g112 g113 else f114 for ea
h node dj in fdi�1; : : : ; d0g do f115 if hdi; dji satisfy index formulae for hy; xi in Q then f116 if CREATE1(x; dj ;Agg; y; di; hdi; : : : ; d0i) then Node-Found := true;117 g118 g119 g120 g121 if not Node-Found then COLOR-RED(Agg; y; di);125 return Node-Found;126 g127128129 pro
edure Bool CREATE1(QNode x, DBNode dj,Aggt Agg,130 QNode y, DBNodes hdi; : : : ; d0i) f131 if re
ord Aggx does not exist in Agg then f132 introdu
e empty re
ord Aggx;133 introdu
e field Aggx[dj ℄ with empty pointer array for the 
hild y of x;134 if SEL-ANC1(Agg; x; hdj ; : : : ; d0i) f135 add new pointer 
olumn Aggx[dj ; y[1; �℄℄ to Aggx[dj ; y℄;136 introdu
e verti
al pointer from Aggx[dj ; y[1; v℄℄ to Aggy [di℄;137 return true;138 g139 else return false;140 g141 else f151 if field Aggx[dj ℄ exists then f152 if Aggx[dj ℄ is not red then f153 add new pointer 
olumn Aggx[dj ; y[k; �℄℄ to Aggx[dj ; y℄;154 introdu
e verti
al pointer from Aggx[dj ; y[k; v℄℄ to Aggy [di℄;155 return true;156 g157 else158 return false;159 g160 else f161 introdu
e a field Aggx[dj ℄ with empty pointer array for the 
hild y of x;162 if SEL-ANC1(Agg; x; hdj ; : : : ; d0i) f163 add new pointer 
olumn Aggx[dj ; y[1; �℄℄ to Aggx[dj ; y℄;164 introdu
e verti
al pointer from Aggx[dj ; y[1; v℄℄ to Aggy[di℄;165 return true;166 g167 else return false;168 g169 g170 gPhase 2: CleaningIn the 
ase of sequen
e queries, the 
leaning pro
edure is remarkably simple: Allred �elds are removed from the aggregate. We will see later that the situation willbe
ome more 
ompli
ated for tree queries.pro
edure Void CLEAN1(Aggt Agg) ffor all fields Aggx[d℄ in Agg do fif Aggx[d℄ is red thenremove Aggx[d℄ with all its pointer 
olumns;gg



5.4. ALGORITHM FOR EVALUATING TREE QUERIES 735.4.2 Partially Ordered Tree Queries on Relational Do
u-ment Stru
turesWe will now treat the full s
ope of queries 
overed in this 
hapter: partially orderedtree queries on ordered do
ument stru
tures. We will use the basi
 
omputations
heme of sequen
e queries based on alignment of paths. Compared with the 
ase ofsimple sequen
e queries we 
an observe three new phenomena: (1) The o

urren
eof order 
onstraints, (2) the possibility that a �eld that was entered su

essfullyduring the alignment of one query path must be removed sin
e it 
annot 
ontributeto the alignment of another query path, and �nally (3) the fa
t that removal of�elds during 
leaning may trigger removal of other, depending, �elds. The mainpro
edure COMP-AGG2 now de
omposes the query into paths that are handed toSEL-ANC2. This pro
edure takes another argument, Isol-F, a sta
k 
olle
ting all�elds being 
olored red during the 
onstru
tion pro
ess. In order to treat observa-tion (3), Isol-F will guide the 
leaning pro
ess together with a 
olle
tion Isol-PC
ontaining all pointer 
olumns that must be removed. The 
onstru
tion pro
ess ofSEL-ANC2 does not 
onsider order 
onstraints. The representational and 
ompu-tational information about them is introdu
ed with the pro
edure INTR-HOR-P,treating observation (1). In order to 
ope with observation (2), re
ords are markedas old or new (lines 17 and 24). Re
ords that have been introdu
ed newly duringthe treatment of the a
tual query path are marked as new, all others as old. Thisinformation will be used in pro
edure CREATE2.1 pro
edure Aggt COMP-AGG2(Query Q, Database db) f2 Aggt Agg := ;;3 IsolFields Isol-F := ;;16 for all inverted paths �Q := hxk; : : : ; x0i of Q do f17 Agg := Agg [ fAggxkg where Aggxk is an empty re
ord marked new;18 � := list of inv. do
. paths obtained from path sel. index for �Q and db;1920 for ea
h path � = hdm; dm�1; : : : ; d0i of � do f21 introdu
e a field Aggxk [dm℄ with empty pointer array for 
hild y of x;22 SEL-ANC2(Agg; xk; hdm; dm�1 : : : ; d0i; Isol-F);23 g24 mark all new re
ords as old;25 g29 IsolCols Isol-PC := ;;30 INTR-HOR-P(Q;Agg; Isol-F; Isol-PC)31 CLEAN2(Agg; Isol-PC; Isol-F);32 return Agg;33 gPhase 1: Constru
tionThe stru
ture and re
ursive dependen
y s
heme of the two pro
edures SEL-ANC2and CREATE2 is roughly the same as for SEL-ANC1 and CREATE1. SEL-ANC2di�ers from SEL-ANC1 only in the fa
t that �elds that are 
olored red are inaddition added to the sta
k Isol-F of isolated �elds (line 122). The stru
ture ofCREATE2 is enri
hed by another 
ase, distinguishing between new and old re
ords.New re
ords are treated in the same way as in CREATE1. In old re
ords no new�elds 
an be inserted and it is therefore 
he
ked whether a �eld already exists (lines142-149). If this is not the 
ase, node dj is not entered and CREATE2 returnsfalse. The intuition behind this is that query node x has already been treatedas part of another query path (be
ause the re
ord Aggx is marked old). In thistreatment, dj did not qualify as an image of x. Therefore dj 
annot qualify asimage of x globally, even if it does qualify now in the lo
al treatment of the a
tualquery path. Aggx[dj ℄ would ne
essarily be a downwards isolated �eld, that had tobe dete
ted and removed in the rest of the algorithm. The rest of CREATE2 is the



74 CHAPTER 5. COMPUTING COMPLETE ANSWER AGGREGATESsame as CREATE1.The new pointer 
olumns that are introdu
ed in lines 144 and 153 have to beinserted at a position so that the order of pointer 
olumns (re
e
ting the order ofthe target 
andidates being pointed at by the verti
al pointers) is respe
ted: Ina pointer array a pointer 
olumn pre
edes another pointer 
olumn i� the verti
alpointer of the former points to a �eld pre
eding the �eld pointed at by the verti
alpointer of the latter.The new pro
edure INTR-HOR-P serves two goals: (1) Dete
t downwards iso-lated �elds in Agg and add them to Isol-F (lines 176-180), and (2) 
ompute andinsert administrative information for managing the order 
onstraints and dete
t-ing pointer 
olumns not respe
ting the order 
onstraints (lines 181-201). In orderto a
hieve these goals, INTR-HOR-P visits every array Aggx[d; yi℄. If this array isempty, the �eld is downwards isolated and therefore 
olored red and added to Isol-F(lines 177-179) for later removal. In the other 
ase, all relevant left-to-right order-ing 
onstraints yi <lr yj are 
onsidered. At this point the order of pointer 
olumnsre
e
ting the order of their verti
al pointers be
omes important. For ea
h pointer
olumn the pro
edure tries to introdu
e the appropriate horizontal pointer (lines185-193). If this is not possible (i.e., for right isolated pointer 
olumns) a \dangling"pointer ? is introdu
ed and the pointer 
olumn is added to the sta
k Isol-PC ofisolated pointer 
olumns and 
olored yellow for later removal (lines 194-198). Whentreating the �rst pointer 
olumn Aggx[d; yi[1; �℄℄ we also 
he
k if Aggx[d; yj ℄ 
on-tains left isolated pointer 
olumns (lines 187-191). These are added to the sta
k ofisolated pointer 
olumns.101 pro
edure Bool SEL-ANC2(Aggt Agg,QNode y,DBNodes hdi; : : : ; d0i,IsolFields Isol-F) f102 Bool Node-Found := false;103 if y = root of Q or i = 0 then f104 if y is root of Q then Node-Found := true;105 g106 else f107 x := parent of y in Q;108 if y is a rigid 
hild of x in Q then f109 if hdi; di�1i satisfy index formulae for hy; xi in Q then f110 if CREATE2(x; di�1;Agg; y; hdi; : : : ; d0i) then Node-Found := true;111 g112 g113 else f114 for ea
h node dj in fdi�1; : : : ; d0g do f115 if hdi; dji satisfy index formulae for hy; xi in Q then f116 if CREATE2(x; dj ;Agg; y; di; hdi; : : : ; d0i) then Node-Found := true;117 g118 g119 g120 g121 if not Node-Found then f122 add Aggy[di℄ to Isol-F;123 COLOR-RED(Agg,y,di);124 g125 return Node-Found;126 g127128129 pro
edure Bool CREATE2(QNode x, DBNode dj, Aggt Agg,130 QNode y, DBNodes hdi; : : : ; d0i, IsolFields Isol-F) f131 if re
ord Aggx does not exist in Agg then f132 introdu
e empty re
ord Aggx marked new;133 introdu
e field Aggx[dj ℄ with empty pointer arrays for the 
hildren of x;134 if SEL-ANC2(Agg; x; hdj ; : : : ; d0i) f135 add a pointer 
olumn Aggx[dj ; y[1; �℄℄ to Aggx[dj ; y℄;136 introdu
e verti
al pointer from Aggx[dj ; y[1; v℄℄ to Aggy [di℄;137 return true;138 g



5.4. ALGORITHM FOR EVALUATING TREE QUERIES 75139 else return false;140 g141 else f142 if Aggx is marked old then f143 if field Aggx[dj ℄ exists and is not marked red then f144 add a new pointer 
olumn Aggx[dj ; y[k; �℄℄ to Aggx[dj ℄;145 introdu
e a verti
al pointer from Aggx[dj ; y[k; v℄℄ to Aggy[di℄;146 return true;147 g148 else return false;149 g150 else f151 if field Aggx[dj ℄ exists then f152 if Aggx[dj ℄ is not marked red then f153 add a pointer 
olumn Aggx[dj ; y[k; �℄℄ to Aggx[dj ; y℄;154 introdu
e verti
al pointer from Aggx[dj ; y[k; v℄℄ to Aggy[di℄;155 return true;156 g157 else158 return false;159 g160 else f161 introdu
e field Aggx[dj ℄ with empty pointer arrays for 
hildren of x;162 if SEL-ANC2(Agg; x; hdj ; : : : ; d0i) f163 add a pointer 
olumn Aggx[dj ; y[1; �℄℄ to Aggx[dj ; y℄;164 introdu
e verti
al pointer from Aggx[dj ; y[1; v℄℄ to Aggy [di℄;165 return true;166 g167 else return false;168 g169 g170 g171 g172173174 pro
edure Void INTR-HOR-P(Query Q, Aggt Agg,175 IsolFields Isol-F, IsolCols Isol-PC) f176 for ea
h array Aggx[d; yi℄ of Agg do f177 if Aggx[d; yi℄ = empty array then f178 add Aggx[d℄ to Isol-F;179 COLOR-RED(Agg,x,d);180 g181 else f182 for ea
h 
onstraint yi <lr yj of Q do f183 for ea
h 
olumn Aggx[d; yi[l; �℄℄ of Aggx[d; yi℄ do f184 ei := address node of Aggx[d; yi[l; v℄℄;185 if exists k := minimal number s.th. address node ej186 of Aggx[d; yj [k; v℄℄ satisfies ei <lr ej then f187 if l = 1 and k > 1 then188 for all k0 < k do f189 add Aggx[d; yj [k0; v℄℄ to Isol-PC;190 COLOR-YELLOW(Agg,x,d,yj,k0);191 g192 introdu
e hor. pointer Aggx[d; yi[l; yj ℄℄ pointing to Aggx[d; yj [k; �℄℄;193 g194 else f195 set pointer Aggx[d; yi[l; yj ℄ to ?;196 add Aggx[d; yi[l; �℄℄ to Isol-PC;197 COLOR-YELLOW(Agg,x,d,yi,l);198 g199 g200 g201 g202 g203 g



76 CHAPTER 5. COMPUTING COMPLETE ANSWER AGGREGATESPhase 2: CleaningIn phase 2 the pointer 
olumns in Isol-PC and the �elds in Isol-F are removed fromthe aggregate. All pointer 
olumns in Isol-PC are marked yellow in the beginning.Basi
ally the following pro
edure is very simple. We take the eliminable elementsfrom the sta
ks and erase them by 
alls to the pro
edures ELIM-F/ and ELIM-PC.Sin
e the erasure of an isolated element may lead to new isolated elements thepro
ess has to be organized in a re
ursive way. If during this pro
ess a re
ord Aggxbe
omes empty, then the pro
edure stops (Solution-Possible = false). Otherwiseit 
ontinues until all isolated �elds and pointer 
olumns are erased.In the presen
e of left-to-right ordering 
onstraints, the strategy has to be mod-i�ed. We do not immediately erase an isolated pointer 
olumn that possibly servesas the address of horizontal pointers. The reason is that we have to re-address thesehorizontal pointers, using the 
olumn that represents the right neighbour as the newaddress. With the naive strategy this pro
ess possibly would have to be iterated,we would end up with a quadrati
 
omplexity.Hen
e, when treating yellow pointer 
olumns that possibly serve as the targetof horizontal pointers we pro
eed in two steps. Instead of erasing the 
olumn, weonly eliminate the (verti
al and horizontal) pointers departing from the 
olumn and
olour the 
olumn \red" afterwards. Horizontal pointers to red 
olumns are onlyre-addressed on
e, after all yellow elements have been treated (lines 316-321).The pro
edure ELIM-PC eliminates/
olors isolated pointer 
olumns. We saythat the address �eld Aggy[e℄ of a verti
al pointer Aggx[d; y[l; v℄℄ is upwards isolatedup to Aggx[d; y[l; v℄℄ i� Aggx[d; y[l; v℄℄ is the only verti
al pointer with address �eldAggy[e℄. During a 
all to ELIM-PC the verti
al pointer of the 
olumn is erased(line 335), adding the target �eld to Isol-F if the �eld be
omes upwards isolated(lines 329-333). When treating the last non-red 
olumn of an array (337-340) weknow that after the �nal removal of red 
olumns the a
tual �eld will be downwardsisolated. Hen
e the �eld is added to Isol-F. In the situation of lines 346-349 the
olumns Aggx[d; yi[k0; �℄℄ are ne
essarily left-isolated when removing red 
olumns.In the situation of lines 358-361 the 
olumns Aggx[d; yi[k0; �℄℄ are ne
essarily right-isolated when removing red 
olumns.The pro
edure ELIM-F simply removes isolated �elds by �rst removing all ver-ti
al pointers pointing at them (lines 377-381) and then removing all pointers of the�eld itself (line 390). This latter removal 
an 
ause other �elds to be
ome upwardsisolated (lines 386-389).301 pro
edure Bool CLEAN2(Aggt Agg, IsolCols Isol-PC, IsolFields Isol-F) f302 Bool Solution-Possible := true;303 repeat until Solution-Possible = false or Isol-PC = Isol-F = ; f304 if Isol-F 6= ; then f305 let Aggx[d℄ 2 Isol-F;306 if not ELIM-F(Agg; x; d; Isol-PC; Isol-F) then307 Solution-Possible=false;308 g309 else f310 let Aggx[d; y[l; �℄℄ 2 Isol-F;311 ELIM-PC(Agg; x; d; y; l; Isol-PC; Isol-F);312 g313 g314 if not Solution-Possible return false;315316 for ea
h red pointer 
olumn Aggx[d; y[l; �℄℄ of Agg do f317 sele
t minimal l0 > l where 
olumn Aggx[d; y[l0; �℄℄ is not red;318 re-address horizontal pointers with target Aggx[d; y[l; �℄℄319 to new address Aggx[d; y[l0; �℄℄;320 erase Aggx[d; y[l; �℄℄;321 g322 return true;



5.4. ALGORITHM FOR EVALUATING TREE QUERIES 77323 g324325326 pro
edure Void ELIM-PC(Aggt Agg, QNode x, DBNode d, QNode y, Nat l,327 IsolCols Isol-PC, IsolFields Isol-F) f328 if Aggx[d; y[l; v℄℄ is not dangling then f329 Aggy[e℄ := address field of Aggx[d; y[l; v℄℄;330 if Aggy[e℄ is upwards isolated up to Aggx[d; y[l; v℄℄ then f331 add Aggy[e℄ to Isol-F;332 COLOR-RED(Agg,y,e);333 g334 g335 erase Aggx[d; y[l; v℄℄;336337 if Aggx[d; y[l; �℄℄ is the only non-red 
olumn of Aggx[d; y℄ then f338 add Aggx[d℄ to Isol-F;339 COLOR-RED(Agg,x,d);340 g341 else f342 if Aggx[d; y[l; �℄℄ is the leftmost non-red 
olumn of Aggx[d; y℄ then f343 let Aggx[d; y[l0; �℄℄ be the next non-red 
olumn of Aggx[d; y℄;344 for ea
h hor. pointer Aggx[d; y[l0; y0℄℄ of Aggx[d; y[l0; �℄℄ do f345 let Aggx[d; yi[k;�℄℄ := target of Aggx[d; y[l0; yi℄℄;346 for ea
h k0 < k where 
olumn Aggx[d; yi[k0; �℄℄ neither yellow nor red do f347 add Aggx[d; yi[k0; �℄℄ to Isol-PC;348 COLOR-YELLOW(Agg,x,d,yi,k0);349 g350 g351 g352 else f353 if Aggx[d; y[l; �℄℄ is the rightmost non-red 
olumn of Aggx[d; y℄ then f354 let Aggx[d; y[l0; �℄℄ be the pre
eding non-red 
olumn of Aggx[d; y℄;355 let l1; : : : ; lk = l denote the indexes of su

essor 
olumns356 of Aggx[d; y[l0; �℄℄ ending at Aggx[d; y[l; �℄℄;357 for ea
h 1 � i � k do358 for ea
h hor. pointer Aggx[d; yj [m; y℄℄ with address Aggx[d; y[li; �℄℄ do f359 add Aggx[d; yj [m; �℄℄ to Isol-PC;360 COLOR-YELLOW(Agg,x,d,yj,m);361 g362 g363 g364365 erase all hor. pointers departing from Aggx[d; y[l; �℄℄;366367 if Aggx[d; y[l; �℄℄ is not target of any hor. pointer then368 erase Aggx[d; y[l; �℄℄369 else370 COLOR-RED Aggx[d; y[l; �℄℄;371 g372 g373374375 pro
edure Bool ELIM-F(Aggt Agg, QNode x, DBNode d,376 IsolCols Isol-PC, IsolFields Isol-F) f377 for ea
h verti
al pointer Aggz[d0; x[k; v℄℄ with address field Aggx[d℄ do f378 redefine address of Aggz[d0; x[k; v℄℄ to ?;379 add Aggz[d0; x[k; �℄℄ to Isol-PC;380 COLOR-YELLOW(Agg,z,d0,x,k);381 g382383 for ea
h 
hild y of x in Q do384 for ea
h 
olumn Aggx[d; y[l; �℄℄ of Aggx[d; y℄ do f385 Aggy[e℄ := address field of Aggx[d; y[l; v℄℄;386 if Aggy [e℄ is upwards isolated up to Aggx[d; y[l; v℄℄ then f387 add Aggy [e℄ to Isol-F;388 COLOR-RED(Agg,y,e);389 g



