In tegrated Querying and Restructuring of the W orld Wide W eb and Databases Atsuyuki Morishima Do ctoral Degree Program in Eng., Univ. of Tsukuba mori@dblab.is.tsukuba.ac.jp Hiro yuki Kitagaw a Inst. of Info. Sci. and Elec., Univ. of Tsukuba kitagaw a@is.tsukuba.ac.jp Abstract T oday , a h uge num ber of information sources are av ailable via computer netw orks. Th us, in tegration of heterogeneous information sources has b een one of the most imp ortant issues in recent adv anced application environmen ts. In particular, with the broad acceptance of the W orld Wide W eb (or W eb), there is a great deal of demand for inte- gration of the W eb and databases. In this pap er, w e pro- pose WebNR/SD as a basic framework for in tegration of the W eb, relational databases, and structured do cument repositories. W ebNR/SD com bines an abstract data t yp e named the structur e d do cument typ e and the nested re- lational structures to accommo date structured do cuments (W eb pages) and relations. W ebNR/SD also has a data t ype named Hlink typ e to deal with h yp er-text links among W eb pages, and op erators to dynamically imp ort and ex- port W eb pages on demand. W ebNR/SD can dynamically con v ert W eb pages into nested relational structures and vice v ersa. In this pap er, we fo cus on in tegration of the W eb and relational databases, and amalgamation of data in W eb pages and relations is explained. In addition to querying di�eren t information sources, we can construct h yper-text views ov er the underlying information sources. 1 In tro duction T o da y , a h uge num b er of information sources are av ail- able via computer net w orks. Thus, in tegration of het- erogeneous information sources has b een one of the most imp ortan t issues in recen t adv anced application en vironmen ts [4][5][9][15][24]. In particular, with the broad acceptance of the W orld Wide W eb (or W eb), there is a great deal of demand for in tegration of W eb information resources and databases [16]. W eb con- sists of a lot of structured do cuments (or p ages in the con text of W eb), written in HTML. HTML do c- umen ts are SGML do cumen ts whose inner do cument structures are prescrib ed by a prede�ned do cumen t P ermission to copy without fee all or part of this material is granted p rovided that the copies a re not made or distributed for direct commercial advantage, the DMIB cop yright notice and the title of the publication and its date app ear, and notice is given that cop ying is by p ermission of DMIB Organizing Committee. T o copy otherwise, or to republish, requires a fee and/o r sp ecial p ermission. In ternational Symp osium on Digital Media Information Base (DMIB’97), Nara, Japan, Nov em ber 1997 t yp e de�nition. In addition, XML ( Extensible Markup L anguage )[10] has b een dev elop ed as a next generation language for W eb page description. XML do cuments are also SGML do cumen ts, and allo w W eb pages to ha v e user-de�ned do cument types. In the previous w ork, w e prop osed a data mo del, named NR/SD , as a basic framework for in tegration of structured do cument rep ositories (such as SGML �les) and relational databases. W e studied basic prop- erties of its op erators, and dev elop ed a query pro cess- ing and optimization sc heme in the in tegration en vi- ronmen t [20] [21]. In this pap er, we incorp orate the W eb in to our integration scheme. Data mo deling constructs of NR/SD are nested re- lations [13] and an abstract data type named the struc- tur e d do cument typ e (or shortly , SD type). NR/SD treats raw structured do cumen ts as v alues of SD t yp e. NR/SD pro vides the nested relational algebra op era- tors, and a n um b er of functions asso ciated with SD t yp e to retrieve text elemen ts con tained in structured do cumen ts. Thus, NR/SD provides basic constructs to mo del data b oth in structured do cumen ts and rela- tional databases, and op erators for their manipulation. NR/SD features op erators, called c onverters , to dy- namically con v ert structured do cuments in to nested relational structures and vice versa. Thus, we can rep- resen t the same data either as atomic v alues of SD type (structured do cuments) or as nested relational struc- tures. The former represen tation is appropriate in ma- nipulating a collection of heterogeneous data ob jects, while the latter is appropriate from the viewp oint of data restructuring based on the nested relational alge- bra op erators, suc h as join and nest. With NR/SD, we can retrieve data in the form of structured do cuments or relations, and can also restructure data ob jects to dev elop v arious views on top of the stored structured do cumen ts and relational databases. In [22], we extended NR/SD to NR/SD+ . The main di�erence is that conv erters are more primitive in NR/SD+. Therefore, NR/SD+ is more exible to accommo date v arious structures whic h o ccur in SGML do cumen ts. Moreo v er, in NR/SD+, conv erters can di- rectly manipulate text elements inside structured do c- umen ts. These features make NR/SD+ more suitable for practical in tegration scenarios. In this pap er, w e prop ose WebNR/SD to incor- p orate the W eb as an information source in addi- 262 tion to structured do cumen t rep ositories and relational databases. Although W eb contains a collection of structured do cuments as con v en tional structured do