78 CHAPTER 5. COMPUTING COMPLETE ANSWER AGGREGATES390 erase Aggx[d; y[l; �℄℄;391 g392393 erase Aggx[d℄;394 if Aggx = empty re
ord then395 return false396 else397 return true;398 g5.4.3 OptimizationsWe will introdu
e two optimizations for the basi
 algorithm in order to dete
t andtreat spe
ial 
ases where the performan
e 
an be made more eÆ
ient. These spe
ial
ases are given by the number of paths returned by the path sele
tion index.Order of Query Path TreatmentWe 
an redu
e the number of target 
andidates that are stored in the answer aggre-gate during 
omputation if we �rst treat those query paths that have to be 
omparedwith a small number of database paths. Therefore we �rst 
hose query paths whoseindex a

esses return a small number of database paths.We need therefore a further index stru
ture, the re
all index returning the re
allREC(�Q) of the (
ombined) a

esses to the the path sele
tion index triggered bya query path �Q. The re
all of an index a

ess is de�ned as the number of pathsreturned.Top-down TreatmentIn many 
ases the re
all of the path sele
tion index a

esses is too high to performeÆ
iently. Take as an example a query spe
ifying a set of arti
les of interest by their
ontent and stru
ture, and additionally restri
ting the arti
les to ones 
ontaininga �gure. Su
h a query 
ontains a query path ending at a stru
tural leaf with thelabel \�gure" that 
ontains no additional index information. It is likely that thepath sele
tion index will return very many database paths to a \�gure" node, i.e.the re
all of the path sele
tion index a

ess with label \�gure" is very high. Weagain use the re
all index here. If the re
all value REC(�Q) for a given query path�Q is above a given threshold, the algorithm treats the query path in a top-downfashion in a navigational way using the node database.The algorithm in
orporating the two optimizations has the same basi
 stru
tureas before. In lines 6-15 of COMP-AGG3 we de�ne two path sets �>tQ for the querypaths with re
all higher than threshold t and ��tQ 
ontaining query paths with are
all smaller or equal than t. The paths in ��tQ are sorted a

ording to their re
all:the paths with lower re
all pre
ede ones with higher re
all. If no query path hasa re
all below the threshold, ��tQ 
ontains the path with the lowest re
all and �>tQall other query paths (lines 12-15). This is ne
essary, sin
e we need at least onepath with bottom-up treatment for �lling the aggregate partially before beginningthe top-down treatment. The query paths in ��tQ are treated in the main loop(lines 16-25) in the bottom-up fashion as in COMP-AGG2, apart from the fa
tthat query paths with lower re
all are treated �rst. For the paths in �>tQ a 
all toINIT-TD-ALIGN triggers the top-down treatment (lines 26 and 27) with pro
edureTD-ALIGN .The stru
ture of TD-ALIGN and INIT-TD-ALIGN is similar to the stru
tureof SEL-ANCn and CREATEn with the di�eren
e that TD-ALIGN pro
eeds in atop-down fashion and that the alignment pro
ess is guided by the node database(with 
alls to the set of 
hildren of a database node d) instead of path sets returned
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tion index. INIT-TD-ALIGN �nds the bottom-most slot, that hasalready been treated as part of another query path (line 403). It then tests for all�elds 
ontained in this slot and their des
endants whether they 
an be aligned withthe rest of the query path. These alignments tests are performed by the re
ursivepro
edure TD-ALIGN : This pro
edure assumes that database node d has alreadybeen entered as a �eld into re
ord Aggx1 and now tries, whether e 
an be enteredas �eld into Aggx2 , where x2 is the 
hild of x1 in the a
tual path. If there exists nore
ord Aggx2 , it is 
reated (lines 4219 and 420). If the �eld Aggx2 [e℄ already existsand is not 
olored red, it is linked to Aggx1 [d℄ and the re
ursive pro
edure stops(lines 423-429). In the other 
ase it is only linked if hd; ei satisfy the index formulaefor hx1; x2i and if one of the re
ursive 
alls to TD-ALIGN su

eeds (lines 431-447).If the edge between x1 and x2 is a soft edge, then the re
ursive 
alls are in additionmade to the 
hildren of e (lines 448-451).The pro
edure COMP-AGG3 
ontains, besides the 
all to the path sele
tionindex in line 18 and 19, a 
all to the re
all index that is impli
it in the program 
odeby referring to the fun
tion REC (lines 5-11). The pro
edures INIT-TD-ALIGNand TD-ALIGN 
ontain a 
all to the node database in lines 406, 436 and 449. Inaddition, TD-ALIGN 
ontains a 
all to the alignment index in line 431.1 pro
edure Aggt COMP-AGG3(Query Q, Database db, int t) f2 Aggt Agg := ;;3 IsolFields Isol-F := ;;45 let �0Q be the inv. query path with lowest re
all;6 if REC(�0Q) < t then f7 let �>tQ be the list of inv. query paths with re
all8 higher than threshold t;9 let ��tQ be the list of inv. query paths with re
all10 lower or equal than threshold t with as
ending re
all;11 g12 else f13 let ��tQ := f�0Qg;14 let �>tQ be the set of all query paths ex
luding �0Q;15 g16 for all (sorted) inv. query paths �Q := hxk; : : : ; x0i in ��tQ do f17 Agg := Agg [ fAggxkg where Aggxk is an empty re
ord marked new;18 � := list of inv. do
. paths obtained from path sele
tion index19 for �Q and db;20 for ea
h path � = hdm; dm�1; : : : ; d0i of � do f21 introdu
e a field Aggxk [dm℄;22 SEL-ANC2(Agg; xk; hdm; dm�1 : : : ; d0i; Isol-F);23 g24 mark all new re
ords as old;25 g26 for all inverted query paths �Q in �>tQ do27 INIT-TD-ALIGN(Agg,�Q,Isol-F);2829 IsolCols Isol-PC := ;;30 INTR-HOR-P(Q;Agg; Isol-F; Isol-PC)31 CLEAN2(Agg; Isol-PC; Isol-F);32 return Agg;33 g401 pro
edure Void INIT-TD-ALIGN (Aggt Agg, QueryPath �Q, IsolFields Isol-F) f402 let �Q = hxm; : : : ; x0i;403 let k be maximal so that xk is marked old;404 for all non-red fields Aggxk [d℄ in Aggxk do f405 Bool Node-Found := false;406 for all 
hildren e of d do407 if TD-ALIGN(Agg, hxk; : : : ; xmi,d,e,Isol-F) then408 Node-Found := true;



80 CHAPTER 5. COMPUTING COMPLETE ANSWER AGGREGATES409 if not Node-Found then f410 add Aggxk [d℄ to Isol-F;411 COLOR-RED(Agg,xk,d);412 g413 g414 g415416417 pro
edure Bool TD-ALIGN(Aggt Agg, QNodes hx1; : : : ; xmi,418 DBNode d, DBNode e, IsolFields Isol-F) f419 if re
ord Aggx2 does not exist then420 introdu
e empty re
ord Aggx2;421422 Bool Node-Found := false;423 if field Aggx2 [e℄ exists f424 if Aggx2 [e℄ is not red f425 add a pointer 
olumn Aggx1 [d; x2[l; �℄℄ to Aggx[dj ; y℄;426 introdu
e verti
al pointer from Aggx1 [d; x2[l; v℄℄ to Aggx2 [e℄;427 Node-Found := true;428 g429 g430 else f431 if hd; ei satisfy index formulae for hx1; x2i then f432 introdu
e field Aggx2 [e℄ with empty pointer array for the 
hildren y of x2;433 if m = 2 then434 Node-Found := true;435 else436 for all 
hildren f of e do437 if TD-ALIGN(Agg,hx2; : : : ; xmi,e,f,Isol-F)) then438 Node-Found := true;439 if Node-Found then f440 add a pointer 
olumn Aggx1 [d; x2[l; �℄℄ to Aggx[dj ; y℄;441 introdu
e verti
al pointer from Aggx1 [d; x2[l; v℄℄ to Aggx2 [e℄;442 g443 else f444 add Aggx2 [e℄ to Isol-F;445 COLOR-RED(Agg,x2,e);446 g447 g448 if x2 is a soft 
hild of x1 then449 for all 
hildren e0 of e do450 if TD-ALIGN(Agg,hx1; : : : ; xmi,d,e0,Isol-F) then451 Node-Found := true;452 g453 return Node-Found;454 g5.5 Corre
tnessIn this se
tion we prove the existen
e parts of Theorems 4.11 and 4.40. Clearly,simple tree queries are a spe
ial 
ase of partially ordered tree queries and it suÆ
esto prove Theorem 4.40. Sin
e the algorithm 
omputes 
omplete answer aggregatesas opposed to 
omplete answer formulae we �rst give an internal 
hara
terizationof 
omplete answer aggregates. We will show that the algorithm 
omputes anaggregate that satis�es the 
onditions of this 
hara
terization, whi
h proves Theo-rem 4.40.Lemma 5.10 Let Q be a partially ordered tree query and D an ordered do
umentstru
ture. An aggregate Agg is the 
omplete answer aggregate AggQ for Q and Di� the following 
onditions are satis�ed:(AGG1) Ea
h instantiation � of Agg is an answer to Q and D and vi
e versa,(AGG2) every �eld/pointer 
olumn of Agg belongs to an instantiation of Agg.



5.5. CORRECTNESS 81The simple proof is omitted. We only note that (AGG1) exa
tly 
orresponds tothe \
ontribution obligation" 
ondition for dependent Q-instantiation formulae (
f.paragraph below De�nition 4.31). Hen
e it remains to prove that the aggregateAgg that represents the output of the algorithm satis�es (AGG1) and (AGG2). Letus start with some simple observations.Lemma 5.11 Let Agg1 and Isol-F1 denote the value of variables Agg and Isol-Fin line 29 of COMP-AGG2. Then all upwards isolated �elds of Agg1 are in Isol-F1.Proof. This follows from the fa
t that whenever we 
annot �nish the bottom-up alignment of inverted query path and inverted do
ument paths we add the �eldof the last su

essful alignment step to Isol-F1 (
f. SEL-ANC and CREATE). Thesame is true for the top-down-alignment (
f. TD-ALIGN ).Lemma 5.12 Let Agg2, Isol-F2 and Isol-PC2 denote the value of variables Agg,Isol-F and Isol-PCafter treating line 30. Then all isolated �elds and pointer 
olumnsof Agg2 are in Isol-F2 and Isol-PC2 respe
tively.Proof. Clearly Lemma 5.11 implies that upwards isolated �elds are in Isol-F2.INTR-HOR-P treats ea
h array Aggx[d; y℄ of the aggregate and adds downwardsisolated �elds to Isol-F. It also adds ea
h right or left isolated pointer 
olumn toIsol-PC.During phase 2, let us 
all a �eld/pointer 
olumn quasi-isolated if the elementbe
omes isolated when removing red pointer 
olumns.Lemma 5.13 At ea
h time of the 
omputation in phase 2, ea
h quasi-isolated �eldis either on the a
tual sta
k Isol-F or it represents the a
tual argument of the elim-ination sub-pro
edure that is exe
uted. Ea
h quasi-isolated pointer 
olumn is eitheron the a
tual sta
k Isol-PC, or it represents the a
tual argument of the eliminationsub-pro
edure that is exe
uted, or it is 
oloured \red".Proof. Follows from Lemma 5.12 by a trivial indu
tion and inspe
tion ofCLEAN2, noti
ing that a new quasi-isolated �eld/pointer 
olumn 
an only be theresult of the elimination/red 
olouring of a �eld/pointer 
olumn that had beenquasi-isolated previously.Lemma 5.14 Let Agg3 denote the output of the algorithm. Then Agg3 does nothave isolated �elds or pointer 
olumns.Proof. Consider the situation in CLEAN2 where both Isol-F and Isol-PC areempty. In this situation by Lemma 5.13, the only quasi-isolated elements that areleft are the red pointer 
olumns. These 
olumns are erased in CLEAN2. Clearlythe elimination of a red 
olumn 
annot lead to a new quasi-isolated element.Lemma 5.15 If an aggregate Agg for Q does not have any isolated �eld/pointer
olumn, then every �eld/pointer 
olumn of Agg belongs to an instantiation of Agg.Proof. We pro
eed by indu
tion on hQ(x) where x is the root of Q. IfhQ(x) = 0, then Aggx is the only re
ord of Agg and the statement is trivial. Assumenow that hQ(x) > 0, let y1; : : : ; yh denote the 
hildren of x in Q. Let Aggi denotethe sub-aggregate with topmost re
ord Aggyi (1 � i � h). By indu
tion hypothesisea
h �eld/pointer 
olumn of Aggi belongs to an instantiation of Aggi. Now letAggz [d0℄ be a �eld of Agg. We distinguish two 
ases.In the �rst 
ase, Aggz [d0℄ is a �eld of a sub-aggregate Aggi. We may use theindu
tion hypothesis to obtain an instantiation �i of Aggi su
h that Aggz [d℄ belongs



82 CHAPTER 5. COMPUTING COMPLETE ANSWER AGGREGATESto �i. Let ei = �(yi). Sin
e Aggyi [ei℄ is not upwards isolated there exists a �eldAggx[d℄ with a verti
al pointer Aggx[d; yi[li; v℄℄ (for suitable li) with address �eldAggyi [ei℄. Sin
e Aggx[d℄ is not downwards isolated and sin
e no pointer 
olumnof Aggx[d℄ is left or right isolated it follows easily that we may sele
t for all 1 �j 6= i � h verti
al pointers Aggx[d; yj [lj ; v℄℄ with address �elds Aggyj [ej ℄ that obey
ondition (INST3) of De�nition 4.18. By indu
tion hypothesis, ea
h of the �eldsAggyj [ej ℄ belongs to an instantiation �j of Aggj (1 � j 6= i � h). Combining themappings �j for 1 � j � h and mapping x to d we obtain an instantiation � of Aggsu
h that Aggz [d0℄ belongs to �.In the se
ond 
ase, where Aggz[d0℄ = Aggx[d℄ is in Aggx we may dire
tly use thefa
t that Aggx[d℄ is not downwards isolated and no pointer 
olumn of Aggx[d℄ isleft or right isolated to 
on
lude with the indu
tion hypothesis that there exists aninstantiation � of Agg su
h that Aggz[d0℄ belongs to �.The proof that ea
h pointer 
olumn of Agg belongs to a suitable instantiation ofAgg is analogous.Summing up, we have seen that the output aggregate of the algorithm satis�es(AGG2) of Lemma 5.10. We now show 
ompleteness of the algorithm.Lemma 5.16 Ea
h answer to Q may be obtained as an instantiation of the outputaggregate Agg of the algorithm.Proof. Let � : fr(Q) ! D be an answer to Q. If �Q = hxk ; : : : ; x0i is aninverted query path, then let � = hdm; dm�1; : : : ; d0i denote the unique inverteddo
ument path with �rst (bottom-most) element �(xk). By assumption, � is oneof the paths obtained by the index a

ess for �Q (
f. Remark 5.3). The mapping� determines a mat
h ��Q : fxk; : : : ; x0g ! fdm; dm�1; : : : ; d0g that 
an be usedby the algorithm for su

essful alignment of the two paths. This shows that in thestate of line 29 ea
h re
ord Aggxi will have a �eld Aggxi [�(xi)℄ (0 � i � k), withverti
al pointer Aggxi [�(xi); xi+1[l; v℄℄ to Aggxi+1 [�(xi+1)℄ for i < k and suitable l.The 
ombination of the mappings ��Q for distin
t inverted query paths �Q, i.e, themapping �, satis�es 
onditions (INST1) and (INST2) of De�nition 4.18. Sin
e � isan answer to Q, and by de�nition of horizontal pointer addresses, it follows also that� satis�es 
ondition (INST3) of De�nition 4.18. Hen
e it de�nes an instantiationof the aggregate Agg1 that is rea
hed after Phase 1.Clearly none of the �elds/pointer 
olumns that belong to � are isolated in Agg1.We now show by indu
tion that none of the �elds/pointer 
olumns that belong to� be
omes quasi-isolated when applying ELIM-PC and ELIM-F. This shows that� is an instantiation of the aggregate Agg2 obtained as output of the algorithm and�nishes the proof. By Lemma 5.13 it suÆ
es to show that none of the �elds/pointer
olumns that belong to � are added to Isol-F and Isol-PC respe
tively. A simpleinspe
tion of the pro
edures ELIM-PC and ELIM-F shows that a �eld/pointer
olumn that belongs to � 
an only be added to Isol-F and Isol-PC during a pro
esswhere we a
tually eliminate (or 
olour red) another �eld/pointer 
olumn belongingto �. This would mean that the latter �eld/pointer 
olumn had been added toIsol-F and Isol-PC before, whi
h 
ontradi
ts the indu
tion hypothesis.It remains to prove soundness of the algorithm.Lemma 5.17 Ea
h instantiation of the output aggregate Agg of the algorithm isan answer to Q.Proof. Let � be an instantiation of Agg. Let y be a 
hild of x in Q, and lete := �(y) and d := �(x). Remark 5.3 and the tests in SEL-ANC ensure that (e; d)satis�es all unary and binary index formulae imposed on (y; x) in Q. Condition(INST3) of De�nition 4.18 ensures that � satis�es all ordering 
onstraints of Q.Hen
e � is an answer to Q.
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e ComplexityBefore we state the main 
omplexity result we start with some general remarks.Remark 5.18 The pre-order relationship <Dp on D 
an be represented by assigningto every node d a natural number ord(d) as identi�er so thatord(d1) < ord(d2) i� d1 <p d2:We assume that the 
omparison of two natural numbers is of 
onstant-time 
om-plexity.4 Pro
edure INTR-HOR-P also in
ludes tests d1 <Dlr d2. For these tests weuse a supplementary pointer stru
ture (that 
an be integrated as part of the nodedatabase): ea
h node d 2 D has a pointer to the node e = minsu

(d) that repre-sents the �rst <Dp -su

essor of d that is larger than d with respe
t to left-to-rightordering, i.e. that is no des
endant of d. In other words, we have d <Dlr e and thereis no node e0 <Dp e su
h that d <Dlr e0. With this prerequisite, Lemma 3.4 allowsto redu
e the left-to-right ordering to the pre-order relationship: in fa
t the lemmashows that for d1; d2 2 D we have d1 <Dlr d2 i� minsu

(d1) �Dp d2 and the latterformula 
an be tested in 
onstant time.Remark 5.19 Let E � D and assume that the pre-order relationship <Dp on E isen
oded using a balan
ed binary tree with height of order O(log(jDj)) where theelements of E are represented by the leaves. Assume that ea
h node is 
olouredbla
k, yellow, or red. Then the following operations 
an be 
omputed in timeO(log(jDj)):� �nd the �rst prede
essor (su

essor) (w.r.t. \<Dp ") of a given element thathas a given 
olour,� 
he
k if a given element is the only (right-most, left-most) element of a given
olour,� 
hange the 
olour of a given element.The operations 
an be implemented by adding to ea
h inner node of the binary treea label \bla
k" (\yellow", or \red") i� it has a su

essor leaf that has the respe
tive
olour.We may now state the main 
omplexity result.Theorem 5.20 The worst-
ase time-
omplexity of the algorithm des
ribed in Se
-tion 5.4.2 is of order O(jQj � jDj �hD � logjDj). If Q is rigid, or if D is non-re
ursiveand Q is labeling-
omplete, then the time-
omplexity is O(jQj � jDj � log(jDj)). Ineither 
ase the worst-
ase spa
e 
omplexity is O(jQj � jDj � hD).Proof. Sin
e the maximal size of an aggregate for a query Q and orderedrelational do
ument stru
ture is a

ording to Theorem 4.49 of order O(jQj�jDj�hD),the spa
e 
omplexity result holds trivially.Lemma 5.5 shows that we may ignore the a

ess to the path sele
tion index forobtaining the above bound.First we 
onsider lines 16-29 of the algorithm.As we noted in the des
ription of the algorithm the total number of 
alls to pro-
edure SEL-ANC is bounded by jQj � jDj. Ea
h non-trivial test in SEL-ANC 
an4In fa
t, if we do not impose an upper bound on the natural numbers, the time 
omplexity ofthe 
omparison is O(log(n)). But it is a reasonable and 
anoni
al assumption in database theoryto impose an upper bound on the size of databases, e.g. that the database should not 
ontainmore than 232 nodes. Then we 
an rely on eÆ
ient hardware treatment for the 
omparison of two32-bit integers.
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onstant time (
f. Remark 5.6), the number of tests in one 
allto SEL-ANC , similarly as the number of possible 
alls to CREATE, is boundedby hD. Let us investigate ea
h of the steps of pro
edure CREATE. Obviously,given x 2 fr(Q) it is possible (e.g., by adding appropriate information to the query)to 
he
k in 
onstant-time if a re
ord Aggx exists and to determine whether it ismarked as new or old. Using binary sear
h it takes time O(log(jDj)) to 
he
k if a�eld Aggx[dj ℄ exists for given x and dj . The same bound holds for the introdu
tionof new pointer 
olumns and �elds where pre-ordering has to be respe
ted. It fol-lows that one 
all to CREATE needs time O(log(jDj)). Hen
e we obtain a boundO(jQj � jDj � hD � log(jDj)) for the �rst step.We 
onsider now pro
edure INTR-HOR-P.Remark 4.48 shows that the total number of horizontal pointers is bounded byO(jQj � jDj � hD). Using binary sear
h it takes time O(log(jDj)) to determine the
orre
t address for a given pointer. Sin
e ea
h 
olumn is added to the sta
k ofisolated 
olumns at most on
e we re
eive the bound O(jQj � jDj � hD � log(jDj)) forStep 2. Summing up, this bound is also obtained for Phase 1 in total.If Q is rigid, or if Q is labeling-
omplete and D is non-re
ursive, then ea
h 
all toSEL-ANC leads to just one test and to at most to one 
all of CREATE. We obtaina bound O(jQj � jDj � log(jDj)) for lines 16-19. By Remark 4.48, the total numberof pointer 
olumns/verti
al pointers that are introdu
ed in Phase 1 is bounded byjQj � jDj.A simple analysis of Phase 2 shows that for ea
h element (�eld/pointer/pointer
olumn) there is only a �xed number of operations that is possibly applied (put theelement on a sta
k, 
olour it, 
ompute/rede�ne address, erase the element, 
he
kif element is only non-red 
olumn, or left-most non-red 
olumn et
.). This is fairlyobvious, we just add some remarks. The horizontal pointers that are inspe
tedin line 344 are only inspe
ted on
e. In fa
t these pointers belong to the se
ondnon-red 
olumn of a given array; after �nishing the a
tual 
all to ELIM-PC this
olumn will be the �rst 
olumn of the array, whi
h shows that the same pointers
annot be inspe
ted a se
ond time in line 344. In lines 346 and 347, note that the
omputation of ea
h 
olumn that has to be added to Isol-PC takes time O(log(jDj)),by Remark 5.19. The same remark shows that ea
h of the operations mentionedabove 
an be applied in time O(log(jDj)). Sin
e the number of elements is boundedby O(jQj�jDj�hD) (general 
ase) and O(jQj�jDj) (rigid queries, or labeling-
ompletequeries over non-re
ursive databases) respe
tively, the result follows.5.7 Implementation and Evaluation IssuesThe algorithm des
ribed in Se
tion 5.4.2 has been implemented as a prototype inJava. The status of the implementation is des
ribed in the �rst part of this se
tion.The algorithmi
 part was taken over almost literally, therefore we will only mentionsome basi
 fa
ts about the implementation of the data stru
tures. In the se
ondpart we will dis
uss some additional possibilities for optimization, that are partiallybased on existing work. We will end this se
tion with remarks 
on
erning theevaluation of the algorithm.Status of the ImplementationThe algorithm des
ribed in Se
tion 5.4.2 has been fully implemented in Java 2([Sun99℄) taking 4000 lines of 
ode. Java was the language of 
hoi
e due to itsportability and spe
ial 
on
ern about XML and stru
tured do
uments: Java hasbeen developed to perform in a Web environment and in
orporates therefore many
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kages for treating stru
tured do
uments, e.g. parsers for XML and HTML do
-uments. A se
ond motivation was the existen
e of 
lasses implementing data stru
-tures that we need to implement aggregates. We used the Java-
lass TreeMap forimplementing ordered asso
iation lists that are needed for �elds in slots or forpointer 
olumns in pointer arrays. TreeMap obje
ts organize the elements as a bal-an
ed binary tree sorted by their identi�ers, and thus guarantee logarithmi
 a

ess,insertion and deletion. The third motivation was the expressive language providedfor implementing graphi
al user interfa
es (GUIs) that will be needed when imple-menting the graphi
al retrieval model proposed in Chapter 6.The points mentioned in this work that haven't been in
luded so far in theimplementation are the following: (1) Implementation of the persistent data stru
-tures (
f. Se
tion 5.2), (2) implementation of the optimizations (
f. Se
tion 5.4.3),(3) implementation of a GUI, and (4) implementation of the exploration te
hniquesdes
ribed in Chapter 6. This means that the algorithm implemented so far is onlya proof of 
on
ept, sin
e it 
an not yet be 
onne
ted to a persistent database stor-ing the information about the do
uments, and the input and output is so far onlytext-based (what makes the 
on
epts of aggregates in fa
t unusable).The reason for not yet 
onne
ting the algorithm to a persistent storage is that thelogi
al and physi
al storage of the data has to be taken 
are of with great expertise.De
isions have to be made, whether management of the index stru
tures is handledwith database management systems, be it relational, obje
t-relational or obje
t-oriented, or with dedi
ated text indexing systems like Altavista's Sear
h IntranetDeveloper's Kit (Altavista SDK: [Alt99℄). A 
omprehensive 
omparison of all designde
isions that have to be made at this level, and the following implementation ofthe index stru
tures on the basis of the 
hosen persistent storage medium was notpossible in the given amount of time for this work.We shall add that a new DFG proje
t is dedi
ated to the storage of tree-stru
tured data, mainly stru
tured do
uments, and will implement and evaluatethe 
on
ept and 
omputation of 
omplete answer aggregates fully, in
luding persis-tent index stru
tures and a GUI.Additional OptimizationsWe will now outline two general methods for optimization of the query evaluationpro
ess. One is based on the use of a grammar for query expansion and the se
ondgives two possibilities for using �lters to redu
e the set of paths returned by thepath sele
tion index.Using the GrammarIn many 
ases a grammar des
ribing the hierar
hi
al stru
ture of the relationaldo
ument stru
ture is known, for example for all SGML and most XML do
uments aDTD (do
ument type de�nition) is provided. If this stru
tural des
ription is known,it 
an be used in two ways for query optimization: (1) Mat
hing the query with thegrammar in order to dete
t unsatis�ability before beginning the 
omputation of the
omplete answer aggregate, or (2) prepro
essing the query with repla
ing 
ertainsoft edges by rigid edges.[Kil92℄ dis
usses a method how to mat
h the query against the produ
tions inthe grammar in order to dete
t in
onsisten
ies. The basi
 idea is the following: If,for example, a query node has label A and one of its rigid 
hildren has label B,then there must exist a produ
tion of the form A ) �B�. This pro
edure 
an beextended to soft edges by applying it re
ursively.The se
ond idea, that is mentioned in [Kil92℄, is based on the observation thatrigid edges are treated more eÆ
iently than soft edges by his algorithms. This is
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ase for our algorithm (
f. lines 108-119 and 446-449). The �rst approa
hto this idea is to repla
e a soft edge in the query by a rigid edge. Unfortunately,it is only appli
able in 
ertain 
ir
umstan
es. Consider a tree query 
ontaining anatomi
 des
endant formula x�+ y and labeling formulae M1(x) and M2(y). If thegrammar provesM1 to be nonperiodi
 and restri
ts nodes with label M2 to appearas 
hildren of nodes with label M1 only, we 
an repla
e in the query the formulax �+ y by x � y without 
hanging the 
omplete set of answers. In any other 
asethis simple approa
h is not appli
able.A se
ond approa
h 
on
erns the transformation of tree queries that are notdata-an
hored into data-an
hored queries by repla
ing soft edges by a 
hain of rigidedges. Unfortunately this is not possible. Let us �rst 
onsider as an illustrationthe �rst query (on the left) and the relational do
ument stru
ture in Example 3.31.This query is not data-an
hored. The repla
ement of the soft edge between p and vby a 
hain of rigid edges yields a data-an
hored query: From an (assumed) grammarwe 
an derive that var nodes 
an only be 
hildren of body nodes who themselves
an only be 
hildren of pro
 nodes. But if we repla
e the soft edge by a 
hainspe
ifying the pro
-body-var sequen
e, we result, e.g., in the query on the rightside, that has 
ertainly di�erent answers in the relational do
ument stru
ture fromthe original query. The reason for this di�eren
e is the periodi
ity of the pro
 label.We will now inspe
t the general 
ase: Consider a query Q that is not data-an
hored.Then there exists a variable x in Q with a periodi
 label M and an edge x�+ y. Adatabase node d with label M may have des
endants with label M in any level ofthe relational do
ument stru
ture. Therefore we 
annot repla
e the soft edge x�+yby a sequen
e of edges, sin
e one sequen
e (with �xed length) of rigid query edges
annot mat
h all arbitrary long sequen
es of database edges.Path Filtering Based on LabelsQuery evaluation 
an be speeded up, if we 
an early dis
ard paths that obviously
annot 
ontribute to answers. In [MS99a℄ and [SM99℄ new methods for �lteringthe results of 
alls to index stru
tures have been proposed for stru
tured do
umentretrieval systems. The basi
 idea is to 
he
k for every o

urren
e whether its in-verted do
ument path 
ontains all labels that are required by the respe
tive querypath. This test is performed by adding to ea
h o

urren
e stored in the path se-le
tion index additional information about the labels in its inverted do
ument pathas bit strings. These bit strings do not require mu
h spa
e and 
an be 
omparedeÆ
iently with the labels required by the query path. We show how to apply thisgeneri
 me
hanism to our algorithm: The path sele
tion index returns for every 
alla set of inverted do
ument paths whose initial node meets the requirements of theindex 
all (lines 18 and 19). The additional label additional information is atta
hedto every path (during database 
onstru
tion) and mat
hed (during query evalua-tion) against the label requirements imposed by the a
tual query path. Databasepaths not meeting these requirements are removed from the path set and not fur-ther treated by the algorithm. Sin
e the label information is en
oded in bit strings,mat
hing 
an be exe
uted very eÆ
iently and storage of the additional label infor-mation is not very spa
e 
onsuming.Additionally, [MS99a℄ and [SM99℄ provide 
ompression te
hniques for the addedbit strings and means to analyze the added value of integrating information abouta given label into the index stru
ture. Labels with not enough added value 
anbe negle
ted what makes the additional spa
e demand smaller and the 
omparisonmore eÆ
ient.



5.7. IMPLEMENTATION AND EVALUATION ISSUES 87Path Filtering Based on NodesWe will now propose a se
ond modi�
ation that allows to early �lter out inverteddo
ument paths that 
annot 
ontribute to answers. In 
ontrast to the last modi-�
ation, path �ltering based on nodes refers to the nodes that have already beenentered into the aggregate at a given time.When treating a new query path �Q, the bottom-most variable x of �Q thathas o

urred already in one of the earlier query paths is 
omputed. Here Aggxis the bottom-most re
ord with marker \old" in �Q. (For the �rst query pathtreated during query evaluation no su
h re
ord exists and the optimization 
annotbe applied in this 
ase.) An inverse do
ument path �D 2 �(�Q) 
an only be enteredsu

essfully if it 
ontains a node d su
h that Aggx has a �eld Aggx[d℄. Let us 
allsu
h a path relevant. We show how to 
ompute the subset of relevant paths of�(�Q) in linear time.Let hd1; : : : ; dmi denote the sequen
e of nodes of the re
ord Aggx, in pre-orderenumeration. An element d 2 fd1; : : : ; dmg is 
alled maximal i� no an
estor of dbelongs to fd1; : : : ; dmg. For ea
h node dl 2 fd1; : : : ; dmg, the set of des
endantsde�nes an interval of the form [dl; d�l ℄ of the pre-order relation on D. Node d�l is theright-most leaf among the des
endants of dl and 
an be obtained in 
onstant time(
f. Remark 5.18) using the formula d� = predp(minsu

 (d)). (The expressionpredp(e) stands for the prede
essor of e with respe
t to pre-order relation <p.) Twointervals [dl; d�l ℄ and [dh; d�h℄ are either disjoint or one is 
ontained in the other.The intervals of maximal elements are pairwise disjoint and 
over all the intervalsof nodes in fd1; : : : ; dmg. The sequen
e of all maximal elements dl, together withthe right boundaries d�l of their intervals, 
an be 
omputed in time O(m). In fa
t,d1 is always maximal. On
e we have found that dl is maximal, the �rst elementof dl+1; : : : ; dm that does not belong to [dl; d�l ℄ is the next maximal element of thesequen
e.Obviously an inverted do
ument path �D 2 �(�Q) with initial (bottom-most)node e is relevant i� e is in the pre-order interval [dl; d�l ℄ for a maximal node dl offd1; : : : ; dmg. Re
all that the path sele
tion index returns ea
h set �(�Q) ordereda

ording to the pre-order of the initial nodes. Let he1; : : : ; eni denote the sequen
eof all initial nodes of paths in �(�Q), ordered in this way. Using one simultaneoustraversal of (the intervals asso
iated with) the subsequen
e of maximal nodes inhd1; : : : ; dmi on the one hand and he1; : : : ; eni on the other hand we may �lter outthe list of all relevant paths in time O(n+m) � O(jDj).Sin
e the number of query paths is bounded by jQj the total time-
omplexityof all �ltering steps is bounded by O(jQj � jDj). This shows that the bound forthe worst-
ase 
omplexity of the algorithm is not a�e
ted by this �ltering. But we
an expe
t an improvement of the average runtime sin
e irrelevant query paths aredete
ted early, i.e. before it is tried to align them with the query path.A similar idea simply 
ompares the target 
andidates in the root re
ord Aggy(y is the root of the query) with the root nodes of the inverted do
ument pathsreturned by the path sele
tion index. Inverted do
ument paths hek; : : : ; e0i with aroot node e0 not o

urring in Aggy 
annot be su

essfully aligned with the querypath and are not treated further. The 
omparison between the root nodes and thetarget 
andidates in Aggy 
an be 
omputed in time O(jDj) as before, sin
e theinverted do
ument paths are ordered.Evaluation IssuesAn exhaustive evaluation of the algorithm was neither the goal of our work nor wasit possible in the given time for the following reasons: An elaborate evaluation of
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ien
y requires very 
areful handling of the underlying storageof the index stru
tures as dis
ussed in Se
tion 5.7.Another major problem for the evaluation pro
ess is the availability of ade-quate do
ument 
olle
tions. In order to exploit the added value of our formalism(as 
ompared to other, simpler stru
tured do
ument retrieval systems), the do
-ument 
olle
tion has to be highly stru
tured on a semanti
 level beyond layoutmarkup. This is the 
ase for legal do
uments like law 
olle
tions, for linguisti
 datalike 
orpora with parsed text, or for other s
ienti�
 or te
hni
al XML and SGMLappli
ations. Appropriate 
olle
tions exist but are not easy to a

ess sin
e theyoften 
ontain internal 
ompany knowledge, that is not destined to be distributedexternally. Other evaluation studies (e.g. [FK99℄ and [WCB+00℄) used arti�
ialdo
uments that were 
onstru
ted randomly for evaluation purposes only on thebasis of statisti
al assumptions. We do not think that this pro
edure 
an re
e
ta
tual do
ument 
olle
tions. But it serves well to measure the basi
 behaviour ofthe underlying system under varying parameters.We are aware of the fa
t that a new form of answer presentation as presentedin this work does not only need exhaustive eÆ
ien
y measuring but extensive usera

eptability studies even more. Only if users a

ept the notion of 
omplete answeraggregates and 
an exploit the added value provided, the formalism will prove su
-
essful. But user a

eptability studies are a time- and money 
onsuming pro
essthat 
ertainly are beyond the s
ope of this work.Nonetheless, the development of the notion of 
omplete answer aggregates led tothe establishment of a DFG proje
t that will be 
on
erned with the use of 
ompleteanswer aggregates for retrieval of stru
tured do
uments. One of the proje
t goalsis the evaluation of a system on the basis of real-world do
ument 
olle
tions.5.8 Related WorkIn this se
tion we dis
uss work related to the algorithm for evaluating queries. We�rst 
ompare our algorithm to Kilpel�ainen's original Tree Mat
hing algorithms andthe similar behaviour of tree automata. In the se
ond part we review results of twopre
eding works 
on
erned with 
omplete answer aggregates, that have better time
omplexity results for queries without 
onstraints. In the se
ond part we will makesome 
omments on the relation between 
omplete answer aggregates and 
onstraintnetworks.5.8.1 Kilpel�ainen's Tree Mat
hing Algorithms and Bottom-Up Tree AutomataKilpel�ainen presented in [Kil92℄ a set of algorithms for the original Tree Mat
h-ing formalism, ea
h algorithm dedi
ated to a spe
ial Tree Mat
hing problem, e.g.ordered/unordered tree/path in
lusion. He showed the unordered tree in
lusionproblem to be NP-
omplete. In Chapter 2 we saw that even for the problem 
lasseswhere the de
ision problem is not NP-
omplete there are O(nq) answers to a givenquery and tree database due to the permutational phenomena. We 
ould improvethese negative results with minor modi�
ations in the notion of answers (
f. Se
-tion 3.4) and with the introdu
tion of 
omplete answer aggregates. Con
erning thealgorithms we 
an observe the following: Kilpel�ainen's algorithms are very similarto bottom-up tree automata (e.g. [CDG+97, Pre98, GS84℄) that visit ea
h node ofthe input tree (the database) beginning with the leaves. The nodes of the input treeare assigned states and a transition maps the states of the 
hildren of a node v to-gether with an alphabet symbol atta
hed to v to a state that is assigned to v. If thetree automaton rea
hes the root and assigns a state to it that is an a

epting state,
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epted by the automaton. Kilpel�ainens algorithms work very similarfor ea
h database tree: Starting with the leaves they wander upwards through thedatabase tree, atta
hing information to the nodes of the tree. In ea
h upwards stepthe information atta
hed to the 
hildren of a node v and the label of v are 
omparedwith the requirements in the query, thus generating a pie
e of information that isatta
hed to v. In fa
t, the information atta
hed to the database nodes are exa
tlythe nodes of the query tree that are 
andidates for a possible mat
h at the respe
-tive state of query evaluation. If the root 
ould be rea
hed su

essfully, a mat
hingtree is found.We 
an observe an interesting symmetry between Kilpel�ainen's algorithms andtree automata on the one hand and our algorithm on the other hand: The formerwander through the input tree (database tree) atta
hing information (states orquery nodes, respe
tively) to its nodes depending on the transition fun
tion (querytree), whereas the latter wanders through the query tree, atta
hing information(database nodes) to its nodes (represented as slots in an aggregate) dependingon the relational do
ument stru
ture. If we negle
t the fa
t that our algorithm
omputes 
omplete answer aggregates and assume that 
omplete answer aggregatesare just an intermediary data stru
ture out of whi
h the single answers are produ
edas the a
tual query result, it seems hard to say whi
h approa
h is in fa
t moreeÆ
ient. We 
an expe
t the data stru
ture of Kilpel�ainen's algorithms to be verybig espe
ially in the beginning of the 
omputation. But sin
e we are expli
itly
on
erned with 
omputing answer aggregates, we are anyway bound to follow theapproa
h of atta
hing information to query nodes (slots).5.8.2 Queries Without ConstraintsThere are other 
omplexity results for the 
omputation of 
omplete answer aggre-gates for more spe
ial 
ases. These results do not in
lude the use of 
onstraints andare to be found in [Meu98℄ and [MS00℄. In both arti
les the pointer 
olumns areorganized as arrays instead of balan
ed trees. Sin
e in the situation of these arti-
les, horizontal pointers are not 
onsidered (due to the la
k of order 
onstraints),we only have dire
t a

ess to pointer 
olumns indexed by a target 
andidate d.If horizontal pointers are involved we also need to �nd the next non-red pointer
olumn, what 
an not be performed on arrays as eÆ
iently as on balan
ed trees.Dire
t a

ess to given pointer 
olumns organized as arrays is in 
onstant time whathelps to improve on eÆ
ien
y for the 
ase without 
onstraints. [MS00℄ dis
usses
omplete answer aggregates for general graph queries on graph databases. As aspe
ial 
ase, it gives a time 
omplexity of O(q � n � hD) for 
omputing a 
ompleteanswer aggregate for tree queries without 
onstraints. In the 
ase of rigid queries,[Meu98℄ gives an even better time 
omplexity of O(q3 � n). This 
omplexity 
an beimproved with a 
hange of data stru
ture and some algorithmi
 te
hniques used inthis work to O(q �n). The relation between these two time 
omplexity results is thesame as stated in Theorem 5.20: When the query 
ontains no soft edges, the fa
torhD disappears in the 
omplexity results.5.8.3 Ar
-Consisten
y and Constraint NetworksIn this se
tion we investigate the 
lose relationship between 
omplete answer aggre-gates and 
onstraint networks as dis
ussed, e.g., in [Ma
77, Mon74, MF85, MH86℄.First we re
all the basi
 de�nitions for 
onstraint networks.
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ture (in the general sense), i.e. a domainD with a set CD of binary relations 
i � D�D. Then a 
onstraint network over Dis a tuple (Y;Dom;C) where Y is a �nite set of variables, Dom : Y ! 2D a fun
tionassigning every variable a subset of D as domain and C a set of triples h
ij ; xkj ; xlj istating that variables xkj and xlj are 
onne
ted with a 
ij -
onstraint (
ij 2 CD,xkj ; xlj 2 Y ). A solution of a 
onstraint network is a variable assignment � for thevariables in Y so that for all triples h
; x; yi 2 C the relation 
(�(x); �(y)) holds inD.Example 5.22 The following illustration depi
ts a 
onstraint network (Y;Dom;C)with binary relations � and �+. The domain is the set of nodes in the \MovieColle
tion" in Appendix B.2.
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(Y;Dom;C) 
ontains four variablesm; s; t; k 2 Y . Dom assigns domains to the vari-ables, for exampleDom(m) = fb1; d1; h1; i1g. C = fh�;m; si; h�+; s; ti; h�+;m; kigdes
ribes the 
onstraints between the variables. If we assume that the relation d�e(d�+ e, resp.) holds i� d*e (d*+e) in the \Movie Colle
tion", then the followingvariable assignment is a solution to (Y;Dom;C):fm 7! i1; s 7! i4;m 7! i9;m 7! i30gOne goal in the �eld of 
onstraint networks is to �nd \minimal" networks inthe sense that only elements that 
an 
ontribute to solutions are 
ontained in thedomains of the variables. In this e�ort various notions of 
onsisten
y have beeninvestigated, together with algorithms for 
omputing \minimal" networks. We willdes
ribe the notion of ar
-
onsisten
y, whi
h formalizes a lo
al form of minimality:De�nition 5.23 A 
onstraint network (Y;Dom;C) is ar
-
onsistent if for ea
htriple h
; x; yi 2 C the following 
onditions hold:1. for ea
h d 2 Dom(x) there exists e 2 Dom(y) su
h that 
(d; e) holds in D,and2. for ea
h e 2 Dom(y) there exists d 2 Dom(x) su
h that 
(d; e) holds in D.Note that, in general, ar
-
onsisten
y does not imply global minimality in thesense that every element 
ontributes to a solution. There are other, stronger no-tions of 
onsisten
y implying global minimality, but whi
h are not 
omputable ef-�
iently. Nonetheless, for the spe
ial 
ase of tree-stru
tured 
onstraint networksar
-
onsisten
y does imply global minimality as de�ned above.A 
onstraint network (Y;Dom0; C) is a re�nement of (Y;Dom;C) if Dom0(x) �Dom(x) for all x 2 Y . For ea
h 
onstraint network (Y;Dom;C) there exists a