c- umen t rep ositories, it di�ers from them in the follo w- ing p oin ts: (1) W eb pages usually ha v e h yp er-text links to relev an t pages. (2) The num b er of W eb pages is virtually innumerable and they are autonomously c hanging. Therefore, it is impractical to manage all the W eb pages in the w orld with a static database sc heme. T o cop e with this �rst p oin t, W ebNR/SD intro- duces a new t yp e named the Hlink typ e . T o address the second p oint, we pro vide Navigate and Imp ort op- erators. They enable us to fetc h W eb pages from the outside W eb world on demand. Na vigate gets hyper- text links to the W eb pages whic h meet user-sp eci�ed conditions. Imp ort is to obtain the con ten ts of the W eb pages as SD type v alues. In addition to Navigate and Imp ort, W ebNR/SD features Exp ort op erator. It exp orts SD type v alues as W eb pages to the outside W eb world. Thus, in addi- tion to querying di�eren t information sources, we can construct hyp er-text views o v er the underlying infor- mation sources. In the follo wing discussion, we assume that W eb pages are written in XML, and that W eb pages hav e user-de�ned inner do cumen t structures. This enables us to use tag information more e�ectiv ely taking care of user-sp eci�ed data seman tics. The rest of this pap er is organized as follows. Sec- tion 2 presen ts an application scenario of W ebNR/SD. Section 3 gives brief description of NR/SD+, the basis of W ebNR/SD. Section 4 de�nes data t yp es and op era- tors sp eci�c to W ebNR/SD. Section 5 sho ws how data manipulation in the application scenario can b e at- tained in W ebNR/SD. W e brie y survey related works in Section 6, and conclude in Section 7. 2 Application Scenario 2.1 In tegration En vironmen t One of the promising approaches to in tegrate hetero- geneous information sources is to use soft w are mo dules or agents called me diators and wr app ers [24][27]. W e follo w this approach to attain integration of the W eb, relational databases, and structured do cumen t rep os- itories (Figure 1). The mediator acts as a co ordina- tor, and �rst it dispatc hes wrapp ers to information sources 1 . W rappers for relational databases and do cu- men t rep ositories communicate with lo cal information sources directly , while the wrapp er for the W eb com- m unicates with a n um ber of W eb servers to get W eb pages. W rappers pro vide the mediator with schema information on lo cal information sources. In particu- lar, wrapp ers for the W eb and structured do cumen t rep ositories construct relational views o v er them. The mediator pro vides clients with an integrated schema on those information sources. Clients may b e user in- terface mo dules, or application pro cesses which com- m unicate with the mediator. After the mediator gets the user’s request from a clien t, it analyzes the re- 1 In this context, we do not assume that wrapp ers alwa ys reside at lo cal information sources as in TSIMMIS [24]. quest, decomp oses it in to lo cal pro cessing requests, and sends them to wrapp ers. Eac h wrapp er issues lo- cal commands to the lo cal information source. Lo cal commands may b e simple requests to get particular data items suc h as W eb page fetc hes, or complicated queries whic h utilize querying capabilit y of lo cal infor- mation sources, such as SQL commands. The wrap- p er receives the in termediate result, translates it in to W ebNR/SD data represen tation, and sends it bac k to the mediator. Finally , the mediator collects data from the wrapp ers and pro duces the �nal result, which is returned to the client. Figure 1: In tegration en vironmen t 2.2 Example Scenario In this subsection, we show an example scenario in the integration environmen t shown in Figure 1 and its technical requiremen ts. Assume that w e hav e a relational database whic h manages information on a CS departmen t of some univ ersit y . It con tains a re- lation \Mem b er" (Figure 2(a)). Also, there are W eb pages originating in \CS departmen t home page" (Fig- ure 2(b)). The department has a n um ber of research groups. Eac h group has W eb pages whic h list pub- lications of the group for each year (w e call them PL pages). They are indirectly link ed from the CS depart- men t home page (Figure 2(c)). PL pages of di�eren t groups ma y hav e di�erent inner page structures. F or example, ev ery PL page of Group A categorizes publi- cation items by pro jects, while that of Group B anno- tates eac h publication item with its abstract. Ho w ev er, ev ery publication item in all PL pages is assumed to ha v e substructure sho wn in Figure 3. Figure 4 sho ws examples of publication items. The requiremen t here is to get a hyp er-text view o v er those information sources. It consists of new W eb pages (new PL pages), each of which lists publications of a faculty mem b er (Figure 2(d)). It also has an index W eb page whic h con tains h yp er-text links to the new PL pages and the facult y members’ information origi- nally stored in the relation \Member" (Figure 2(e)). 263