5.8. RELATED WORK 91unique re�nement (Y;Dom0; C) that is ar
-
onsistent and maximal in the sense thatevery other ar
-
onsistent re�nement of (Y;Dom;C) is a re�nement of (Y;Dom0; C).This network will be 
alled the maximal ar
-
onsistent re�nement of (Y;Dom;C).There exist various \ar
-
onsisten
y algorithms" that 
ompute the maximal ar
-
onsistent re�nement of a given 
onstraint network (Y;Dom;C) ([MH86, MF85℄).The algorithm in [MH86℄ needs time O(e �n2) where e is the number of 
onstraintsin C and n is the maximal 
ardinality of a domain Dom(x).Example 5.24 The 
onstraint network in Example 5.22 is not ar
-
onsistent. We
an see that, for example, h1 2 Dom(m) but there is no node e in Dom(k) so thate is a des
endant of h1. This means that the �rst 
ondition in De�nition 5.23 isviolated.The following pi
ture illustrates the maximal ar
-
onsistent re�nement (Y;Dom0; C)of the 
onstraint network in Example 5.22. Nodes that violated the 
onditions inDe�nition 5.23 have been removed.
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i17Ar
-Consistent Constraint Networks and Complete Answer AggregatesThere exists a simple 
orresponden
e between a tree-shaped 
onstraint network(Y;Dom;C) and an aggregate Agg. The variables in Y 
orrespond to query vari-ables, the target 
andidates in a slot 
orrespond to the elements in the domainof a query variable and the 
onstraints (edge and other binary 
onstraints) in thequery 
orrespond to the 
onstraints of the 
onstraint network. Aggregates 
an be
on
eived as 
onstraint networks, if we 
hose to remove the expli
it links betweentarget 
andidates. In the other dire
tion, a 
onstraint network yields an aggregateif we expli
itly add the links using the information about the relations extensions.Example 5.25 The 
onstraint network in Example 5.22 
orresponds to an aggre-gate
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92 CHAPTER 5. COMPUTING COMPLETE ANSWER AGGREGATESfor the following query (from Examples 4.10 and 4.16) retrieving keywords of movieswhere Klaus Kinski was in the sta�: movie mstaff sKlaus Kinski t kw k(Note that the above aggregate is not the 
omplete answer aggregate for the queryand relational do
ument stru
ture in Appendix B.2.)If we ex
lude relations and 
onstraints (in the sense of De�nition 3.8), it is alsofairly obvious that a 
omplete answer aggregate 
orresponds to an ar
-
onsistent
onstraint network. If we de�ne for a given query the variables of the networkas the query variables, the 
onstraints as the edge 
onstraints of the query andthe domains for all variables in the 
onstraint network as the set of all nodes inthe do
ument database having the appropriate label as stated in the query, analgorithm 
omputing the maximal ar
-
onsistent re�nement for this network yieldsthe 
omplete answer aggregate, if we add the links between target 
andidates.Example 5.26 The 
omplete answer aggregate for the query in Example 5.25 andthe relational do
ument stru
ture in Appendix B.2 is
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tNote the 
orresponden
e between the 
omplete answer aggregate and the ar
-
onsistent 
onstraint network in Example 5.24. The only di�eren
e is that in the
omplete answer aggregate the pointers between the target 
andidates are repre-sented expli
itly, whereas in the 
onstraint network this information remains im-pli
it.From the above dis
ussion we 
an 
on
lude that the algorithm in Se
tion 5.4 is anar
-
onsisten
y algorithm for the spe
ial 
ase of tree-stru
tured 
onstraint networks.And in fa
t, a 
loser inspe
tion of AC-2 ([MH86℄), an algorithm for 
omputing themaximal ar
-
onsistent re�nement of a 
onstraint network, reveals similarities onan algorithmi
 level. This algorithm is based on the notion of \support": For everyelement in a domain x information is kept, to how many elements in another domainy it stands in a 
-relation, if the set C of 
onstraints in the network 
ontains the tripleh
; x; yi. If this value drops to zero the element has to be removed. This in
ludes thede
rease of other elements' support values. The algorithm keeps for every elementa table, whi
h other elements stand in a 
-relation to the given element. A lookup



5.8. RELATED WORK 93in this table reveals the elements whose support is de
reased if an element has to beremoved. The table together with the support values 
orresponds to the links thatare atta
hed to target 
andidates in aggregates. The situation that an element'ssupport value drops to zero 
orresponds to the situation that a target 
andidatebe
omes isolated.The fa
t that the 
omputation of a 
omplete answer aggregate 
an be performedin time O(q � n � h) if we have no 
onstraints (see Se
tion 5.8.2), what 
orrespondsroughly to the time 
omplexity O(q � n2) of AC-2 on tree-stru
tured 
onstraintnetworks, emphasizes the 
orresponden
e between the two 
on
epts and algorithms.Nonetheless, we think that even in the presen
e of general ar
-
onsisten
y algo-rithms for 
onstraint networks with similar time 
omplexity, our algorithm for 
om-puting the 
omplete answer aggregate exploits the spe
ial pe
uliarities of stru
tureddo
uments better and has therefore advantages over the general ar
-
onsisten
y al-gorithms:� Our algorithm 
an treat order 
onstraints. Although ar
-
onsisten
y algo-rithms for 
onstraint networks 
an treat all kinds of 
onstraints, in
ludingorder 
onstraints, the notion of ar
-
onsisten
y is, due to its limitation to lo-
al in
onsisten
ies, not as strong as the notion of 
omplete answer aggregatesif order 
onstraints are involved. This is due to the fa
t that the in
orporationof order 
onstraints gives the 
onstraint network an overall stru
ture that isin general not a tree stru
ture. In this 
ase the maximal ar
-
onsistent re�ne-ment of a 
onstraint network may 
ontain elements that 
annot 
ontribute toa solution due to global in
onsisten
ies.� In our algorithm the 
onstru
tion of the aggregate and the insertion of tar-get 
andidates is interleaved with the removal of isolated target 
andidates,whereas in ar
-
onsisten
y algorithms the two pro
esses are divided. Inter-leaved 
onstru
tion and removal has the advantage that many target 
an-didates 
an be removed early, thus speeding up the 
omputation, and thatmany nodes are not entered into the aggregate at all sin
e the alignmentpro
ess stops beforehand.� Our algorithm is 
onstru
ted in a way that it 
an exploit the index stru
turesin many ways. This gives a great advantage against the generi
 ar
-
onsisten
yalgorithms that do not provide an interfa
e to index stru
tures.
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Chapter 6Using Complete AnswerAggregatesIn this 
hapter we dis
uss the possible uses of 
omplete answer aggregates with theirbene�t and added value for the user in the querying pro
ess. Sin
e the retrievalof stru
tured do
uments has a strong similarity to queries in Database Systems(DBS) on the one hand and querying Information Retrieval (IR) systems on theother hand, we will �rst take a 
loser look at the retrieval pro
ess in these twoparadigms.6.1 The Retrieval Pro
ess in DBS and IRWe 
an now des
ribe the retrieval pro
esses in DBS and IR in more detail. DBS1([Ull89℄) store data in the form of relations. Retrieving data in DBS means to lo
ate2the data in the relations. A query des
ribes the relational properties the data haswith respe
t to the s
hema of the data stored. IR systems ([BYRN99b, vR79,Fuh92, SM83, FBY92b℄) store information in the form of do
uments. Retrievinginformations means to lo
ate do
uments 
ontaining the information being sear
hedfor. A query des
ribes the information need of the user, in most 
ases in the formof keywords that des
ribe the relevant do
uments.Starting point for the retrieval pro
ess in both DBS and IR is an informationneed of the user. Before des
ribing the retrieval pro
ess in more detail we willreview a 
lassi�
ation of information needs by Mizzaro ([Miz98℄). This frameworkwill elu
idate the pe
uliarities of the retrieval pro
ess in DBS on the one hand andIR on the other hand.Mizzaro distinguished four manifestations of information needs:Real information need (RIN) expresses the pie
e of information that a userneeds to solve a \problemati
 situation".Per
eived information need (PIN) is a 
ognitive representation of the RINand 
an di�er from the RIN due to in
orre
t per
eption or representation.Expressed information need (EIN) is the utteran
e or representation in natu-ral language of the the PIN.1We refer in this 
hapter to relational DBS that represent the bigger part and the industrialmainstream in DBS.2We only refer to the pure retrieval aspe
t of DBS, negle
ting the 
onstru
tion and manipulationaspe
ts of queries in DBS. 95



96 CHAPTER 6. USING COMPLETE ANSWER AGGREGATESFormalized information need (FIN) is the formalization of the EIN in the formof a query that is a submitted to an IR system.During the retrieval pro
ess the information need undergoes transformation pro-
esses from the RIN to �nally the FIN. In iterative retrieval models (used in IR)this pro
ess is also subje
t to feedba
ks, sin
e a user may 
hange his or her PINafter inspe
tion of a query result.We 
an observe that DBS only take the EIN and FIN into a

ount. This is areasonable assumption sin
e queries to DBS operate on purely synta
ti
, uninter-preted stru
tures. The retrieval pro
ess is linear, i.e. the user formulates a querythen inspe
ts the result, a set of tuples, afterwards. The user has to know thestru
ture (s
hema) of the data and the query syntax in order to be in a position toformulate the query, i.e. to transform his or her EIN to a FIN. This transformationpro
ess 
an be supported, for example in QBE (Query by Example, [Zlo75℄) or withDataGuides ([GW97℄), a formalism helping the user to formulate queries in Lore([MAG+97℄) a database system for semistru
tured data.In IR, the retrieval pro
ess is typi
ally an iterative pro
ess. The user formulatesthe query (
ontaining little or no stru
ture at all), inspe
ts the result and thenreformulates the query. This reformulation is based on the impa
t of the resultinspe
tion on PIN, EIN, or FIN, i.e. the user may 
hange his or her per
eption ofthe information need, the 
ognitive representation of the information need or theformalization of the information need. A 
hange in one of the three manifestationsentails in general a 
hange in the query formulation. The involvement of RIN andPIN in the IR pro
ess, as opposed to the DBS retrieval pro
ess, 
an be explainedby the di�erent nature of what is sear
hed for: DBS are 
on
erned with data, asynta
ti
al 
on
ept on the level of FIN, whereas IR supports the user in sear
hingfor information, a 
on
ept 
learly beyond the levels of expressed or formalized infor-mation needs. The result of a query is ordered a

ording to the 
omputed relevan
eof the single answers with respe
t to the formulated query. This fa
t again owes tothe very spe
ial nature of information, as opposed to data. Information a

essed inIR is poorly stru
tured or 
ontains no stru
ture at all. It is a

essed in an impre-
ise way by des
ribing the 
ontent of a do
ument, e.g. by stating keywords. It isby no means obvious, neither for man nor for ma
hine, what 
ontent a do
ument
ontains and whi
h do
uments are relevant with respe
t to an information need.Sin
e there is no sharp boundary between relevant and irrelevant do
uments to aquery, impre
ise measures of relevan
e proved itself as a useful and natural tool todeal with this problem. The result 
an then be ranked a

ording to the impre
iserelevan
e values.Sin
e the retrieval of stru
tured do
uments in
orporates aspe
ts from DBS aswell as from IR, we should aim towards a retrieval pro
ess that re
e
ts the pe
uliari-ties of both the DBS retrieval pro
ess and the IR retrieval pro
ess, the data-
enteredview of DBS and the user-
entered view of IR. We will elaborate in the sequel how
omplete answer aggregates support this.6.2 An Iterative Two-Step Retrieval Pro
essWe will introdu
e a model of an iterative two-step retrieval pro
ess that allowsthe user to reformulate the query and investigate the query result on a graphi
allevel. We put a fo
us on the graphi
al intera
tion, sin
e we think a visual approa
h
an dire
tly address the per
eived information need and thus support the user inhis navigation and manipulation in a 
omplex information spa
e as 
onstituted bystru
tured do
uments. The model developed here is 
urrently in the pro
ess of beingimplemented and should be understood as a requirements analysis rather than asystem des
ription. Other resear
h on visual interfa
es for DBS and IR systems



6.2. AN ITERATIVE TWO-STEP RETRIEVAL PROCESS 97(e.g. [GW98, GW97, CCD+99, BYRN99
, Shn98, ABY98, BYNVdlF98, CSC97,CCLB95, GPT93℄) 
on�rms this deliberation.6.2.1 The Sphere of InterestWe divide the retrieval pro
ess into two steps: In a �rst step, the user de�nes with ari
h query (i.e. many nodes with few restri
tions) a sphere of interest represented bythe 
omplete answer aggregate as the retrieval result. In a se
ond step, this 
ompleteanswer aggregate is explored and manipulated in order to explore the topologyand information 
ontained in the sphere of interest. Examples for exploration andmanipulation te
hniques are given in this 
hapter. All of these te
hniques operate ona graphi
al level in order to support the user in intuitively gaining more insight intothe sphere of interest. With this new insight the user is in a position to reformulatethe original query (based on 
hanges in the PIN, EIN, or FIN) and thus iterate theretrieval pro
ess until the query result is satisfying.Goldman and Widom proposed in [GW98℄ a similar model for an iterative two-step retrieval pro
ess for querying semistru
tured data. We 
ompare it with ourmodel in Se
tion 6.2.5.With the use of global 
omparator fun
tions and displaying the node databasein a spe
ial tree window, the user may leave to a 
ertain extent the lo
al sphere ofinterest de�ned by the 
omplete answer aggregate if properties of target 
andidateshave to examined that are not a

essible in the 
omplete answer aggregate.6.2.2 The Graphi
al User Interfa
eThe graphi
al intera
tion with the retrieval environment is a key aspe
t that sup-ports the user in his or her retrieval task. We will brie
y dis
uss the graphi
al userinterfa
e (GUI). The following pi
ture illustrates a non-fun
tional prototype of theGUI.

The GUI is divided into distin
t windows, ea
h of them dedi
ated to visualizedi�erent types of obje
ts:



98 CHAPTER 6. USING COMPLETE ANSWER AGGREGATES� The query window depi
ts the user query in a graphi
al tree representa-tion. It allows intera
tive query formulation by 
onstru
ting the query treein a style like �le browsers by adding or removing 
hildren to sele
ted nodes.Constraints, labels, variables, and additional information like attributes 
anbe formulated in a hybrid graphi
al and textual way by sele
ting nodes andentering the 
orresponding text.� The aggregate window shows the sphere of interest (the 
omplete answeraggregate) de�ned by the user query. Target 
andidates, edges and slots maybe sele
ted with the mouse.� The text window shows textual 
ontent of sele
ted nodes. This may alsoinvolve attribute values or other textual information atta
hed to nodes. Thetext 
an be displayed in a formatted way, supposed that stylesheets exist. Inthe illustration above a Web browser is used as the text window.In addition to these three 
entral window 
lasses the following three may be em-ployed for more sophisti
ated tasks. Some of the features of theses two advan
edwindow 
lasses require IR te
hniques that have not been dis
ussed in this work. Wewill not go into detail for these te
hniques, sin
e we would only like to mention thatit is possible to mix these advan
ed te
hniques with the retrieval model introdu
edhere.� The tree window 
an depi
t relational do
ument stru
tures. This 
an eitherbe the underlying do
ument database or parts of it, 
hosen for example bysele
ting a node in the aggregate window.� The topology window 
an arrange nodes a

ording to a given distan
e mea-sure on a two-dimensional plane. A 
ommon distan
e measure is the semanti
relatedness that 
an be 
omputed by IR te
hniques based on keywords. Thenodes displayed here may be all nodes from do
ument database, or a subsetde�ned by sele
ting nodes in one of the other windows.� The ranked aggregate window 
an display some relevan
e informationabout how relevant a target 
andidate is for the given part of the query. This
an visualized by 
hanging the order, size, texture, et
. of the target 
andidatesin the aggregate. There exists no formal a

ount yet on how to integrate thenotion of relevan
e into the logi
al Tree Mat
hing framework wit 
ompleteanswer aggregates, see Se
tion 7.2 for a short dis
ussion.There may be more windows of the same 
lass depi
ting distin
t or the same obje
tsin di�erent views. Intera
tion between the windows is organized by sele
tion of anobje
t in one window and sending it to another window. This pro
ess may 
reatedependen
ies between windows or obje
ts in distin
t windows, that may triggerautomati
 updates on 
ertain 
hanges. Obje
ts 
an be displayed in di�erent waysin the windows, re
e
ting di�erent views upon the obje
t.6.2.3 QueriesQueries are entered in a graphi
al way into the query window. Two distin
t queriesmay be 
ombined by inserting one query as subtree under a sele
ted query nodeof the other query. We use query nodes without variables to express existentiallyquanti�ed nodes (see Se
tion 3.3.2).In order to support the user in query formulation two possibilities 
ome to mind:In grammar-dire
ted query formulation the user is only allowed to formulatequeries that have a solution in a relational do
ument stru
ture des
ribed by the



6.2. AN ITERATIVE TWO-STEP RETRIEVAL PROCESS 99grammar3 (see also Se
tion 5.7). If the user wants for example to add a 
hildto a node that 
annot have 
hildren, he is informed by the system that this isnot possible. A tree or text window may display the grammar and highlight theposition where the 
on
i
t o

urred. The se
ond possibility, template-dire
tedquery formulation, uses pre-formulated queries that 
an be used as templates forfurther reformulation. Templates are 
olle
ted in an annotated template libraryand may be 
ombined.Example 6.1 The following two query templates des
ribe a
tors in a movie andkeywords of a movie, respe
tively:movie mstaff sa
tor aname n
movie m
ontent 
keywords kwkeyword kword wThey 
an be 
ombined to the following query:movie mstaff sa
tor aname n 
ontent 
keywords kwkeyword kword w6.2.4 Exploration Te
hniquesThis se
tion des
ribes te
hniques for exploring the sphere of interest, i.e. 
ompleteanswer aggregates. This involves presenting 
omplete answer aggregates in di�erentviews. The original 
omplete answer aggregate de�ned by the 
orresponding queryis not 
hanged, but only presented in di�erent ways to the user. Nonetheless, wesometimes speak about removing target 
andidates from an aggregate, although wemean only the removal form the a
tual view. The view onto a 
omplete answeraggregate 
an be 
hanged in
rementally resulting in a view that is not a 
ompleteanswer aggregate, not even an aggregate in the stri
t sense of the de�nition. Butwe refrain from reformulating the de�nitions in order to handle the more generalstru
tures treated here, sin
e the similarities to aggregates are 
lose enough to beobvious.Most of the following te
hniques have their 
ounterpart in the relational algebraor in SQL-like languages. This relation is dis
ussed in Se
tion 6.2.5. Note thatmost operations 
ould also be part of the query language, instead of triggeringthem intera
tively.3This requires, that a grammar des
ribing the stru
ture of the do
ument database is known.



100 CHAPTER 6. USING COMPLETE ANSWER AGGREGATESIn some of the te
hniques introdu
ed in the sequel we make use of an externalfun
tion f on database nodes or target 
andidates. This fun
tion maps databasenodes or target 
andidates onto a given set in order to make them 
omparable.With the help of this fun
tion we 
an perform for example sorting or grouping oftarget 
andidates based on various 
riteria, de�ned by the fun
tion f . If the domainof f is the set of database nodes, we say that the 
orresponding operation is globalbe
ause then the fun
tion 
an a

ess all properties of the nodes stored in the nodedatabase, e.g. number and identity of 
hildren, attributes, et
. If the domain off is the set of target 
andidates, then the 
orresponding operation is lo
al sin
ethe value of f 
an only depend on information a

essible in the 
omplete answeraggregate, e.g. number and identity of 
hildren of a target 
andidate (i.e. target
andidates pointed at with horizontal pointers). This di�erentiation is useful sin
ein some 
ases the user want to refer to the sphere of interest only (\How manymovies of interest...?") and sometimes to the do
ument database as a whole (\Howmany movies in total...?"). For the sake of referen
e we 
all these fun
tions (lo
alor global) 
omparators. Comparators 
an (and in most 
ases have to) be partialfun
tions. If the 
omparator value of a node or target 
andidate is needed but notde�ned the operation 
an not be performed.We use 
omparators in three operations: (1) For sorting, target 
andidates aremapped to natural numbers, e.g. the textual 
ontent (representing a date) to aninteger representation, or mapping a target 
andidate to the number of 
hildren ithas (in the aggregate or in the node database). (2) For restri
tion, target 
andi-dates are mapped to Boolean values depending on 
ertain properties of the target
andidates, e.g. the truth value of \its 
ontained text represents a date that is newerthan '1.1.80"', or of \it has at least three 
hildren (in the aggregate or in the nodedatabase)". (3) For grouping, target 
andidates are mapped to an arbitrary domainrepresenting the property on the basis of whi
h target 
andidates are grouped, e.g.an integer domain where the target 
andidate is mapped to the number of 
hildrenit has (in the aggregate or in the node database), or a string domain where theaggregate is mapped to the text it 
ontains.Note that 
omparator fun
tions are in general invisible to the user. They areonly used as a means to explain the following te
hniques in a simpli�ed way. Theuser 
hooses operations like sort or group without having to use or even knowabout the existen
e of a 
omparator fun
tion. Comparators bear some resemblan
eto the 
on
ept of type 
oer
ion, for example used in the Lore system ([MAG+97,AQM+97℄), a database system for semistru
tured data.The explanation of the exploration te
hniques will be based on examples in themost 
ases, in order to point out the advantage of having a visual manipulationlanguage.Degrees of DetailWhen a 
omplete answer aggregate is presented the user has the 
hoi
e of howdetailed it is presented. Every slot may 
ontain� only the number of target 
andidates residing in it,� the target 
andidates but not the links between them,� the target 
andidates with the verti
al links, or� the target 
andidates with all links (horizontal and verti
al).It is possible to spe
ify for ea
h slot on its own the way it presents itself to the user.



6.2. AN ITERATIVE TWO-STEP RETRIEVAL PROCESS 101Example 6.2 Consider the query Q retrieving all a
tors having 
ostarred withBarbara Steele in a role more important (re
e
ted by the order in the enumerationof a
tors) together with the respe
tive movie title:movie mtitle t a
tor a1 a
tor a2Steele s<lrWe give as examples the four views upon the 
omplete answer aggregate for Q andthe relational do
ument stru
ture in Appendix B.2. We begin with the less detaileddegree, showing only the number of target 
andidates in ea
h slot.
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andidates that representthe lo
al dependen
ies.
a12 f8a8 a10

t
a1 f1

a1

a2 f2 a14 f10

f11a15

t

s s

m

t a a

s

a a a1 22

1 2



102 CHAPTER 6. USING COMPLETE ANSWER AGGREGATESThe last aggregate shows all information in
luding the order information maintainedby the target 
andidates:
a12 f8a8 a10

t
a1 f1

a1

a2 f2 a14 f10

f11a15

t

s s

m

t a a

s

a a a1 22

1 2

Textual ContentSo far the (intermediate) retrieval result presented with 
omplete answer aggregatesis on a very abstra
t level: The user does not know the textual 
ontent of thepresented target 
andidates. This situation resembles an answer to a sear
h enginequery to the World Wide Web, where the user is presented a list of links as answers.Only by following the links he or she will see the a
tual 
ontent of the do
uments.We will present a similar me
hanism with a variation of two possibilities: The usersends the 
ontent (or attributes) to a text window, or displays it in the 
ompleteanswer aggregate itself. The latter possibility, whi
h may involve te
hnologies likekeyword extra
tion used in IR and Web sear
h engines, or a simple abbreviation ofthe parti
ipating strings, is illustrated in Example 6.3. For the former option theuser sele
ts one or more nodes in the 
omplete answer aggregate (or a tree windowor topology window, if this is supported) and sends them to a text window. The textwindow displays the textual 
ontent or attributes, if possible in formatted style. Asan option the text of the whole do
ument 
ontaining the sele
ted target 
andidateis displayed and the text belonging to the sele
ted target 
andidate is highlighted.Example 6.3 The following aggregate shows the textual 
ontent of some of thetarget 
andidates:
a1

Aimee

t
a1 f1

a1 a2

a14 f10

f11a15

s s

a

s

2t
Pit and the Pendulum8 1/2 Mastroianni Cardinale Price

t

m
a a1 2

Controlled Enumeration of AnswersIn some 
ases the user may want to have an enumeration of all answers. He orshe may restri
t the enumeration to 
ontain one ore more sele
ted nodes in theaggregate. The result of the enumeration is displayed in a text window.



6.2. AN ITERATIVE TWO-STEP RETRIEVAL PROCESS 103Slot HidingIn order to gain a better overview slots may be hidden. This 
orresponds to theexistential quanti�
ation of the respe
tive variable dis
ussed in Se
tion 3.3.2. If aslot is hidden, it may be ne
essary to inherit the links of its target 
andidates. Theroot slot may not be hidden. In Example 6.3 the user may want to hide slots a2and s in order to have a better overview, sin
e he or she already spe
i�ed in thequery that Barbara Steele shall be 
ontained in the text nodes appearing slot s andthus loses no information in hiding this part of the aggregate.SortingIt is possible to 
hange the order of the target 
andidates in a slot of a 
ompleteanswer aggregate. This order 
an follow semanti
 values like dates or numbers thatare 
ontained in elements or attributes, or it may refer to stru
tural properties, i.e.the number of 
hildren/links a target 
andidate has. This depends on the natureof the a
tual 
omparator f that has to map target 
andidates or database nodesto natural numbers. The target 
andidates in the slot are sorted a

ording to their
omparator values. An example for lo
al ordering based on stru
ture 
an be foundin Example 6.13.Example 6.4 Consider the 
omplete answer aggregate in Example 6.3. The usermay want to sort the movie titles in slot t a

ording to the year of produ
tion.This is a global ordering, sin
e the year information is not lo
ally available in the
omplete answer aggregate: The node database has to be employed. The underlying
omparator maps every database node to the integer value of the textual 
ontentof a sibling with label year. The resulting view on the 
omplete answer aggregateis the following:
a1

Aimee

t
a1 f1

a1 a2

8 1/2Pit and the Pendulum a14 f10

f11a15

s s

a

s

2t
Mastroianni Cardinale Price

t

m
a a1 2

Hiding Target CandidatesIn order to improve the overview the user may want to ex
lude sele
ted target
andidates from the aggregate. The aggregate window presents then a \
leaned"view of the aggregate, where all depending target 
andidates are also hidden. Thepro
edure CLEAN 
an be employed for this task.Example 6.5 Consider the 
omplete answer aggregate in Example 6.3. The usersele
ts target 
andidate Pit and the Pendulum and hides it. The resulting aggregateis the following:
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a1

Aimee

t
a1

a1 a2

a14

a15

s

a

s

2t
8 1/2 Mastroianni Cardinale

m

Restri
tionWe 
an also hide target 
andidates on a more abstra
t level, i.e. hide target target
andidates that do or do not meet 
ertain requirements. The requirements areformalized with the help of a 
omparator mapping target 
andidates or databasenodes to Boolean values. Target 
andidates that are mapped to false are removedfrom the a
tual presentation of aggregate.Example 6.6 Consider the 
omplete answer aggregate in Example 5.26. We mayrestri
t the view to movies produ
ed in 1980 or later. This is a global restri
tion,sin
e the produ
tion date is not dire
tly available in the 
omplete answer aggregate.The underlying 
omparator is almost the same as in Example 6.4 with the additionthat the numeri
 value of the year is 
ompared with 1980 in order to yield a Booleanresult.
i1

ks

i32i30i28i26
i4

m
s k

b1

k
b22tt

b4
s

b9 i6 i9 i17

tExample 6.7 Consider a query retrieving general information about dire
tors andgenres of movies: movie mdire
tor d1d genre g1gThe 
omplete answer aggregate, where slots d1 and g1 are hidden and the genresand dire
tors are grouped a

ording to their textual 
ontent (see the next paragraphfor a de�nition of this) is
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Drama Documentary Horror Adventiure Sci-FiFellini Herzog Murnau Vadim Corman Kinski Bava

m
d

g1
gd g

a1
d g

b1
d g

c1
d g

d1
d g

e1
d g

f1
d

h1
g d g

i1
d g

j1

gd(We will later see operations how the dire
tor-genre relation 
an be made even moreexpli
it.) We 
an restri
t this aggregate to target 
andidates in the movie slot withat least two genre-
hildren (in the a
tual aggregate). The underlying 
omparatormaps every target 
andidate to the number of its 
hildren (in the aggregate) and
ompares this value with two. This restri
tion is lo
al sin
e its requirement isrestri
ted to the a
tual aggregate and results in the aggregate
m

d
g1

g d
h1

g

gd
Drama Adventure Sci-FiHerzog VadimEquivalen
e Classes (Grouping)We will now introdu
e a very powerful operation that allows to group target 
andi-dates. Sometimes we want to identify distin
t target 
andidates based on some oftheir properties (formalized by 
omparators). Target 
andidates that are groupedinto one 
lass are displayed as one node and inherit all stru
tural relationships fromthe set of representants they in
orporate. This 
an be done for two purposes.� To enhan
e the overview: We might for example 
ollapse di�erent text nodeswith the same textual 
ontent. This method is elaborated in Example 6.8.� To make knowledge expli
it: The user might for example not 
are for thedetails of the single movies, but is interested in a more general 
lassi�
ationof the movies by their dire
tors. An example is found in Example 6.9.We illustrate the te
hnique with two examples before explaining it more formally.Example 6.8 In the query in Example 6.7 the user asked for general informationabout dire
tors and genres of movies. The 
omplete answer aggregate for this query
ontains target 
andidates in slots d and g with equal textual 
ontent:

Fellini Herzog Murnau Herzog Vadim Corman Vadim Herzog Kinski Bava Dr Doc Ho Ho Ho Ho Ad SF Ad Dr Dr Ho

m
d

g1
gd g

a1
d g

b1
d g

c1
d g

d1
d g

e1
d g

f1
d

h1
g d g

i1
d g

j1

d gWe get a better overview if we present all nodes with the same textual 
ontent
ollapsed into one node, as illustrated in Example 6.7.Example 6.9 Beginning with the aggregate in the Example 6.7, the user mightwant to group movies a

ording to their dire
tors. The resulting aggregate is de-pi
ted in the following �gure. One node in the slot m now 
orresponds to a set ofmovies all dire
ted by the same dire
tor. Note that the target 
andidates of theslots d and g have already been 
ollapsed. This means that we now have a 
ollapseoperation on every slot: Slots d and g are 
ollapsed a

ording to the textual 
ontentof the target 
andidates, whereas target 
andidates in slot m are grouped a

ord-ing to their (
ollapsed) 
hildren in slot d. The underlying 
omparator maps target
andidates to the textual 
ontent of their dire
tor 
hild.
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Fellini Herzog Murnau Vadim Corman Kinski Bava

m
d g d d d g d g

gd
Drama Documentary Horror Adventure Sci-Fi

g gd g d g

The te
hnique of grouping is appli
able to many properties of the target 
andi-dates in
luding, for example, attributes. Imagine that every movie element in thedo
ument 
olle
tion has a 
ountry attribute stating in whi
h 
ountry the movie wasprodu
ed. We 
an then, inside our de�ned sphere of interest, investigate features ofa 
ountries �lm produ
tion, e.g. genres, a
tors, keywords, et
., instead of examiningfeatures of the single �lms.We will now de�ne the grouping (with its spe
ial 
ase 
ollapsing) operation moreformally:De�nition 6.10 Let f be a 
omparator. We say that two nodes u and v are f-equivalent (u � v) i� f(u) = f(v). We denote with [u℄f (or [u℄ if f is �xed) the setof all nodes f -equivalent to u. An aggregate Agg0 derives from an aggregate Aggby grouping on f in slot x in the following way: The 
ontent of all slots apart fromslot x remains un
hanged. If slot x in Agg 
ontains target 
andidates d1; : : : ; dn itdoes now 
ontain the set f[d1℄; : : : ; [dn℄g as target 
andidates in no spe
ial order.These target 
andidates are linked to target 
andidates in 
hildren slots of x in thefollowing way: [di℄ has a link to target 
andidate e in a 
hild slot y of x i� exists dj(1 � j � n) that has a link to e in y.If the fun
tion f maps every node to its textual 
ontent (for stru
tural nodes thetextual 
ontent is inherited from their des
endants) we say that Agg0 derives fromAgg by 
ollapsing x i� Agg0 derives from Agg by grouping on f in x.Remark 6.11 One important observation about 
ollapsing target 
andidates isthat we 
an simulate databases with a DAG stru
ture as for example employed indatabases for semistru
tured data (whi
h 
an even have a 
y
li
 stru
ture, [ABS99,Su
98, Abi97, Bun97℄). Sin
e our model is limited to trees, we have sometimesmultiple database obje
ts (nodes) referring to only one obje
t in the real world.With 
ollapsing target 
andidates this is made invisible to the user as illustratedin Examples 6.8 and 6.7. In addition, we have the advantage that we only haveto 
ollapse the target 
andidates in the sphere of interest, what 
an be performedeÆ
iently due to the relative small size of a realisti
 
omplete answer aggregate
ompared to the full relational do
ument stru
ture. In 
omparison, a system basedon semistru
tured data, that uses a 
olle
tion of stru
tured do
uments to �ll adatabase, has to make this obje
t identity expli
it by 
ollapsing (if the obje
t iden-tity is not made expli
it in the 
olle
tion itself by ID/IDREF pointers). It is notsure whether this operation 
an be done in a

eptable time over all nodes of thedo
ument 
olle
tion sin
e we have to 
ompare pairwisely the textual 
ontents of allnodes in the do
ument 
olle
tion.Slot Repla
ementUnder some 
ir
umstan
es we may even rearrange the outer stru
ture of the ag-gregate (and hide the root slot, too) in order to make dependen
ies more expli
it.This is done by repla
ing one slot by another. We illustrate this te
hnique with anexample before explaining it in more detail.Example 6.12 Consider the aggregate from Example 6.7. We would like to presentthe relation between dire
tors and genres more expli
itly. This 
an be done byrepla
ing the slot m with the slot d, yielding the aggregate
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Fellini Herzog Murnau Vadim Corman Kinski Bava

g
Drama Documentary Horror Adventure Sci-Fi

d
g g gg g g g

This aggregate obviously does not retain the original hierar
hi
 stru
ture of thequery and the target 
andidates.The operation behind slot repla
ement is the following: We 
an 
hose to repla
ea parent slot x with 
hildren y1; : : : ; yk by one of its 
hild slots yi with 
hildrenz1; : : : ; zm. Slot x is removed and repla
ed by slot yi with all target 
andidates inslot yk. Every target 
andidate in slot yi now has pointers to target 
andidates inslots z1; : : : ; zm and y1; : : : ; yi�1; yi+1; : : : ; yk. The pointers to slots z1; : : : ; zm arethe same as in the original aggregate. A target 
andidate d in slot xi has a pointerto target 
andidate e in slot yj (j 6= i) i� there existed a target 
andidate in theoriginal slot x with a pointer to d and to e.We now 
an give a se
ond example for sorting of target 
andidates:Example 6.13 Imagine that we want the target 
andidates in slot d of the aboveaggregate to be ordered a

ording to the number of genres they dominate, i.e. wewant order dire
tors a

ording to their variety in genres. This is a lo
al orderingyielding the aggregate
Fellini Herzog Murnau Vadim Corman Kinski Bava

g
Drama Documentary Horror Adventure Sci-Fi

d
g g gg g g g

Layout OptimizationIf the user does not 
are for the order of the target 
andidates inside the slot or ofthe pointers, he or she 
an 
hoose a form of presentation that tries to order theseelements in a way that makes it easier for a human to understand the relations.The arrangement of target 
andidates is 
omputed automati
ally, e.g. by trying tominimize 
rossing links. Alternatively, the user 
ould arrange the target 
andidatesby hand.Example 6.14 The aggregate of Example 6.12 in a optimized layout is depi
tedin the following illustration:
Drama HorrorSci-FiAdventureDocumentary

Fellini
g

Kinski
g

Herzog
g

Vadim
g

Murnau
g

Bava
g

Corman
g

d

g
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tion 
ompares our basi
 query language augmented with the operationsde�ned in this se
tion with the relational algebra [Ull89℄ and a new work on queryingsemistru
tured data with a similar 
avour.Exploration Te
hniques and the Relational AlgebraAs mentioned in the beginning of the last se
tion, most exploration te
hniquesintrodu
ed here on a visual level for 
omplete answer aggregates have a 
ounterpartin the relational algebra or in SQL-like languages. This se
tion will elaborate onthis 
orresponden
e further, although it is for the most operations obvious.SQL 
overs the �ve basi
 operations of the relational algebra, proje
tion, Carte-sian produ
t, union, di�eren
e and sele
tion, and in addition so-
alled aggregationoperators, avg, 
ount, sum, min, max and group, that go beyond the expressivityof the relational algebra. We will �rst dis
uss the operations of the relational al-gebra. Hiding of variables is a standard te
hnique in DBS generally known underthe term proje
tion. The te
hnique named here restri
tion 
an be found in therelational algebra named sele
tion. Slot repla
ement is a spe
ial 
ase of the joinwhi
h itself is a spe
ial of the Cartesian produ
t (and sele
tion). Another spe
ial
ase of the join o

urs in query formulation where we 
an spe
ify 
onditions abouttwo or more subtrees of a query node. Our framework is 
ertainly not relationally
omplete sin
e we do not 
over the full Cartesian produ
t nor union or di�eren
e.Possibilities for integrating the latter two operations in at least a limited way aredis
ussed in Chapter7.We 
an re
ognize the SQL-aggregation operators 
ount, and group, respe
-tively, in the less detailed view on aggregates that shows only the number of target
andidates inside a slot, and in the equivalen
e relations that 
an be de�ned (Ex-amples 6.8 and 6.9). The other four aggregation operators 
an be in
orporated intoour framework in the same style. The SQL fun
tion sort has its equivalent in ourmodel in the sorting of target 
andidates in the slots (Examples 6.4 and 6.13),The above remarks show that the basi
 te
hniques underlying the explorationte
hniques are well-known in the �eld of DBS. The novelty 
omes from the waythey are visually applied to the new data stru
ture 
omplete answer aggregates.Goldman's and Widom's Intera
tive Retrieval ModelIn [GW98℄ Goldman and Widom presented a retrieval model for semistru
tureddata with a strong similarity to the retrieval model proposed in this 
hapter. Theirmodel proposes an iterative two-step retrieval pro
ess as well, with the �rst stepbeing a simple query to begin a sear
h and the se
ond step being an iterativeexploration pro
ess into the results returned by the �rst step. The se
ond step
an be performed on a fully visual level using a data stru
ture 
alled DataGuides([GW97℄) that des
ribe the stru
tural regularities of semistru
tured data (in this
ase a view onto the 
omplete database de�ned by the query in the �rst step andthe later exploration steps) as a tree that 
an be expanded on demand. The modelis based on and employs the Lore database system ([MAG+97℄), a database systemfor semistru
tured data.Goldman's and Widom's model is simpler than the framework proposed here,sin
e it is dire
ted towards inexperien
ed, 
asual Web users trying to �nd a pie
eof information in a Web site unknown to them. The initial query 
ontains nostru
tural information but 
onsists of keywords only (though these keywords maymat
h node labels as well). In [GW98℄ only one keyword is allowed in the initialquery though the authors plan to extend the model to at least queries with multiplekeywords. The browsing pro
ess of step two is more or less one-dimensional (in the
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ribed in Se
tion 1.3), sin
e the user always fo
uses onto one result set.In this way, Goldman's and Widom's model is more a fa
ility in supporting theuser in �nding a pie
e of information in an information spa
e de�ned by a Web siterather than a tool for visualizing and exploring 
omplex information spa
es witha strong weight on making dependen
ies expli
it what is the aim of the retrievalmodel proposed in this 
hapter.
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Chapter 7Open Questions and LooseEndsIn this 
hapter we will dis
uss open problems that are not treated in the rest of thiswork but 
an serve as a starting point for future work. We begin with 
onsiderationsabout in
luding disjun
tions and negations into the query language, dis
uss thein
orporation of a notion of relevan
e into our model, and end with some remarksabout an algebrai
 foundation of the visual operations de�ned in Chapter 6.7.1 Enri
hing the Query LanguageWe began with de�ning the full �rst-order logi
 as a query language for relationaldo
ument stru
tures. In order to fo
us on the key aspe
ts and to present an eÆ-
ient evaluation algorithm, we restri
ted the query language to tree queries, that
ontained no logi
al 
onne
tives apart from 
onjun
tion and existential quanti�
a-tion. Chapter 6 extended this restri
ted query language and introdu
ed a family ofgraphi
al operations on 
omplete answer aggregates that 
an be seen as an exten-sion of the query language.1 We saw that the resulting query formalism providesenough expressivity to formulate powerful and sophisti
ated queries on relationaldo
ument stru
tures. Nonetheless, we should think about in
orporating more ofthe original, permissive logi
al query language in order to improve on expressivity.We will informally dis
uss two logi
al 
onne
tives and see that they 
onform withthe 
on
ept of 
omplete answer aggregates and the basi
 requirement of eÆ
ientevaluation.7.1.1 NegationA natural desire in query formulation is the ex
lusion of 
ertain nodes. This isexpressed with the logi
al negation :. In Chapter 6 we already showed how toremove target 
andidates using a 
omparator fun
tion f . We did not spe
ify exa
tlywhat properties of a target 
andidate or database node a 
omparator may take intoa

ount in order to 
ompute the value of a node. This se
tion dis
usses a possibilityfor a more formal implementation of negation in our framework. We will restri
t thedis
ussion to a simple 
lass of formulae 
ontaining negation, where an integrationinto our framework is obvious.1In fa
t, all operations de�ned in Chapter 6 
an be formalized as part of an extended querylanguage. 111