Figure 2: Hyp er-text View ov er the W eb and a Relational Database Figure 3: Structure of a publication item <p-item><authors><author>T. Johnson</author> <author>G. Mark</author></authors><title> On structured documents</title><pub-info><proc- info><proc-title>CODAS</proc-title><date><month> Nov.</month><year>1996</year></date></proc-info> </pub-info><pages>128-187</pages></p-item> .. <p-item><authors><author>H. Smith</author> </authors><title>Access control in a multidatabase </title><pub-info><j-info><j-title>A-journal </j-title><vol>1</vol><no>7</no><date><month>June </month><year>1994</year></date></j-info></pub- info><pages>32-41</pages></p-item> .. Figure 4: Sample publication items con tained in PL pages This example scenario requires the following prob- lems to b e solv ed. P1 T o dev elop an in tegrated sc hema o v er the W eb and the relational database. P2 T o amalgamate data ob jects originally contained in the W eb pages and the relational database. P3 T o cop e with heterogeneous structures in the orig- inal PL pages. P4 T o restructure data ob jects and construct new W eb pages and new h yp er-text link structures. Our approac h to the problems in W ebNR/SD is ad- dressed in the follo wing sections. Concrete data ma- nipulation steps in W ebNR/SD are sho wn in Section 5. 3 NR/SD+ In this section, we brie y presen t NR/SD+, the basis of W ebNR/SD. Note that we fo cus on p oints indis- p ensable for introducing W ebNR/SD. Therefore, the description of NR/SD+ here is not complete. More detailed description is given in [22]. 3.1 Data Structure As men tioned b efore, nested relational structures and the structured do cumen t t yp e are basic data mo deling constructs of NR/SD+. Figure 5 sho ws example rela- tion r 0 . The domains of attributes A and D are String and In teger, resp ectively . The domains of B and E are the structur e d do cument typ e , explained b elow. C A B D E <table><dep> 1 <name>Thomas : : : ab c Department : : : 2 : : : 3 : : : def : : : 4 : : : Figure 5: Relation r 0 Structured Do cumen t Type A v alue of the structur e d do cument typ e (or SD typ e ) is a pair of a DTD (Do cumen t T yp e De�nition) and text in which tags are embedded according to the DTD. W e call a v alue of SD t yp e an SD value . Figure 6 shows an example SD v alue. The DTD in the upp er b ox represents the do cumen t structure. Inside the low er b o x is the tagged text. A tagged text is divided into elements surrounded by a start tag < g > and an end tag </ g > , where g is a generic iden- ti�er represen ting the element typ e . Elements can b e nested within other elements. The DTD prescrib es ho w the elemen ts can b e hierarc hically constructed b y sub-elemen ts. In Figure 6, eac h line in the DTD is an element typ e de�nition . An elemen t \pl-page-B" is a sequence of \page-title," \year," and \pub-list" ( seq structure). An elemen t \pub-list" consists of zero or more \list- item" elemen ts ( rep structure). An elemen t \pub- info" con tains either \pro c-info" or \j-info" ( or struc- ture). An elemen t \pro c-info" has seq structure and can con tain at most one \v en ue" elemen t ( opt struc- ture). The elemen t types suc h as \page-title," \y ear," and \author" ha v e no internal structures ( text struc- ture). W e usually omit their de�nitions such as page- title= text for simplicit y . An integrated sc hema in NR/SD+ represen ts rela- tions stored in the databases as they are, and a set of structured do cumen ts stored in each do cument rep os- itory as a unary relation with an SD t yp e attribute. 264 pl-page-B = seq (page-title, year, pub-list) pub-list = rep (list-item) list-item = seq (p-item, abstract) p-item = seq (authors, title, pub-info, pages) pub-info = or (pro c-info, j-info) proc-info = seq (pro c-title, opt (ven ue), date) j-info = seq (j-title, vol, no, date) authors = rep (author) date = seq (month, year) <pl-page-B> <page-title>Publication-List 1997</page-title><year> 1997</year><pub-list><list-item><p-item><authors> <author>A. white</author><author>T.Jackson</author> </authors><title>Integration of Web and DB</title> <pub-info><proc-info><proc-title> ... ... Figure 6: Sample SD v alue 3.2 Con v erters NR/SD+ features tw o c onverters : Unp ack and Pack . The conv erters transform SD v alues into nested rela- tional structures and vice versa. Unp ack constructs sub-relation structures which store text elemen ts orig- inally contained in SD v alues. The text elemen t sp eci- �cation con tained in the parameter of Unpack sp eci�es whic h elemen ts of the SD v alues are to b e con tained in the sub-relations. Conv ersely , Pack constructs SD v alues from sub-relation structures containing text el- emen ts. W e �rst explain text element sp eci�cation in Unpac k and then the conv erters. T ext elemen t sp eci�cation W e use expressions of the r e gion algebr a [7] to sp ecify whic h text elements are to b e contained in sub-relation structures in Unpac k. A r e gion is a con tiguous part of text. In this con text, we only consider regions whic h corresp ond to text elemen ts. The region algebra is a set-at-a-time algebra. An expression e of the region algebra is generated by the follo wing rule: e ! R i j e [ e j e \ e j e � e j e � e j e � e j e < e j e > e j � [ w ]( e ) j ( e ) where R i can b e a generic iden ti�er (e.g. \date"). The region algebra expression \ g i " returns the set of g i -t yp ed text elements. F or example, for the tagged text \ <c> <a> <b> w1 w2 </b> <b> w3 </b> <b> w4 w1 </b> </a> <b> w1 w5 </b> </c> ", the region algebra expression \ a " returns f \ <a> <b> w1 w2 </b> <b> w3 </b> <b> w4 w1 </b> </a> " g , and \ b " returns the set of text elements f \ <b> w1 