112 CHAPTER 7. OPEN QUESTIONS AND LOOSE ENDSDe�nition 7.1 Let Q1 = (�1; ~x1) and Q2 = (�2; ~x2) be lo
al tree queries so that ~x1and ~x2 have exa
tly one variable y in 
ommon. Then the query Q = (�1 ^:�2; ~x1)is 
alled an ex
lusion tree query. Q1 is 
alled the 
onstituting part of Q and Q2 theex
luding part of Q.With ex
lusion tree queries we 
an ex
lude those answers from the answer set toQ1 that map the 
ommon variable y to a database node so that there is an answerto Q2 that maps y to the same database node. The 
omputation of a 
ompleteanswer aggregate for ex
lusion tree queries is quite obvious: We �rst 
ompute answeraggregates Agg1 and Agg2 for Q1 and Q2 and then remove all target 
andidatesin slot y of Agg1 that do also o

ur in slot y of Agg2. As a 
on
lusion we have to
lean (with the pro
edure CLEANAGG) the aggregate to remove newly isolated target
andidates yielding �nally the 
omplete answer aggregate for the ex
lusion query.Instead of making this point more formal we present an example as an illustra-tion:Example 7.2 Imagine that we are interested in titles of movies by Werner Herzogthat are no do
umentaries. We 
an formulate the queries Q1 and Q2 as 
onstitutingand ex
luding part: movie mdire
tor dHerzog t1 title t movie mgenre gDo
umentary t2These queries result in the following two answer aggregates:
Mein liebster... Nosferatu... Fitzcarraldo

d t
b1

b5
t1

b6

t1
b20

b19
t2

b1
g

g

m

t2

Q :2
m

d t
h1

td

td

d5
t

h5
t

d1

d6 h6

1 1

Q :1

We 
an 
ombine the query to the 
ombined query Q (the negation is representedby a 
rossed edge) movie mdire
tor dHerzog t1 title t genre gDo
umentary t2+
The resulting 
omplete answer aggregate for Q and the relational do
umentstru
ture in Appendix B.2 is
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t1

m
d t

h1

td

td

d5
t

h5
t

d1

d6 h6

1 1 Nosferatu... Fitzcarraldo

7.1.2 Disjun
tionAnother point of interest 
on
erns the formulation of disjun
tions. In order toimplement the 
on
ept of disjun
tions in our framework we have to extend thenotion of aggregates in order to keep pa
e with the new requirements. We will notdelve into details here but will just motivate this with a simple example:Example 7.3 The user might be interested in titles of movies whose des
ription
ontains the keyword genius or a summary with the term s
ientist. This 
an beexpressed in the following query:Q = (m� t ^ movie(m) ^ title(t) ^((m�+ k ^ kw(k) ^ k � tk ^ genius / tk)_(m�+ s ^ summary(s) ^ s� ts ^ s
ientist / ts));hm; t; k; tk; s; tsiThis query 
an be visualized with the following tree, where the disjun
tion is rep-resented with the symbol _ between the two respe
tive edges:movie mtitle t kw kgenius tk summary ss
ientist ts_The 
omplete answer aggregate for Q and the relational do
ument stru
ture inAppendix B.2 is
Barbarella Paganini

m

i32s

t t
i1

s k

g25s

g26i33

t

g1

tstk

k s

We 
an see that target 
andidate g1 only has pointer arrays for slots t and s, whereastarget 
andidate i1 has pointer arrays for slots t and k. A target 
andidate mayeven have pointer arrays for both slot k and slot s.



114 CHAPTER 7. OPEN QUESTIONS AND LOOSE ENDSA simple tree query with disjun
tion may 
ontain the logi
al 
onne
tive _ at any(synta
ti
al 
orre
t) pla
e in the query. For the 
omputation of a 
omplete answeraggregate we split the query into several disjun
ts, where ea
h disjun
t is a treequery. The disjun
ts may 
ontain shared variables. We then 
ompute the 
ompleteanswer aggregates for the disjun
ts. The overall result is a 
omplete answer ag-gregate that derives from the single aggregates by 
ombination, i.e. 
ombining the
ontent of shared slots by forming a union over the sets of 
ontained target 
andi-dates. Pointer arrays are as well 
ombined via union, as are the verti
al pointers.The notion of isolated target 
andidate 
hanges with this new de�nition.7.2 A Notion of Relevan
eThe 
entral notion in Information Retrieval is 
aptured by the notion of relevan
e.At the same time relevan
e is the major burden Information Retrieval has to dealwith. The dis
ussion on how to de�ne relevan
e started with the very birth of In-formation Retrieval as a �eld in Computer S
ien
e and Computational Linguisti
sand is still lasting. In simple words, relevan
e des
ribes the degree of how apt ado
ument is in helping the user to satisfy his or her information need. Obviously,there is no sharp boundary between relevant and irrelevant do
uments. This led tothe development that impre
ision be
ame one of the 
entral 
onstituents of Infor-mation Retrieval. With the help of impre
ise relevan
e values the do
uments 
anbe presented to the user a

ording to their 
omputed relevan
e. Only with the useof impre
ise relevan
e values it is possible to retrieve do
uments in big 
olle
tions,sin
e normally every sear
h term o

urs too often in the 
olle
tion to enumerate allmat
hing do
uments. If we have impre
ise values we 
an present the o

urren
esordered a

ording to their relevan
e values and the user is free to examine the �rstn hits. A �eld where the number of hits is in most 
ases too big is for example theWorld Wide Web. Sear
h engines like Altavista frequently return thousands of hitsfor a single query.Sin
e the retrieval of stru
tured do
uments is similar to Information Retrievalin general we should provide means to in
lude impre
ision in our formal model. A�rst de
ision has to be made in the 
hoi
e of the model for impre
ision: IR providesa lot of methods to treat impre
ision formally, e.g. the Ve
torspa
e model ([SM83℄),probabilisti
 models ([vR79, Fuh92℄), extended Boolean models ([SFW83, Rou90,FBY92a, Lee94℄), et
. In a very simpli�ed view the models have the following
ommon basi
 features: A term in a do
ument has a weight with respe
t to thisdo
ument, des
ribing the measure of how good the term des
ribes the 
ontent of thedo
ument. A query 
ontains a set of (weighted) sear
h terms. For every do
umentand every sear
h term the weight of the term is 
omputed, e.g. by a

essing anindex �le. The models mainly di�er in the question of how to 
ombine the termweights to a measure of how good a query des
ribes a do
ument (i.e. how good thedo
ument is as an answer to the query).Applying one of these models for impre
ision suggests to store for every o

ur-ren
e its weight inside the smallest surrounding element. We 
an then 
omputea ranked aggregate that stores the respe
tive weights for the target 
andidates inthe leaves. These weights have to be 
ombined and traded upwards through theaggregate. If a weight is too small we 
an negle
t it, sin
e it will appear in the resultlist at positions not relevant. This pro
edure yields as a result a ranked aggregatewhere every target 
andidate d in a slot x owns a weight des
ribing its quali�
ationto be an image of x under an answer mapping.Although the above strategy may seem obvious, it needs thorough investigationin detail, sin
e the goal is to have a model that maps the user's 
on
ept of relevan
eonto stru
tured do
uments and 
omplete answer aggregates. First steps towards
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tured do
uments (not treating 
omplete answer aggregates)and relevan
e ranking have been made in [FGR98℄, [BYNVdlF98℄ and [SJJ98℄.7.3 Mis
allenousRegular Path ExpressionsMost query languages for XML and semistru
tured data allow for regular expres-sions over paths (
f. Se
tion 8). The user 
an spe
ify in the query that a node isrea
hable, say, via an arbitrary long sequen
e of se
tion or subse
tion edges usingthe path expression (se
tion | subse
tion)* as a label for the 
orrespondingquery edge. The di�erentiation between soft and rigid edges in the logi
al TreeMat
hing framework is a �rst step in this dire
tion. An integration of full pathexpressions will extend the expressive power of logi
al Tree Mat
hing. An advan-tage is that the representation te
hniques with 
omplete answer aggregates are fully
ompatible with path expressions on edges. The diÆ
ult point will be an eÆ
ientimplementation using appropriate index stru
tures for path expression as presentede.g. in [MS99b℄.A Visual AlgebraIn Chapter 6 we des
ribed the exploration te
hniques available for 
omplete answeraggregates on a rather informal level. Future work should aim at developing anaggregate algebra that des
ribes the exploration te
hniques on an algebrai
 level.With the help of su
h an algebra more 
omprehensive propositions about the ex-pressiveness of logi
al Tree Mat
hing 
an be made.Query Reformulation and Aggregate ManipulationThe retrieval model proposed in Chapter 6 is not fully iterative in the followingsense: If we have 
hanged a view upon an aggregate and then reformulate a query,a new 
omplete answer aggregate is 
omputed and presented. The original 
hangesin the view upon the aggregate are lost. A fully iterative two-step retrieval pro
essshould try to propagate the view onto an aggregate upon a newly 
omputed aggre-gate as far as possible, if requested by the user. This goes hand in hand with anoptimization that does not 
ompute a new 
omplete answer aggregate from s
rat
hif a query is reformulated but tries to use as mu
h as possible of the already 
om-puted aggregate. The fa
t that the algorithm de
omposes the query into pathsand treats the query pathwise suggests that this optimization 
an be implementedwithout major 
hanges to the overall stru
ture.Constru
tion and ManipulationIn Chapter 8 we will see that many XML query languages also have a 
onstru
tionpart that spe
i�es how new XML do
uments 
an be generated out of the queryresult (or as the query result). The ri
h stru
ture of 
omplete answer aggregates
an be exploited in the same way. A �rst step in this dire
tion is the notion ofaggregate stru
tures as de�ned in Se
tion 4.6. But the user needs more 
ontrol overthe target 
andidates out of whi
h new XML do
uments are 
onstru
ted and onthe way how this happens. This 
an be done with a 
onstru
tion language thatworks on aggregates (or views upon aggregates) and builds new XML do
umentsa

ording to the spe
i�
ations formulated with the 
onstru
tion language. Possiblythis 
onstru
tion language 
an be designed as a visual language as well.
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losely related to this, but involving far more work, is the manipulationof the relational do
ument stru
ture, the do
ument database. This 
an also be doneon the basis of aggregates or views upon aggregates. An appropriate manipulationlanguage allows to formulate how the information in the 
omplete answer aggregateshall be used to repla
e parts of the relational do
uments stru
ture or to add newparts. But this e�ort has 
onsequen
es far beyond the question of manipulationlanguage design. All problems that have been treated in the �eld of DatabaseSystems, like updates of index stru
tures, re
overy, transa
tion management, et
.,have to be taken into a

ount.



Chapter 8Related WorkDue to the position of stru
tured do
ument retrieval in the overlap between DatabaseSystem (DBS) and Information Retrieval (IR) there are numerous models with asimilar fun
tionality. In addition there are lots of dedi
ated formalisms for the re-trieval of stru
tured do
uments, a development that was 
onsiderably intensi�ed bythe overwhelming su

ess of XML as a data representation and ex
hange language.In the �rst two se
tions we will dis
uss the relation between logi
al Tree Mat
hingas introdu
ed in this work and DBS and IR, respe
tively. We will then review somesystems and formalisms for the retrieval of stru
tured do
uments and 
ompare themwith respe
t to expressivity and eÆ
ien
y with logi
al Tree Mat
hing. For DBS andthe stru
tured do
ument retrieval formalisms being based on tuples we will in addi-tion dis
uss possibilities and bene�ts of employing the 
on
ept of 
omplete answeraggregates.8.1 Database SystemsUllman gives the following fun
tional de�nition of a DBS ([Ull89℄): (1) A DBS man-ages persistent data and (2) provides eÆ
ient a

ess to large amounts of data. Instru
tured do
ument retrieval we are more 
on
erned with information (semanti
entities) than with data (synta
ti
 entities). But the relation is 
lose enough to dis-
uss similarities and di�eren
es. In the sequel we will dis
uss the most prominentthree 
lasses of database systems with respe
t to logi
al Tree Mat
hing, distin-guished by the logi
al model underlying the data: Relational, obje
t-oriented andgraph database systems, where the latter in
ludes database systems for semistru
-tured data.Over the last twenty years we 
ould observe in the �eld of DBS a tenden
y ofmoving away from general data models being universally appli
able in any domainto highly spe
ialized data models dedi
ated to only one domain. The motivationfor this development is the need for spe
ialized algorithms exploiting the pe
uliar-ities of data in a given domain, the need of providing a query and manipulationlanguage that is tailored for the spe
i�
 domain, and the failure of the main modelin DBS, the relational model, to model spe
ial domains appropriately. As a result,the world of DBS 
ontains now dedi
ated models for geographi
 data, for biologi
aldata, for multimedia data, for textual data, et
. The advantages of using spe-
ialized data models are: (1) spe
ialized index stru
tures, (2) appli
ation-spe
i�
fun
tionality built into the database system instead of outside of it, thus gainingeÆ
ien
y and standardization, and (3) an adequate user-interfa
e tailored for therespe
tive domain. If we look for example at geographi
 databases we 
an observethese advantages on (1) spe
ial index stru
tures for spatial obje
ts, e.g. R-Trees,117



118 CHAPTER 8. RELATED WORK(2) a geo-relational algebra de�ning domain-spe
i�
 operations like the spatial join,and (3) a spatial database system with an appropriate graphi
al user interfa
e.Following this development we may take the perspe
tive of logi
al Tree Mat
hingbeing a spe
ialized data and query evaluation model for the domain of stru
tureddo
uments. Nonetheless, there is the major di�eren
e that DBS allow for the ma-nipulation of data, whereas this is not treated in logi
al Tree Mat
hing at all.Relational DBSRelational DBS are now the most widespread 
lass of DBS. Their su

ess is due totheir eÆ
ien
y and robustness, whi
h is based on the underlying relational algebra.Relational DBS model data on the base of relations and tuples. This allows foreÆ
ient index stru
tures supporting evaluation and manipulation, and it is a generalmodel that 
an des
ribe many di�erent types of data. Nonetheless, as pointed outbefore, the relational model is not always appropriate.The query languages for relational DBS have their foundation in the relationalalgebra, extended by aggregation 
onstru
ts like 
ount or group. We already dis-
ussed the expressivity of logi
al Tree Mat
hing 
ompared to the relational algebrain Se
tion 6.2.5.One 
ould think about storing stru
tured do
uments in relational DBS1. Ween
ounter two problems with this approa
h: The inability of relational DBS to dealwith text in an appropriate way and the ex
essive use of joins in query evaluationon tree-stru
tured data. The former point is a well-known de�
ien
y of relationalDBS. Textual data di�ers from relational data in its varying length, in its veryown synta
ti
al stru
ture and in the fa
t that text bears a semanti
al 
ontent thatrequires spe
ial te
hniques to be ex
avated. The latter point refers to the fa
t thattrees have to be modeled in the relational model as sets of nodes where ea
h nodepoints to its 
hildren and parent (e.g. [WCB+00℄). Due to the fa
t that relationalDBS employ tuples, whi
h have a �xed length, we have many o

urren
es of thesame node in a tree table, ea
h o

urren
e pointing to one of its 
hildren. [STZ+99℄analyzed the storage of XML do
uments in relational databases and 
ame to the
on
lusion that a query spe
ifying one or more path patterns has to be translatedinto a relational query with many natural joins. It is well-known that joins are theoperations that perform least eÆ
ient in relational DBS. Of 
ourse, the evaluation inlogi
al Tree Mat
hing requires operations similar to the join, too. But here we takeuse of the index stru
tures that are tailored to the appli
ation domain of stru
tureddo
uments and make query evaluation eÆ
ient.Due to answers based on tuples, the problem of the 
ombinatorial explosiono

urs naturally for relational DBS as well, whether we model stru
tured do
umentsor other types of data. Naturally a similar 
on
ept to 
omplete answer aggregates
ould be useful. For the domain of graph databases this is dis
ussed in more detail.Obje
t-Oriented DBSObje
t-oriented DBS use the obje
t paradigm to store data. This paradigm in-
ludes, among other 
on
epts, data abstra
tion, obje
t identity, and inheritan
e.The obje
t model provides more 
exibility and expressiveness than the relationalmodel to the detriment of eÆ
ien
y.A suggesting idea is to use the hierar
hi
 
lass system modeling the inheri-tan
e in obje
t-oriented DBS to model the tree stru
ture of stru
tured do
uments([AQM+97℄). But apart from the fa
t that here the details of modeling may 
ause1In fa
t, our implementation uses an index stru
ture that is planned to be implemented on topof a relational DBS. What we mean here is a dire
t en
oding of relational do
ument stru
turesinto relations.