w2 </b> ," \ <b> w3 </b> ," \ <b> w4 w1 </b> ," \ <b> w1 w5 </b> " g . Union ( [ ), intersection ( \ ), di�erence ( � ) are ordi- nary set op erators. The including ( � ), include d ( � ), fol lows ( > ), and pr e c e des ( < ) op erators are de�ned as follo ws: R � S = f r 2 R : 9 s 2 S; r � s g R � S = f r 2 R : 9 s 2 S; r � s g R > S = f r 2 R : 9 s 2 S; r > s g R < S = f r 2 R : 9 s 2 S; r < s g where r � s holds when elemen t r strictly includes elemen t s , r > s holds when r follo ws s (i.e. the b e- gin p osition of r is after the end p osition of s ), and r � s and r < s are de�ned in a similar w a y . The selection ( � ) op erator selects elements whic h include o ccurrences of the w ord \ w ." F or example, for the same tagged text as the ab ov e example, the region al- gebra expression \ � [ 0 w 1 0 ]( b � a )" returns f \ <b> w1 w2 </b> ," \ <b> w4 w1 </b> " g . Unpac k Unpac k ( U ) constructs sub-relation structures whic h store text elemen ts originally con tained in SD v alues. Figure 7 giv es an example of Unpack, where r 2 := U B ! C ( O ;D [ � [ 0 T 1 0 ]( c � ( b [ f ))]) as x ( r 1 ) : This example constructs sub-relation structures for attribute C (with sub-attributes O and D) in the result relation r 2 . A ttribute D includes SD v alues represen t- ing text elements whic h are extracted from SD v alues of attribute B in r 1 , according to the text elemen t sp eci�cation � [ 0 T 1 0 ]( c � ( b [ f )). Th us, SD v alues in attribute D represen t such c -t yp e text elemen ts that they are con tained in text elements of type b or f and they contain the w ord \T1." SD v alues in attribute B of relation r 2 contain SD r efer enc es , denoted by \ &x. n ; ." SD references refer to SD v alues stored in the sub-relation structures. The header of SD reference (i.e. \ x " in this example) is sp eci�ed as a parameter of Unpac k. In r 2 , w e call SD v alues in attribute B master SD values (or mas- ters ), and those in attribute D derivative SD values (or derivatives ) (Figure 8). r 1 : A B h b: rep (c), \ <b><c>T1 T2</c><c>T3 T4</c> 1 <c>T1 T5</c></b> " i h a: seq (d: seq (c,c),b: rep (c)), \ <a><d><c>T1</c> 2 <c>T2</c></d><b><c>T6</c><c>T1</c></b></a> " i h e: seq (b: rep (c), f: seq (c,g)), \ <e><b><c>T1</c><c>T4 3 T6</c></b><f><c>T7 T1</c><g>T3</g></f></e> " i r 2 : C A B O D h b: rep (c),\ <b>&x.1; 1 h c, \ <c>T1 T2</c> " i 1 \ <c>T3 T4</c>&x.2;</b> " i 2 h c, \ <c>T1 T5</c> " i h a: seq (d: seq (c,c),b: rep (c)), \ <a><d><c>T1</c><c>T2</c> </d><b><c>T6</c>&x.1;</b> 2 </a> " i 1 h c, \ <c>T1</c> " i h e: seq (b: rep (c), f: seq (c,g)), \ <e><b>&x.1;<c>T4 T6</c> 1 h c, \ <c>T1</c> " i </b><f>&x.2;<g>T3</g></f> 3 </e> " i 2 h c, \ <c>T7 T1</c> " i Figure 7: Relations r 1 and r 2 Figure 8: Master and deriv ativ es 265

P ac k Pack ( P ) constructs SD v alues from sub-relation struc- tures con taining text elemen ts. Figure 7 giv es an ex- ample of P ac k, to o, where r 1 := P C ( O ;D ) as x ! B ( r 2 ) : This P ac k restores original SD v alues in attribute B from sub-relations in attribute C of r 2 and mas- ters in attribute B. The masters are used as templates, and SD references are replaced with text elements in deriv ativ es. 3.3 Master Constructors P ac k op erator requires masters in constructing SD v alues from sub-relation structures. Although mas- ters could b e created b y Unpac k, as shown ab o v e, sometimes w e need other masters in order to get SD v alues whic h hav e other inner do cument structures. Also, if we wan t to construct SD v alues from sub- relations whic h are not directly created by Unpac k, it is necessary to explicitly provide masters. Mas- ter c onstructors can b e used to create masters which ha v e DTDs and SD references consisten t with exist- ing deriv ativ es. Here, we explain Se quenc e master c onstructor ( SC ) and R ep etition master c onstructor ( R C ). SC provides seq -structured masters, while R C pro vides rep -structured masters. Figure 9 gives examples of SC and R C , where r 4 := SC C ( O ;D ) as x;B ;G ( r 3 ), and r 6 := R C C ( O ;D ) as x;B ;G ( r 5 ) : In b oth examples, attribute G serv es to designate generic iden ti�ers of the top text elements of new mas- ters in attribute B. r 3 : C A O D G 1 h a, \ <a>T1</a> " i 1 2 h b, \ <b>T2</b> " i f 3 h c, \ <c>T3</c> " i r 4 : C A O D B 1 h a, \ <a>T1</a> " i 1 2 h b, \ <b>T2</b> " i 3 h c, \ <c>T3</c> " i h f: seq (a,b,c), \ <f>&x.1;&x.2;&x.3;</f> " i r 5 : C A O D G 1 h a, \ <a>T1</a> " i 1 2 h a, \ <a>T2</a> " i f 3 h a, \ <a>T3</a> " i r 6 : C A O D B 1 h a, \ <a>T1</a> " i 1 2 h a, \ <a>T2</a> " i 3 h a, \ <a>T3</a> " i h f: rep (a), \ <f>&x.1;&x.2;&x.3;</f> " i Figure 9: Examples of master constructors 3.4 NR/SD+ Algebra NR/SD+ algebr a includes con v erters, master construc- tors, ordinary nested relational algebra op erators (Fig- ure 10) and Domain tr anslator , as primitiv e op erators. Domain translator Attr;type ( r ) c hanges the domain of attribute Attr in to ty pe . When ty pe is SD type, a generic identi�er m ust b e also sp eci�ed. F or example, A;S D ( par a ) ( r ) c hanges the domain of attribute A in to SD t yp e and v alue \v" in the attribute A in to SD v alue h para, \ <para>v</para> " i . Selection � p ( r ) Pro jection � A i 1 ;:::;A im ( r ) Cartesian pro duct r 1 � r 2 Nest � A =( B 1 ;:::;B m ) ( r ) Unnest � A ( r ) Union r 1 [ r 2 Di�erence r 1 � r 2 Figure 10: Nested relational algebra op erators Comp osite op er ators are de�ned as com binations of the primitiv e op erators. Join op erator 1 p is among them. The followings are v ariations of con v erters de- �ned as comp osite op erators. They ha v e di�erent pa- rameter sp eci�cation syntax. � U A i ! ( B 1 [ e 1 ] as x 1 ;:::;B n [ e n ] as x n ) ( r ) is an extended v ersion of Unpac k. It represents a sequence of primitiv e Unpac ks. Figure 11 sho ws an example, where r 8 := U B ! ( C [ month ] as x;D [ y ear ] as y ) ( r 7 ). Masters are in attribute B in the result relation r 8 , and deriv ativ es are in new attributes C and D . � P ( A i ;:::;A j ) ! B : S C;G ( r ) in v olv es master constructor SC and P ac k. It creates new SD v alues in at- tribute B using SD v alues in attributes A i ; : : : ; A j as deriv ativ es. P ( C;D ) ! B : S C ;G ( r 9 ) to the relation r 9 in Figure 12 yields relation r 7 in Figure 11. � P A i ( D ; � ) ! B : RC ;G ( r ) in v olv es master constructor R C and P ac k. It creates new SD v alues in attribute B using SD v alues in attribute D as deriv ativ es. If we do not care ab out the order of deriv ativ es in new SD v alues, ordering sp eci- �cation � can b e omitted. Figure 13 shows an example, where r 11 := P C ( D ) ! B : RC ;G ( r 10 ). Moreov er, for all op erators which require attribute names as their parameters, we can explicitly giv e constan t v alues instead of attribute names. They are de�ned as comp osite op erators. F or example, P ( A i ;:::;A j ) ! B : S C ; 0 g i 0 ( r ) sp eci�es generic identi�er 0 g i 0 directly instead of attribute name G. This is de�ned as P ( A i ;:::;A j ) ! B : S C;G ( r � g i ( G ) ) where g i ( G ) denotes a unary relation with attribute G , containing only one v alue 0 g i 0 . 266 r 7 : A B 1 h date: seq (mon th, year), \ <date><month>June</month> <year>1970</year></date> " i r 8 : A B C D 1 h date: seq (month, y ear), \ <date>&x.1;&y.1;</date> " i h month, \ <month>June</month> " i h year, \ <year>1970</year> " i Figure 11: Relations r 7 and r 8 r 9 : A C D G 1 h month, \ <month>June</month> " i h y ear, \ <year>1970</year> " i date Figure 12: Relation r 9 r 10 : C A D G h mem b er, \ <member>T1</member> " i 1 h member, \ <member>T2</member> " i mem b ers h member, \ <member>T3</member> " i r 11 : A B 1 h mem b ers: rep (mem b er), \ <members><member>T1</member> <member>T2</member> <member>T3</member></members> " i Figure 13: Relations r 10 and r 11 4 W ebNR/SD W ebNR/SD is an extension of NR/SD+. W ebNR/SD in tro duces Hlink typ e to deal with h yp er-text link structures on W eb pages, and four additional op era- tors. 4.1 Hlink T yp e First, we introduce a new element structure hlink in to SD type. Elements with hlink structure are called linking elements and represen t hyper-text links to W eb pages just as anc hor elements in HTML do cumen ts 2 . An element with hlink structure is assumed to hav e no sub-elemen ts, lik e elemen ts with text structure. The hlink structure is asso ciated with the attribute \href," whose v alue designates a URL. F or example, \ <a href="http://T.ac.jp/p1.xml">T Univ</a> " is an elemen t with hlink structure. A v alue of Hlink typ e (an Hlink v alue) is de�ned as an SD v alue whic h con- sists of only one elemen t with hlink structure. Since Hlink v alues are also SD v alues, op erators applicable to SD v alues can also b e applied to Hlink v alues. 4.2 W ebNR/SD Algebra W ebNR/SD algebra consists of NR/SD+ algebra op- erators and four additional op erators: Exp ort, Imp ort, Na vigate, and URL generator. Exp ort and Imp ort Exp ort and Imp ort incorp orate the W eb in to our frame- w ork. Exp ort ( E ) exp orts SD v alues stored in a re- lation to the W eb world as W eb pages. Imp ort ( I ) imp orts W eb pages residing in the W eb world in to a 2 Actually , linking elements are de�ned as elements hav- ing \xml-link" attribute in XML. In this pap er, w e assume that hlink structure is used to represent linking elements for simplicit y . relation as SD v alues. Figure 14 giv es an example of Exp ort and Imp ort, where r 13 := E B ;U;L;G ( r 12 ), and r 12 := I B ;U;L;G ( r 13 ) : E B ;U;L;G ( r 12 ) creates W eb pages whose URLs are giv en in attribute U . The W eb pages’ con ten ts cor- resp ond to SD v alues stored in attribute B of r 12 . A ttribute B in the result relation r 13 has Hlink v al- ues referring to those pages and con taining character strings originally stored in attribute L . I B ;U;L;G ( r 13 ) w orks in the opp osite direction. Attribute B in the result relation r 12 obtains SD v alues corresp onding to W eb pages which are referred to by Hlink v alues stored in attribute B of r 13 . r 12 : A B U L G 1 h b: seq (c: rep (d),e) , \ <b><c><d>T1 T2</d> </c><e>T3</e></b> " i http://.../index.xml Page A a r 13 : A B 1 h a: hlink , \ <a href="http://.../index.xml"> Page A</a> " i Figure 14: Relations r 12 and r 13 Na vigate op erator Na vigate ( N ) navigates the W eb according to a p ath r e gular expr ession sp eci�ed as a parameter of this op- erator. In path regular expressions, hyper-text links are represented by ! (a link whose destination and source pages reside in the same W eb server ) and ) (a link whose destination and source pages reside in dif- feren t W eb serv ers), while W eb pages are represen ted b y c haracter strings ( lab els ) and a p erio d. F or exam- ple, B ! : ) C ! D is a path regular expression that 267 represen ts the set of paths that start a W eb page B in a W eb serv er X, follow ed by a page in the same serv er X and a page C in a di�eren t server Y( 6 = X ), and end with a page D in the serv er Y. If there is hyper-text link structure shown in Figure 15 in the W eb, Figure 16 giv es the result of Na vigate under the ab ov e path regular expression, where r 15 := N B ! : ) C ! D ;E ( r 14 ) : Lab els in path regular expressions are used to as- so ciate W eb pages with relational attributes. Figure 16 shows tw o imp ortan t p oints: (1) A ttribute E of the result relation r 15 con tains the set of paths sp eci�ed b y the path regular expression, where eac h page on the paths is represen ted by an Hlink v alue referring to the W eb page instead of the con ten ts of the page itself. (2) Links to those pages corresp onding to the p erio d do not app ear in sub-relations of attribute E. Figure 15: Example hyper-text link structure (U n are URLs and L n are character strings in linking elements) P ath regular expressions can represen t alternation and rep etition structures. F or example, A ( ! : ) � ! B j A ) B represen ts the set of paths which start with a page A, follo w ed by one or more lo- cal links leading to B, or from a page A to B via a global link. ’ � =n 1 ::n 2 = ’ can b e used as syntactic sugar. F or example, A ( ! : ) � = 2 :: 3 = ! B is equiv alen t to A ! : ! : ! B j A ! : ! : ! : ! B . W e can also sp ecify selection conditions on W eb pages in path regular expressions. The selection condi- tion is given by a region algebra expression and placed just after a lab el or a p erio d. The selection condition holds if the region algebra expression returns a non- empt y set of text elemen ts for the W eb page b ound to the preceding lab el or p erio d. F or example, assume that the con ten ts of the W eb pages at URLs \U4" and \U5" in Figure 15 are h e: seq (a: hlink ,b: or (c, d),a: hlink ), \ <e> <a href="U6"> L5 </a> <b> <c> w1 </c> </b> <a href="U7"> L6 </a> </e> " i , and h f: seq (b: or (c, d), a: hlink ), \ <f> <b> <d> w2 </d> </b> <a href="U8"> L7 </a></f> " i , resp ectiv ely . Then, N B ! : ) C [ b � c ] ! D ;E ( r 14 ) returns the relation whic h is same as r 15 except that its attribute E con tains only the �rst t w o subtuples of r 15 . Figure 17 shows the BNF sp eci�cation of path reg- ular expressions 3 . 3 In this pap er, w e assume that every path sp eci�ed by a path URL generator URL generator ( URL ) generates new unique URLs. It can b e used b efore Exp ort op eration in creating new W eb pages. An example of URL is sho wn in Figure 18, where r 17 := URL U ( r 16 ) : URL U ( r 16 ) extends relation r 16 b y adding a new attribute U , whic h con tains generated URLs. 5 Query Sp eci�cation In this section, w e apply W ebNR/SD to the example scenario describ ed in Section 2. First, w e brie y out- line ho w to deal with the problems P1 through P4 men tioned in Subsection 2.2 in W ebNR/SD. P1 In W ebNR/SD, the W eb is mo deled as a collection of Hlink v alues. The Hlink v alues w ork as anc hor p oints to fetc h necessary W eb pages with Na vigate and Imp ort op erators. In the example scenario, w e use \CS department home page" as a starting p oint to fetch W eb pages. The W eb wrapp er pro- vides a unary relation \WWW" which only con- tains an Hlink v alue referring to the \CS depart- men t home page" (Figure 19). Relation \Mem- b er" in the relational database is represented as it is. The relation \WWW" and \Member" form the integrated sc hema. P2 Once W eb pages are imp orted, they are repre- sen ted as SD v alues. Th us, amalgamation of data in W eb pages and the relational database is ac hiev ed b y con v erters, Domain translator, and nested relational algebra op erators. P3 In spite of structural di�erence among the origi- nal PL pages, Unpac k allo ws us to extract pub- lication items from the PL pages with a text elemen t sp eci�cation. The op eration would b e U A ! B ( O ;C [ p - item ]) as x ( r ) if attribute A stores the original PL pages. P4 Construction of new W eb pages can b e attained b y a com bination of conv erters, nested relational algebra op erators, and master constructors. First, w e construct (sub-)relational structures which store text elements originally contained in PL pages by using Unpack op erator. Next, w e re- structure them using op erators suc h as join and nest. Finally , we transform the relational struc- tures in to SD v alues using master constructors and Pac k. Exp ort exp orts them to the outside W eb world and also obtains Hlink v alues referring to those pages. The Hlink v alues are used as sub- elemen ts of the index page. Th us, new hyper-text link structures are created in a similar w a y . regular expression gives non-empty binding to all the lab els. A ! B j A ! C is an example whic h violates the restriction. 268 r 14 : A B 1 h a: hlink , \ <a href="U1"></a> " i r 15 : E A B C D h a: hlink , \ <a href="U4">L3</a> " i h a: hlink , \ <a href="U6">L5</a> " i h a: hlink , \ <a href="U4">L3</a> " i h a: hlink , \ <a href="U7">L6</a> " i 1 h a: hlink , \ <a href="U1"></a> " i h a: hlink , \ <a href="U5">L4</a> " i h a: hlink , \ <a href="U8">L7</a> " i Figure 16: Relations r 14 and r 15 path_reg_expr ::= label p_expr { ’|’ label p_expr } p_expr ::= link page [ ’[’ condition ’]’ ] | p_expr { p_expr } | p_expr { ’|’ p_expr } | p_expr ’*’ [ ’/’ num ’..’ num ’/’ ] | ’(’ p_expr ’)’ link ::= ’->’ | ’=>’ page ::= label | ’.’ Figure 17: Path regular expression syn tax r 16 : A B 1 b1 2 b2 r 17 : A B U 1 b1 http:// : : : /new/1 2 b2 http:// : : : /new/2 Figure 18: Relations r 16 and r 17 Figure 20 sho ws the element t yp e de�nitions for publication items sho wn in Figure 3, contained in original PL pages. W e assume that every PL page has a text element \page-title" which con tains the w ord \publication-list." Figures 21 and 22 show DTDs for the index page and new PL pages, resp ec- tiv ely . Then, the data manipulation request in Sec- tion 2 can b e sp eci�ed as follows. In the follo wing W ebNR/SD algebra expressions, we omit the domain translators for notational simplicit y . Also, we ma y omit text elemen t sp eci�cations, headers of SD ref- erences, and generic iden ti�ers, in parameters, when there is no p ossibilit y of confusion. F or example, U B ! ( Author s [ author s ] as Author s;T itle [ title ] as T itle ) ( r ) is simply represented as U B ! ( Author s;T itl e ) ( r ). Also, P ( Author ;P ubs ) ! P - List : S C ; 0 p - list 0 ( r ) is represented as P ( Author ;P ubs ) ! P - List : S C ( r ). (1) First, we imp ort all the PL pages residing in the same W eb server as the CS departmen t home page. r 18 := I D ;U;L;G ( � C ( N P ag e ( ! : ) �! D [ � [ 0 publ ication - list 0 ]( pag e - titl e )] ;C ( W W W ))) (2) Then, relev an t text elements are extracted by un- pac king the imp orted W eb pages. r 19 := � As ( U Author s ! As ( O 2 ;Author ) ( U P - I tem ! ( Author s;T itle;P ub - I nf o;P ag es ) ( � P ( U D ! P ( O 1 ;P - I tem ) ( r 18 ))))) (3) The relation r 19 is joined with relation \Member," and unnecessary attributes are dropp ed. r 20 := � N ame;Addr;T el;E - M ail;Author;T itle;P ub - I nf o;P ag es ( r 19 1 Author = N ame M ember ) (4) New SD v alues are constructed follo wing the DTD sho wn in Figure 22. r 21 := P P ( N ew - P - I tem ) ! P ubs : RC ( � P =( N ew - P - I tem ) ( P ( T itle;P ub - I nf o;P ag es ) ! N ew - P - I tem : S C ( r 20 ))) r 22 := P ( Author;P ubs ) ! P - List : S C ( r 21 ) (5) The SD v alues are exp orted as new PL pages, and Hlink v alues are set to link to those W eb pages. r 23 := E P - List;U 1 ; 0 publications 0 ; 0 a 0 ( URL U 1 ( r 22 )) (6) Finally , the index page is constructed following the DTD shown in Figure 21. It is also exp orted as a new W eb page. r 24 := P M ember s ( M ember ) ! T able : RC ( � M ember s =( M ember ) ( P ( N ame;Addr;T el;E - M ail;P - List ) ! M ember : S C ( r 23 ))) r 25 := E T abl e;U 2 ; 0 index - pag e 0 ; 0 a 0 ( URL U 2 ( r 24 )) Page h a: hlink , \ <a href="http://.../cs/index.xml"></a> " i Figure 19: Relation W W W p-item = seq (authors, title, pub-info, pages) pub-info = or (pro c-info, j-info) pro c-info = seq (pro c-title, opt (v en ue), date) j-info = seq (j-title, vol, no, date) authors = rep (author) date = seq (month, y ear) Figure 20: Elemen t de�nitions for publication items table = rep (member) mem b er = seq (name, addr, tel, e-mail, a) a = hlink Figure 21: DTD for the index page p-list = seq (author, pubs) pubs = rep (new-p-item) new-p-item = seq (title, pub-info, pages) pub-info = or (pro c-info, j-info) pro c-info = seq (pro c-title, opt (v en ue), date) j-info = seq (j-title, vol, no, date) date = seq (month, year) Figure 22: DTD for new PL pages 269

6 Related W ork As demonstrated in Section 5, W ebNR/SD features dynamic and symmetric amalgamation of the W eb and databases. It can b e used for in tegrated querying and restructuring of information residing in the W eb, re- lational databases, and structured do cument rep osito- ries. Since management of the W eb information and in tegration of heterogeneous information sources are hot topics, there are a n um b er of works related to this study . Infomaster [14] provides in tegrated access to m ul- tiple distributed heterogeneous information sources. STR UDEL [11] is a W eb-site managemen t system whic h constructs W eb pages from underlying infor- mation sources. They are similar to W ebNR/SD in that they can create W eb pages based on di�eren t information sources including W eb pages, and that they use wrapp ers to translate information sources in to common data represen tations. Infomaster uses exten- sions of predicates, and STR UDEL uses an graph data mo del as pivot data representations. Since they use rather abstract pivot data represen tations, they could b e applicable to v arious information sources. How- ev er, the translation o v erhead b y wrapp ers is not neg- ligible. Moreo v er, it is di�cult to explicitly distin- guish metadata (suc h as database schemas and DTDs) from data in STRUDEL. W ebNR/SD is more dedi- cated to in tegration of the W eb, relational databases, and structured do cumen t rep ositories, and the trans- lation o v erhead is far smaller. Metadata management in W ebNR/SD would facilitate manipulation of a large v olume of data. There are a num b er of academic works and com- mercial implemen tations in which W eb pages are used as the interface to databases [16][23]. There, new W eb pages are constructed on the y to show query results. T ec hniques such as the CGI and dedicated W eb serv ers are also included in this