8.1. DATABASE SYSTEMS 119troubles, the major disadvantage of this approa
h is the la
k of eÆ
ien
y. We handover the 
ontrol to the obje
t-oriented DBS getting ourselves rid of the possibil-ity to evaluate queries in an optimized way tailored to the appli
ation domain ofstru
tured do
uments. And we 
an not expe
t the obje
t-oriented DBS to providefull fun
tionality for a

essing textual data, sin
e it is still a formalism universallyappli
able.Sin
e answers are based on tuples, we naturally en
ounter in obje
t-orientedDBS the 
ombinatorial explosion in the number of answers, what 
ould make theuse of 
omplete answer aggregates attra
tive in this �eld as well.Graph DBS and Semistru
tured DataGraph DBS are dedi
ated to store graph stru
tured data, that o

ur frequently inmany appli
ation domains as hypertext data, geographi
 data, multimedia data, et
.The formalisms for graph DBS are numerous, e.g. [GPdBG94, CM90, AS92, Fra96℄,most of whi
h implement the notion of answers as a mapping from a pattern graph toa target graph. Re
ently the resear
h on graph DBS has gained parti
ular interestwith the development of the semistru
tured data model ([Su
98, Abi97, Bun97℄)and its 
lose relation to XML data ([ABS99℄). We will fo
us the dis
ussion onsemistru
tured data, but most points are also appli
able to other graph DBS basedon answer mappings.The model of semistru
tured data was given birth due to the observation thattraditional DBS 
an not treat data with irregular, partially unknown or 
hangingstru
ture. This observation 
an be made frequently when ex
hanging data betweenheterogenous databases. The problems arising from di�ering or unknown s
hemataare legion. The basi
 idea of semistru
tured data was to use a graph model todes
ribe the data, thus allowing for arbitrary irregularities and having data instan
esdes
ribing their own s
hema by means of the graph stru
ture with labels. Withthese 
apabilities the semistru
tured data model 
an be used as a model for datainter
hange between databases as well as a data model for databases on its own,e.g. the Lore database system ([MAG+97℄). In addition, the semistru
tured datamodel revealed itself as an abstra
t des
ription of XML data (when negle
ting theorder among elements), thus attra
ting major interest in the database and WorldWide Web 
ommunities.Query languages for semistru
tured data ([ABS99, AQM+97, BDHS96℄) arebased upon answer mappings. They are more expressive than logi
al Tree Mat
hing,in
luding for example regular expressions for paths or edges labeled with formulae.And, of 
ourse, the underlying graph model is more expressive than the tree modelemployed in logi
al Tree Mat
hing. Not in
luded in the semistru
tured data model isa notion of ordering between the elements nor a dedi
ated treatment of textual datawith its pe
uliarities. The absen
e of order and spe
ial treatment of text 
an makethe use of the semistru
tured data model problemati
 for stru
tural do
uments.For query evaluation, [MS00℄ showed the de
ision problem whether there exists asolution for a query des
ribing a DAG (dire
ted a
y
li
 graph) to be NP-
ompleteif the database has at least a tree stru
ture. This means that the advantage inexpressivity has to be paid with eÆ
ien
y.We 
an expe
t the e�e
ts of the 
ombinatorial explosion in the number of answersto be even worse if we move from tree models to graph models. Therefore graphdatabases seem to be an interesting �eld for the appli
ation of te
hniques based on
omplete answer aggregates. [MS00℄ showed how 
omplete answer aggregates 
anbe used for graph DBS and elaborate on the bene�ts of having a visual interfa
e forthe examination and reformulation of 
omplete answer aggregates as query results.In the more general graph model we loose the lo
ality property of answer sets (asformulated in Lemma 3.27) resulting in the fa
t that we 
an no longer generate all
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omplete answer aggregate without sear
hing: The reason isthat we 
an not �nd an order for the query nodes so that the instantiation of a nodedepends only on values of pre
eding nodes. For tree queries we exploited the fa
tthat su
h an order exists. A deeper investigation on this subje
t has been made inthe �eld of 
onstraint networks in [Fre82℄.8.2 Information Retrieval SystemsBaeza-Yates and Ribeiro-Neto de�ne Information Retrieval as the dis
ipline dealing\with the representation, storage, organization of, and a

ess to information items"([BYRN99b℄). Traditionally, the information is assumed to be 
ontained in a 
ol-le
tion of text do
uments that are a

essed by the user with a query in the form ofa set keywords. We will refer to this traditional 
on
ept of Information retrieval inthis se
tion and will not tou
h more modern aspe
ts like image retrieval, multimediainformation retrieval, et
. Due to the fa
t that \information" is a notion with a lesspre
ise semanti
s than \data" (des
ribing an uninterpreted synta
ti
al obje
t), thewhole �eld of Information Retrieval is 
on
erned with the 
on
epts of impre
isionand relevan
e of a do
ument with respe
t to a given query. Information Retrieval isa �eld that is on the te
hni
al level very 
lose to Computer S
ien
e in general andDBS in parti
ular, on another level it is lo
ated in Computational Linguisti
s dueto the fa
t that information in text do
uments is represented in natural language.In Se
tions 6.1 and 7.2 we des
ribe the retrieval pro
ess in IR and the 
entralrole of the 
on
epts \relevan
e" and \impre
ision" in more detail. We will now
ompare the logi
al Tree Mat
hing formalism with the general model of Informa-tion Retrieval. The main di�eren
e is that logi
al Tree Mat
hing has no notion ofrelevan
e as present in IR. Answers in logi
al Tree Mat
hing all have the same rele-van
e with respe
t to the query, namely \full" relevan
e. In this aspe
t logi
al TreeMat
hing follows a DBS-oriented approa
h. So far there are only few formalismsmodeling the retrieval of stru
tured do
uments with taking into a

ount relevan
y.Examples for formalisms like this 
an be found in [FGR98, BYNVdlF98, SJJ98℄.The re
e
tion of a

umulated o

urren
es of keywords is not fully satisfying in theseformalisms. One would expe
t that a keyword o

urring in a paragraph more thanon
e des
ribes the paragraph better than a keyword o

urring only on
e. On theother hand, 
onsider a keyword o

urring in a paragraph with weight w. If theparagraph was the only 
ontent of a surrounding se
tion, we 
an reasonably saythat the keyword o

urs with weight w in the surrounding se
tion. In the other
ases, the weight of the keyword in the se
tion should depend on the other para-graphs in this se
tion, too. The mentioned formalisms do not model these intuitiveprin
iples.In IR no stru
ture or only a very simple stru
ture is assumed for the text.This makes it impossible to implement the retrieval of stru
tured do
uments withthe standard IR tools. Related to this is the prin
iple of always returning a setof full do
uments as result to a query. Newer developments ([SAB93℄) allow todis
ard this monolithi
 prin
iple and retrieve passages of do
uments. As 
an beinferred from the dis
ussion so far, IR systems are one-dimensional formalisms (inthe sense dis
ussed in Se
tion 1.3) sin
e they return unstru
tured sets of answersas opposed to tuples. This makes it impossible to apply 
omplete answer aggregatete
hniques to standard IR models. But as dis
ussed in Se
tion 7.2 the in
orporationof relevan
e seems to be a very promising 
on
ept for logi
al Tree Mat
hing and
omplete answer aggregates.
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tured Do
ument Retrieval SystemsThe retrieval of stru
tured do
uments gained its �rst publi
ity with an arti
le byGonnet and Tompa on their p-strings model for the retrieval of stru
tured do
u-ments ([GT87℄). Sin
e then there was a moderately growing interest on variousmodels for the retrieval of stru
tured do
uments until XML entered the stage andattra
ted enormous attention among resear
hers towards stru
tured do
uments andtheir retrieval. The �rst workshop on query languages for XML ([W3C98b℄) orga-nized by the W3C (World Wide Web Consortium) presented more than 60 positionpapers from a
ademi
 and industrial resear
hers. The situation in the moment isthat there is a Babylonian variety of query languages for XML. We will pi
k out someof them that are well-known in the 
ommunity and dis
uss them together with theother retrieval formalisms developed for stru
tured do
uments in general. Surveyson resear
h on stru
tured do
ument retrieval 
an be found in [BC00℄, [DFF+99℄,[FSW99℄, [FLM98℄, [BYN96℄ and [Loe94℄, surveys 
overing software produ
ts im-plementing query 
apabilities for XML and SGML in [Bou99℄ and [KN98a℄, and awork on algebrai
 foundation of one-dimensional formalisms in [CM98℄.We distinguish between one-dimensional formalisms and multi-dimensional for-malisms (as des
ribed in Se
tion 1.3). One-dimensional formalisms return unstru
-tured sets of do
ument nodes as a result of a query, whereas multi-dimensionalformalisms return tuple-like stru
tures. One-dimensional do not have to strugglewith the 
ombinatorial explosion in the number of answers and have a strong ad-vantage in eÆ
ien
y of query evaluation, whereas they are less expressive. Consensand Milo show in [CM98℄ that formalisms based on the region algebra, what is the
ase for most one-dimensional formalisms, 
an not express the 
hild relation and theboth-in
luded relation (e.g. \Give me all 
hapters that in
lude both a title reading'Title' and a se
tion 
ontaining the keyword `se
tion'") in periodi
 do
ument stru
-tures. In addition, one-dimensional formalisms 
an not express the full join (sin
ethey do not involve the notion of tuples) and 
an not return stru
tured answers, forexample pairs of title-author nodes.Most of the XML query languages have a sele
tion and a 
onstru
tion part.The former 
orresponds to the 
on
ept of queries employed in this work whereasthe latter provides a me
hanism for do
ument manipulation and restru
turing. Inthe 
omparison we will negle
t the 
onstru
tion part sin
e there is no equivalentin logi
al Tree Mat
hing. The formalisms also di�er in the point whether theypresent a query language only or provide a model for database system involvingquestions of persistent storage and eÆ
ient index stru
tures with a 
orrespondingquery language.8.3.1 One-dimensional FormalismsWe will only super�
ially dis
uss the one-dimensional formalisms, sin
e they aretoo di�erent from logi
al Tree Mat
hing. Their limited notion of answers as sets ofnodes makes them less expressive but in general evaluable very eÆ
iently. Due tothe simple answer stru
ture they are not subje
t to the 
ombinatorial explosion inthe number of answers and thus not amenable to the aggregate te
hniques developedin this work.Overlapped ListsThis formalism 
onsists in fa
t of a whole family of formalisms: \PAT expres-sions" ([ST94℄), its su

essor \Overlapped Lists" ([CCB95℄) and the latest su

essor\Nested Text Region Algebra" ([JK99℄) with its implementation \sgrep" ([JK96℄).



122 CHAPTER 8. RELATED WORKAm expressiveness study on the underlying text region algebra 
an be found in[CM98℄.The formalism is based upon regions des
ribing the stru
ture of the text. Thesetext regions 
orrespond to nodes in the logi
al Tree Mat
hing formalism, apartfrom the fa
t that they may overlap and that the 
hildhood relation is not storedexpli
itly but 
an be inferred from the o�set points that asso
iate ea
h node witha text region. The algebra is simple and e�e
tive, if joins or multi-dimensionalanswers are not needed, and 
an be evaluated eÆ
iently in linear time in the sizeof the database. The evaluation is supported by eÆ
ient index stru
tures for textregions.Proximal NodesThe basi
 model of Proximal Nodes is similar to Overlapped Lists, apart from thefa
t that the stru
ture imposed on the text is a stri
t hierar
hy, i.e. overlaps arenot allowed, and that the tree stru
ture of the do
uments is expli
itly stored. Thismakes dire
t-
hildhood queries even in periodi
 do
ument stru
tures possible. Theevaluation, using dedi
ated index stru
tures, is based on the 
on
ept of 
omparingsets of nodes by traversing them in parallel. Sin
e the query language only allows foroperations that 
an be evaluated on \nearby" nodes (what is no strong restri
tion)this model evaluates queries in almost linear time in the size of the database (O(n �log(n), where n is the number of nodes in the database).XSL and XQLXQL ([RLS98, ABS99℄) is an extension to a full query language of the W3C work-ing draft for XSL ([W3C00a℄), a stylesheet language for XML do
uments. XSLand XQL are fun
tional languages that make it easy to spe
ify re
ursive traver-sals through the stru
ture of XML do
uments. The syntax of XQL is oriented onthe XML syntax and XQL allows to 
onstru
t new XML do
uments. XQL doesneither provide an evaluation model nor addresses the question of eÆ
ient indexstru
tures, but has already been implemented in numerous industrial produ
ts in-
luding Software AG's database system Tamino and Mi
rosoft's Internet Explorer5.Query AutomataQuery automata ([NS00℄) provide a ri
h query language based on a fragment ofmonadi
 se
ond order predi
ate logi
 (MSO) that is eÆ
iently evaluable on treestru
tures. Queries may in
lude regular expressions over formulae that are evaluatedon sequen
es of edges or nodes and may pertain to the subtree or 
ontext of a node.Queries 
an be evaluated in time linear in the size of the database and exponentialin the size of the query. Aspe
ts 
on
erning persistent storage are not 
overed.DoloresDolores ([FGR98℄) is an IR system that 
an handle arbitrary do
ument stru
turesand multimedia do
uments. It is based on probabilisti
 logi
 and thus in
orpo-rates the notion of relevan
e ranking. Queries and do
uments are formulated andevaluated with an obje
t-oriented and probabilisti
 extension of �rst-order pred-i
ate logi
. Although queries in
orporate the use of variables, Dolores is a one-dimensional formalism, sin
e answers are sets of do
ument nodes. The outstandingstrength of Dolores is its 
apability to express impre
ise knowledge. But, as men-tioned in Se
tion 8.2, the propagation of the relevan
e values to upper levels of the
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uments does not depend on the 
ontext, what does not always meet the intu-ition a user has about \distributed" relevan
e in do
uments. A major drawba
k isits ar
hite
ture that translates the 
omplete stru
ture of queries and do
uments toprobabilisti
 Datalog and thus fails to exploit the spe
ial features of tree-stru
turedentities in query evaluation. Dolores provides a layer-model for query evaluation,where the lowest level are eÆ
ient index stru
tures based on an basi
 IR engine.8.3.2 Multi-Dimensional FormalismsThis se
tion 
ompares some of the multi-dimensional formalisms with logi
al TreeMat
hing. A 
omprehensive 
omparison of logi
al Tree Mat
hing with Kilpel�ainen'sTree Mat
hing formalism 
an be found in Se
tion 3.4. In general all multi-dimensionalformalisms su�er from the 
ombinatori
 explosion in the number of answers.XML-QLXML-QL ([DFF+99, DFF+98, ABS99℄) is a relationally 
omplete XML query lan-guage that allows to formulate queries in an XML style, i.e. queries involve the useof element tags, attributes et
. With XML-QL the user may also 
onstru
t newXML do
uments and thus manipulate a do
ument 
olle
tion. Queries 
onsist of asele
tion, a �lter and a 
onstru
tion part and allow for path expressions, spe
i�-
ation of order, grouping, node and tag variables. The sele
tion part sele
ts nodetuples from the do
ument 
olle
tion, that are �ltered a

ording to the �lter part.The 
onstru
tion part 
onstru
ts new XML do
uments from the set of tuples. Thetopi
 of persistent storage and eÆ
ient index stru
ture is not addressed.If we restri
t XML-QL to the sele
tion and �lter part, we 
an see that we 
an use
omplete answer aggregates in order to represent the result of a query. Possibly thereexist me
hanisms similar to the 
onstru
tion part of XML-QL that 
an transform
omplete answer aggregates into new XML do
uments. A �rst step in this dire
tionare the aggregate stru
tures de�ned in Se
tion 4.6.XML-GLXML-GL ([CCD+99℄) is a graphi
al query language to XML do
uments. Its expres-sive power is 
omparable to XML-QL, but XML-GL provides a fully graphi
al queryand manipulation language. Queries are divided into a sele
tion and a 
onstru
tionpart, both spe
i�ed in a graphi
al way, and may involve spe
i�
ations of paths,joins, and grouping. The visual approa
h makes the query and 
onstru
tion lan-guage very appealing and intuitive. Persistent storage and eÆ
ient index stru
turesare not 
overed by XML-GL. Sin
e information is (internally) transported from thesele
tion to the 
onstru
tion part by the means of tuples, XML-GL is possibly inthe same way amenable to aggregate te
hniques as is XML-QL.
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Chapter 9Con
lusionThis work presented a logi
al reformulation of the Tree Mat
hing formalism that isused for the retrieval of stru
tured do
uments. The new formulation, \logi
al TreeMat
hing", added a great deal of 
exibility to the original formalism in allowing forhybrid queries that break the stri
t division of the distin
t problem 
lasses in theoriginal Tree Mat
hing formalism. In addition we introdu
ed a generi
 
onstraintme
hanism into the query formalism that 
an be adapted to the pe
uliarities of ado
ument 
olle
tion in a spe
ial domain, and used the left-to-right order as a typi
alexample for 
onstraints in the rest of this work.A major problem of the original Tree Mat
hing formalism, as well as of allother query formalisms providing 
omplex answers, is the 
ombinatorial explosionin the number of answers that is 
aused by permutational phenomena. This workintrodu
ed the data stru
ture \
omplete answer aggregate" as an alternative to 
on-fronting the user with the list of all answers. Complete answer aggregates avoid the
ombinatorial explosion in the number of answers by using a shared representation.They provide an intuitive overview over the set of all answers in a graphi
al way sothat their presentation to the user 
onstitutes an added value 
ompared to a simplelist of all answers.We have shown that 
omplete answer aggregates 
an be 
omputed eÆ
ientlyin time of order O(q � h � n � log(n)). For realisti
 
lasses of queries and do
ument
olle
tions the algorithm runs even in time O(q � h � n). We elaborated on how thealgorithm is supported by dedi
ated index stru
tures that exploit the pe
uliaritiesof stru
tured do
uments.We also showed how the sophisti
ated iterative retrieval pro
ess modeled in In-formation Retrieval 
an be applied to stru
tured do
ument retrieval, relying heavilyon 
omplete answer aggregates and their manipulation. The graphi
 nature of 
om-plete answer aggregates makes them amenable to a family of visual explorationand manipulation te
hniques that have been presented and with the help of whi
hthe user 
an explore a 
omplex information spa
e and make hidden dependen
iesexpli
it.
125
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Appendix AExample RelationsSin
e the user 
an only query those relations on the do
ument nodes that are de�nedin the relational do
ument stru
ture, it is important to �x the set of relationsfor an appli
ation. We will outline, in addition to the order relation de�ned inSe
tion 3.2.2, some 
ommon relations that are typi
ally for stru
tured do
uments.AttributesAttributes are a 
entral feature of stru
tured do
ument standards like SGML orXML as well as of semistru
tured data. There are three possibilities for modeling ofattributes in our setting: (1) via the generi
 relation me
hanism, (2) via integrationof attributes in the de�nition of the notion of do
ument stru
tures, and (3) as
hildren. We will outline how attributes 
an be modeled with relations. This helpsus to keep the basi
 model simple. A 
onsequen
e of this de
ision is that modeling ofattributes seems a bit 
umbersome. But this formal de�
ien
y will not be visible forthe user of a system based on logi
al Tree Mat
hing if an appropriate user interfa
eis used.Attributes in SGML, XML and stru
tured do
uments in general are attributeson nodes, whereas attributes in semistru
tured data ([Abi97, Bun97, Su
98℄) aremodeled as attributes on edges and nodes.1 We will 
over both approa
hes.LetA be the a �nite set of attribute names and V a set of attribute values. We in-trodu
e (possibly in�nite many) unary and binary relation symbols rNfa1=v1;:::;ak=vkgand rEfa1=v1;:::;ak=vkg for every k � jAj, all subsets fa1; : : : ; akg of A with ai 6= ajfor i 6= j and all subsets fv1; : : : ; vkg of V . A node d has the values v1; : : : ; vk forattributes a1; : : : ; ak i� d 2 I(rNfa1=v1;:::;ak=vkg). An edge from d to e has the valuesv1; : : : ; vk for attributes a1; : : : ; ak i� (d; e) 2 I(rEfa1=v1;:::;ak=vkg).With this method we 
an even model multiple labels on nodes and edges.Typing InformationSGML and XML have no support for basi
 data types as for example dates, amountsof money, integer numbers, et
. Re
ent work in progress, like the XML S
hemaWorking Group ([W3C99a, W3C99b℄), tries to in
orporate data types in the XMLframework. Relational do
ument stru
tures provide a very simple model for basi
data types: We shall introdu
e relation symbols rT for every type T . d 2 I(rT ) i�d is of type T .1Sin
e we are restri
ted to tree-stru
tured do
uments both approa
hes are equivalent.127



128 APPENDIX A. EXAMPLE RELATIONSProximityMany formalisms for stru
tured do
uments (e.g. [NBY95, CCB95, ST94℄) providethe 
on
ept of proximity based on a measure of distan
e of words in their querylanguages. A distan
e measure on word level is diÆ
ult to implement dire
tly sin
ethe �nest level of granularity in our model is the level of text leaves, but not words.Nonetheless we will outline how to implement a distan
e measure on node level.A leaf node d 2 V in an ordered relational do
ument stru
ture is 
alled the left-to-right su

essor of a leaf node e 2 V i� d <Vlr e and there exists no leaf node e0 6= ewith d <Vlr< e0 <Vlr e. The notion left-to-right prede
essor is de�ned symmetri
ally.The leftmost (rightmost) re
exive des
endant of a node d is a leaf e so that e hasno left-to-right prede
essor (su

essor) d0 that is a re
exive des
endant of d. Fromthis de�nition follows that the leftmost (rightmost) re
exive des
endant of a leaf dis d itself.We assume that there exist symmetri
 distan
e measures Æl on neighbouringleaves and show how to lift them to distan
e measures Æ on all nodes. Let thedistan
e between a leaf node d and its left-to-right su

essor be Æl(d; e) = Æl(e; d).In some 
ases it is useful to model Æl(d; e) = Æl(e; d) = 1 for all neighbouring leavesd and e. In other 
ases the distan
e Æl(d; e) 
an be based on the number of words ind or e. Now let d and e be arbitrary nodes in a relational do
ument stru
ture. If dis a re
exive des
endant of e or vi
e versa, then Æ(d; e) = 0. Else Æ(d; e) = Æl(d0; e0)if d <Vlr e (e <Vlr d, resp.), d0 is the rightmost (leftmost) re
exive des
endant of dand e0 is the leftmost (rightmost) re
exive des
endant of e.In order to model this distan
e measure we introdu
e binary relation symbolsÆm for all distan
es m two arbitrary do
ument nodes may have. Now we de�ne(d; e) 2 I(Æm) i� Æ(d; e) = m.Of 
ourse, the distan
e measure Æ(d; e) = m 
an be lifted to 
omparisonsÆ(d; e) < m, Æ(d; e) � m, et
.Distan
e inside of given text nodes only, similar to distan
e in the ProximalNodes formalism ([NBY95℄) 
an be simulated with relations in a similar way asattributes on nodes. But it is doubtable that queries operating on this simulation
an perform eÆ
iently.InequalityAs elaborated in Se
tion 3.4 our formalism di�ers from Kilpel�ainen's Tree Mat
hingin the treatment of distin
t query nodes (answers do not have to be inje
tive in ourformalism). It may be desirable for the user to express the 
onstraint that twodistin
t query nodes are mapped to two distin
t do
ument nodes. We model thiswith the inequality relation 6= on do
ument nodes: (d; e) 2 I(6=) for all distin
tnodes d; e 2 V .Semanti
 ComparisonsIt may be useful to model semanti
 
omparisons on 
ertain data types like integers,dates, amounts of money, et
. This is strongly domain spe
i�
 and not elaboratedfurther here.SimilarityA 
entral notion in he �eld of Information Retrieval is the notion of similarity.Various measures for similarity of do
uments have been proposed: The Ve
torspa
emodel ([SM83℄), the probabilisti
 model ([vR79℄), et
. We 
an adopt these modelsand de�ne a �ner notion of similarity on the level nodes instead of do
uments. Let�(d; e) be the similarity of two do
uments a

ording to a given similarity model,



129e.g. the ve
torspa
e model. It is easy to lift this monolithi
 notion of similarityto arbitrary do
ument nodes d; e by 
omputing the similarity �(d0; e0) of the twodo
ument fragments represented by d0 and e0. We then introdu
e binary relationsymbols �s for all values s the similarity of two arbitrary nodes may be. Then(d; e) 2 I(�s) i� �(d; e) = s.
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Appendix B\Movie Colle
tion": AnExample DatabaseThis appendix 
ontains the des
ription of an example database that is used formost examples in the text. The idea is to have an example database similar tothe Internet Movie Database (IMDB: [IMD00℄). Our example database \MovieColle
tion" 
onsists of a 
olle
tion of XML do
uments following the DTD de�nedin the �rst se
tion. In the se
ond se
tion we give a set of 10 example do
umentsthat are 
ontained in \Movie Colle
tion" represented as trees in a graphi
al form.In the third se
tion, the same set of do
uments is presented as XML sour
e 
ode.\Movie Colle
tion" 
onsists of a set of do
uments storing information about�lms. Naturally, we 
an only use a limited set of do
uments with only a smallamount of data for ea
h movie. Most data was taken from the Internet MovieDatabase1. The information for every movie in
ludes title (in original language),year of produ
tion, dire
tor, a
tors and writing 
redits and some information aboutthe 
ontent, like genre, summary, keywords and additional 
omments. The keywordsand the a
tors are ordered a

ording to their importan
e, i.e. the more signi�
ant akeyword or a
tor is for a movie, the earlier it appears.2 The 
omments may 
ontainopinions of other people about the movie and are, like most of the other data, takenfrom the Internet Movie Database.Typi
al for stru
tured do
uments (and semistru
tured data) is the fa
t that the
olle
tion has a somewhat irregular stru
ture: Some do
uments have a summaryelement, whereas others do not.B.1 A DTD for \Movie Colle
tion"<!ELEMENT MOVIE (TITLE, YEAR?, STAFF, CONTENTS) ><!ELEMENT TITLE (#PCDATA) ><!ELEMENT YEAR (#PCDATA) ><!ELEMENT STAFF (DIRECTOR, CAST, WRITER*) ><!ELEMENT CONTENTS (GENRE+, SUMMARY?, KEYWORDS?, COMMENT?) ><!ELEMENT DIRECTOR (#PCDATA) ><!ELEMENT CAST (ACTOR*) ><!ELEMENT WRITER (#PCDATA) ><!ELEMENT ACTOR (#PCDATA) >1Note, that in 
ontrast to the Internet Movie Database, that has a full graph stru
ture, our\Movie Colle
tion" is only a set of trees2This order is of 
ourse subje
tive, based on personal biases and some pie
es of informationfrom the Internet Movie Database. 131



132 APPENDIX B. \MOVIE COLLECTION": AN EXAMPLE DATABASE<!ELEMENT GENRE (#PCDATA) ><!ELEMENT SUMMARY (#PCDATA) ><!ELEMENT KEYWORDS (KW+) ><!ELEMENT COMMENT (#PCDATA) ><!ELEMENT KW (#PCDATA) >B.2 Tree View upon \Movie Colle
tion"The trees depi
ted in the following des
ribe a relational do
ument stru
ture. Forthe graphi
al presentation we had to abbreviate some texts. This indi
ated by \...".The full text 
an be found in Appendix B.3. Due to layout reasons the trees arearranged from left to right, i.e. the root of a tree is on the left side, and the leavesare on the right sides. The left-to-right-order between the nodes is given by theorder in the depi
ted trees, i.e. if a node d appears above a node e so that e is nodes
endant of d, then d <lr e holds. Note that the relational do
ument stru
ture
omprises the forest 
onsisting of all trees in the following.Identi�ers Every node in the forest has an identi�er with whi
h we refer in thetext of this work to the node. These identi�ers are 
omposed of an lower
ase letteridentifying ea
h tree (a for the �rst do
ument, b for the se
ond, et
.) followed bya number pointing to the node. The numbers result from visiting the nodes ina pre-order traversal. For example, node a1 is the node labeled movie in the �rstdo
ument, and node e6 is the text node 
ontaining the text Roger Vadim in the �fthdo
ument. Thus, the identi�ers re
e
t the preorder relation between the nodes.
movie

title 8 1/2staff dire
tor Frederi
o Fellini

ast a
tor Mar
ello Mastroiannia
tor Anouk Aimeea
tor Claudia Cardinalea
tor Barbara Steeleyear 1963


ontents genre Dramasummary Guido is a ...
keywords kw adulterykw beatnikskw �lm-makingkw midlife-
risiskw surreal
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movie

title Mein liebster Feind - Klaus Kinskistaff dire
tor Werner Herzog

ast a
tor Klaus Kinskia
tor Werner Herzoga
tor Eva Mattesa
tor Claudia Cardinaleyear 1999
ontents genre Do
umentarykeywords kw �lm-making

movie
title Nosferatu, eine Symphonie des Grauensstaff dire
tor F.W. Murnau
ast a
tor Max S
hre
kyear 1922

ontent

genre Horrorsummary Not the original ...
keywords

kw vampirekw surrealkw based-on-novelkw 
lassi
kw experimentalkw expressionist
omment In my opinion ...
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movie

title Nosferatu: Phantom der Na
ht
staff

dire
tor Werner Herzog

ast a
tor Klaus Kinskia
tor Isabelle Adjania
tor Bruno Ganza
tor Roland Toporwriter Werner Herzogyear 1979


ontents
genre Horrorsummary Jonathan Harker is ...

keywords kw based-on-novelkw existentialkw immortalitykw vampirekw plague
omment This Nosferatu is ...
omment Werner Herzog's version of ...
movie

title Et mourir de plaisirstaff dire
tor Roger Vadim
ast a
tor Annette Vadima
tor Mel Ferreryear 1960
ontents genre Horrorkeywords kw vampire
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movie

title Pit and the Pendulumstaff dire
tor Roger Corman
ast a
tor Vin
ent Pri
ea
tor Barbara Steeleyear 1961

ontents genre Horror

keywords
kw based-on-short-storykw spanish-inquisitionkw 
orpsekw 
razykw deathkw edgar-allen-poekw adultery

movie
title Barbarella
staff dire
tor Roger Vadim


ast a
tor Jane Fondaa
tor John Phillip Lawa
tor Anita Pallenberga
tor Mar
el Mar
eaua
tor David Hemmingsyear 1968

ontents genre Adventuregenre S
i-Fisummary The year is ...keywords kw based-on-
omi
kw 
ult-favoritekw spa
e
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movie

title Fitz
arraldo
staff dire
tor Werner Herzog
ast a
tor Klaus Kinskia
tor Claudia Cardinalewriter Werner Herzogyear 1982
ontents genre Adventuregenre Drama
omment A fas
inating portrait of ...

movie
title Paganini
staff

dire
tor Klaus Kinski

ast a
tor Klaus Kinskia
tor Nikolai Kinskia
tor Eva Grimaldia
tor Mar
el Mar
eauwriter Klaus Kinskiwriter Massimo Lentiniyear 1989
ontents genre Drama

keywords kw biographi
alkw madnesskw musi
kw genius
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movie

title La mas
hera del demonio
staff dire
tor Mario Bava
ast a
tor Barbara Steelewriter Mario Bavawriter Ennio De Con
iniyear 1960


ontents genre Horrorsummary A vengeful wit
h and ...
keywords kw maskkw satanismkw revengekw vampirekw burned-at-stakeB.3 XML View upon Movie Colle
tion<?xml version='1.0' en
oding='ISO-8859-1' ?><!DOCTYPE MOVIE SYSTEM 'movie.dtd'><MOVIE><TITLE>8 1/2</TITLE><STAFF><DIRECTOR> Federi
o Fellini </DIRECTOR><CAST><ACTOR> Mar
ello Mastroianni </ACTOR><ACTOR> Anouk Aimee </ACTOR><ACTOR> Claudia Cardinale </ACTOR><ACTOR> Barbara Steele </ACTOR></CAST></STAFF><YEAR> 1963 </YEAR><CONTENTS><GENRE> Drama </GENRE><SUMMARY>Guido is a film dire
tor, trying to relax after his last big



138 APPENDIX B. \MOVIE COLLECTION": AN EXAMPLE DATABASEhit. He 
an't get a moments pea
e, however, with the people whohave worked with him in the past 
onstantly looking for morework. He wrestles with his 
ons
ien
e, but is unable to 
ome upwith a new idea. While thinking, he starts to re
all majorhappenings in his life, and all the women he has loved and left.An autobiographi
al film of Fellini, about the trials andtribulations of film making.</SUMMARY><KEYWORDS><KW> adultery </KW><KW> beatniks </KW><KW> film-making </KW><KW> midlife-
risis </KW><KW> surreal </KW></KEYWORDS></CONTENTS></MOVIE><?xml version='1.0' en
oding='ISO-8859-1' ?><!DOCTYPE MOVIE SYSTEM 'movie.dtd'><MOVIE><TITLE> Mein liebster Feind - Klaus Kinski </TITLE><STAFF><DIRECTOR> Werner Herzog </DIRECTOR><CAST><ACTOR> Klaus Kinski </ACTOR><ACTOR> Werner Herzog </ACTOR><ACTOR> Eva Mattes </ACTOR><ACTOR> Claudia Cardinale </ACTOR></CAST></STAFF><YEAR> 1999 </YEAR><CONTENTS><GENRE> Do
umentary </GENRE><KEYWORDS><KW> film-making </KW></KEYWORDS></CONTENTS></MOVIE><?xml version='1.0' en
oding='ISO-8859-1' ?><!DOCTYPE MOVIE SYSTEM 'movie.dtd'><MOVIE><TITLE> Nosferatu, eine Symphonie des Grauens </TITLE><STAFF><DIRECTOR> F.W. Murnau </DIRECTOR><CAST><ACTOR> Max S
hre
k </ACTOR></CAST>



B.3. XML VIEW UPON MOVIE COLLECTION 139</STAFF><YEAR> 1922 </YEAR><CONTENTS><GENRE> Horror </GENRE><SUMMARY>Not the original Dra
ula movie (but 
lose enough for mostpeople), this follows the familiar story of Count Orlo
 movingfrom his ruined 
astle to the 
ity of Wisborg, after the visitof one Jonathan Harker. On
e there he be
omes involved withJonathan's fian
ee Nina, who alone holds the power to destroyhim.</SUMMARY><KEYWORDS><KW> vampire </KW><KW> surreal </KW><KW> based-on-novel </KW><KW> 
lassi
 </KW><KW> experimental </KW><KW> expressionist </KW></KEYWORDS><COMMENT>In my opinion, this is the best vampire movie made, ever. Butbeyond that, it is an in
redibly powerful visual film as well.Max Shre
k looks simply fantasti
 in the makeup that SHOULD havedefined the role that would be inherited by Bela Lugosi. Theonly vampire movie that stands up to this one is "Vampyr".</COMMENT></CONTENTS></MOVIE><?xml version='1.0' en
oding='ISO-8859-1' ?><!DOCTYPE MOVIE SYSTEM 'movie.dtd'><MOVIE><TITLE> Nosferatu: Phantom der Na
ht </TITLE><STAFF><DIRECTOR> Werner Herzog </DIRECTOR><CAST><ACTOR> Klaus Kinski </ACTOR><ACTOR> Isabelle Adjani </ACTOR><ACTOR> Bruno Ganz </ACTOR><ACTOR> Roland Topor </ACTOR></CAST><WRITER> Werner Herzog </WRITER></STAFF><YEAR> 1979 </YEAR><CONTENTS><GENRE> Horror </GENRE><SUMMARY>



140 APPENDIX B. \MOVIE COLLECTION": AN EXAMPLE DATABASEJonathan Harker is sent away to Count Dra
ula's 
astle to sellhim a house in Virna, where he lives. But Count Dra
ula is avampire, an undead ghoule living of men's blood. Inspired by aphotograph of Lu
y Harker, Jonathan's wife, Dra
ula moves toVirna, bringing with him death and plague... An unusually
ontemplative version of Dra
ula, in whi
h the vampire bears the
ross of not being able to get old and die.</SUMMARY><KEYWORDS><KW> based-on-novel </KW><KW> existential </KW><KW> immortality </KW><KW> vampire </KW><KW> plague </KW></KEYWORDS><COMMENT>This Nosferatu is 
aught in insanity, be
ause he 
annot enjoyhis immortality, and wants to infe
t them with his luna
y. Mayberidi
ulous for some audien
e, but this is the most horrifyingvampire movie for a man with heart of vampire. Fantasti
 beautyof Isabelle Adjani also a

ents the nightmare.</COMMENT><COMMENT>Werner Herzog's version of Murnau's 
lassi
 NOSFERATU is a
aptivating experien
e. Klaus Kinski is perfe
t as CountDra
ula. He brilliantly 
onveys the loneliness and sadness of a
reature who longs to be human. Count Dra
ula is the vi
tim inthis film, he does not enjoy his immortality and wants only tolive, love and die like a human. Isabelle Adjani's etherealbeauty pun
tuates her ghostlike performan
e as Lu
y, and BrunoGanz turns in another solid performan
e as Jonathan.</COMMENT></CONTENTS></MOVIE><?xml version='1.0' en
oding='ISO-8859-1' ?><!DOCTYPE MOVIE SYSTEM 'movie.dtd'><MOVIE><TITLE> Et mourir de plaisir </TITLE><STAFF><DIRECTOR> Roger Vadim </DIRECTOR><CAST><ACTOR> Annette Vadim </ACTOR><ACTOR> Mel Ferrer </ACTOR></CAST></STAFF><YEAR> 1960 </YEAR><CONTENTS><GENRE> Horror </GENRE><KEYWORDS>



B.3. XML VIEW UPON MOVIE COLLECTION 141<KW> vampire </KW></KEYWORDS></CONTENTS></MOVIE><?xml version='1.0' en
oding='ISO-8859-1' ?><!DOCTYPE MOVIE SYSTEM 'movie.dtd'><MOVIE><TITLE> Pit and the Pendulum </TITLE><STAFF><DIRECTOR> Roger Corman </DIRECTOR><CAST><ACTOR> Vin
ent Pri
e </ACTOR><ACTOR> Barbara Steele </ACTOR></CAST></STAFF><YEAR> 1961 </YEAR><CONTENTS><GENRE> Horror </GENRE><KEYWORDS><KW> based-on-short-story </KW><KW> spanish-inquisition </KW><KW> 
orpse </KW><KW> 
razy </KW><KW> death </KW><KW> edgar-allen-poe </KW><KW> adultery </KW></KEYWORDS></CONTENTS></MOVIE><?xml version='1.0' en
oding='ISO-8859-1' ?><!DOCTYPE MOVIE SYSTEM 'movie.dtd'><MOVIE><TITLE> Barbarella </TITLE><STAFF><DIRECTOR> Roger Vadim </DIRECTOR><CAST><ACTOR> Jane Fonda </ACTOR><ACTOR> John Phillip Law </ACTOR><ACTOR> Anita Pallenberg </ACTOR><ACTOR> Mar
el Mar
eau </ACTOR><ACTOR> David Hemmings </ACTOR></CAST></STAFF><YEAR> 1968 </YEAR><CONTENTS>



142 APPENDIX B. \MOVIE COLLECTION": AN EXAMPLE DATABASE<GENRE> Adventure </GENRE><GENRE> S
i-Fi </GENRE><SUMMARY>The year is 40.000. Pea
efully floating around in zero-gravityBarbarella (Jane Fonda) is suddenly interrupted by a 
all fromthe President of Earth. A young s
ientist, Durand-Durand, isthreatening the an
ient universal pea
e and Barbarella is the
hosen one to find him and save the world. During her mission,Barbarella never finds herself in a situation where it isn'tpossible to lose at least part of her already minimal dressing.</SUMMARY><KEYWORDS><KW> based-on-
omi
 </KW><KW> 
ult-favorite </KW><KW> spa
e </KW></KEYWORDS></CONTENTS></MOVIE><?xml version='1.0' en
oding='ISO-8859-1' ?><!DOCTYPE MOVIE SYSTEM 'movie.dtd'><MOVIE><TITLE> Fitz
arraldo </TITLE><STAFF><DIRECTOR> Werner Herzog </DIRECTOR><CAST><ACTOR> Klaus Kinski </ACTOR><ACTOR> Claudia Cardinale </ACTOR></CAST><WRITER> Werner Herzog </WRITER></STAFF><YEAR> 1982 </YEAR><CONTENTS><GENRE> Adventure </GENRE><GENRE> Drama </GENRE><COMMENT>A fas
inating portrait of a man whose love for the opera driveshim on a pe
uliar mission to build an opera house in the SouthAmeri
an rain forest. The 
hara
ters are sharply developedwithout the use of unne
essary "refle
tive" dialogue. Herzoginstead 
hooses to allow his a
tors to show us the 
hara
tersalmost wholly through expression and a
tion.There is some beautiful 
amera work, and the s
ript is alwaysfas
inating.</COMMENT></CONTENTS></MOVIE><?xml version='1.0' en
oding='ISO-8859-1' ?>



B.3. XML VIEW UPON MOVIE COLLECTION 143<!DOCTYPE MOVIE SYSTEM 'movie.dtd'><MOVIE><TITLE> Paganini </TITLE><STAFF><DIRECTOR> Klaus Kinski </DIRECTOR><CAST><ACTOR> Klaus Kinski </ACTOR><ACTOR> Nikolai Kinski </ACTOR><ACTOR> Eva Grimaldi </ACTOR><ACTOR> Mar
el Mar
eau </ACTOR></CAST><WRITER> Klaus Kinski </WRITER><WRITER> Massimo Lentini </WRITER></STAFF><YEAR> 1989 </YEAR><CONTENTS><GENRE> Drama </GENRE><KEYWORDS><KW> biographi
al </KW><KW> madness </KW><KW> musi
 </KW><KW> genius </KW></KEYWORDS></CONTENTS></MOVIE><?xml version='1.0' en
oding='ISO-8859-1' ?><!DOCTYPE MOVIE SYSTEM 'movie.dtd'><MOVIE><TITLE> La mas
hera del demonio </TITLE><STAFF><DIRECTOR> Mario Bava </DIRECTOR><CAST><ACTOR> Barbara Steele </ACTOR></CAST><WRITER> Mario Bava </WRITER><WRITER> Ennio De Con
ini </WRITER></STAFF><YEAR> 1960 </YEAR><CONTENTS><GENRE> Horror </GENRE><SUMMARY>A vengeful wit
h and her fiendish servant return from the graveand begin a bloody 
ampaign to possess the body of the wit
h'sbeautiful look-alike des
endant. Only the girl's brother and ahandsome do
tor stand in her way.</SUMMARY>



144 APPENDIX B. \MOVIE COLLECTION": AN EXAMPLE DATABASE<KEYWORDS><KW> mask </KW><KW> satanism </KW><KW> revenge </KW><KW> vampire </KW><KW> burned-at-the-stake </KW></KEYWORDS></CONTENTS></MOVIE>
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