category . These approac hes are very w eak in providing common data mo dels for data integration. Th us, it is often the case that, ex- cept for querying relational databases and sp ecifying HTML-based query results, users hav e to write appli- cation programs from scratch. F unctions of W ebNR/SD include querying of the W eb. Recently , a num b er of languages to query the W eb ha v e emerged, although they are not in tended for amalgamating the W eb and databases. Their queries can b e based on h yp er-text link structures and/or pages’ conten ts. Ho w ev er, their capabilities of ex- ploiting pages’ inner structures are generally m uc h re- stricted. W3QL [17] and W ebSQL [19] are SQL-lik e query languages, and RA W [12] is an extension of the relational algebra. They are dedicated to querying and pro vide no w a y to restructure W eb pages. W ebLog [18] is a logic-based language which enable us to query and restructure W eb pages, exploiting v arious extensible built-in predicates. How ev er, W ebLog deals with W eb pages at rather abstract level. A page in W ebLog is de�ned as a set of r el-infons , each of which is a group of related information app earing in the page. Map- ping b etw een W ebLog pages and actual W eb pages is outside the scop e of W ebLog and has to b e done by users. Instead, W ebNR/SD directly manipulates in- ternal page structures when querying and restructur- ing W eb pages, and query expressions decide complete in ternal page structures. T o facilitate W eb search, there are man y index serv ers that main tain indices for W eb pages by us- ing rob ots and so on. They are mainly used to get sets of W eb pages which ma y matc h query conditions. W e can de�ne an op erator to utilize their capabilit y in W ebNR/SD. Lik e Navigate, it can b e used to ob- tain h yp er-text links to W eb pages. Then, the W eb pages are fetched b y Imp ort, and further manipulated b y other op erators. W ebNR/SD is designed as an extension of NR/SD+, a basic mo deling framework to in tegrate structured do cumen ts and databases. There are several studies on in tegration of structured do cuments and databases [1][2][3][6][8][25][26][28]. Abiteb oul and others [1][2] prop osed the notion of structuring sc hema whic h sp ec- i�es how data con tained in text can b e incorp o- rated into databases. A tlas [25] represents do cumen t data in nested relations and provides querying facil- ities. Christophides and others extended the ob ject- orien ted data mo del of O 2 to represen t SGML DTDs [6]. COINS [8], V olz and others [26], and Y an and others [28] all prop osed sc hemes to jointly use the DBMS and the IR system to manage structured do c- umen ts. T/RDBMS [3] is similar to our approach in that it com bines the relational data mo del and the abstract data type represen ting structured do cu- men ts. In T/RDBMS, information inside structured do cumen ts can b e view ed as a prede�ned collection of relations and queried in the extended SQL. F eatures of NR/SD+ in the ligh t of those studies are as follo ws. � NR/SD+ provides a framew ork for symmetric al ly and dynamic al ly amalgamating structured do cu- men ts and databases. The con v erters transform structured do cumen ts into relational structures and vice v ersa. Therefore, users can restructure existing do cuments based on nested relational al- gebra and create new do cuments from relational structures. � The con v erters enable p artial c onversion b et w een structured do cuments and nested relational struc- tures. F or example, given a collection of do c- umen ts with di�erent structures, w e can ex- tract common substructures and represen t them in nested relational structures, ignoring detailed structures. W ebNR/SD inherits these features from NR/SD+ and incorp orates the W eb into its in tegration sc heme. Y oshik a w a and others prop osed another approach to the in tegration of structured do cumen ts and databases [29]. Their approac h is to pro vide a general mec hanism to make prede�ned reference links from comp onen ts of SGML do cuments to database ob jects and is di�eren t from ours. 7 Conclusion In this pap er, w e hav e prop osed W ebNR/SD to at- tain in tegration of the W eb, relational databases, and 270 structured do cument rep ositories. W e hav e fo cused on in tegration of the W eb and relational databases in this context. W ebNR/SD features Hlink type to deal with h yp er-text links among W eb pages, Navigate and Imp ort op erators to fetc h W eb pages from the out- side W eb world on demand, and Exp ort op erator to exp ort W eb pages. It also has conv erters to dynami- cally conv ert W eb pages in to nested relational struc- tures and vice versa. In addition to querying di�erent information sources, W ebNR/SD pro vides h yp er-text views ov er the underlying information sources. F uture researc h issues include user-friendly query languages and user interface, and e�cient implementa- tion architecture of mediators and wrapp ers which ex- ecute W ebNR/SD op erations. They also include more supp ort of features sp eci�c to SGML and XML do cu- men ts whic h are not considered in this pap er, such as attributes of text elemen ts and v arious kinds of h yp er- text links. Ac kno wledgemen t This work was supp orted in part by the Ministry of Ed- ucation, Science, Sp orts and Culture, Japan through the Grand-in-Aid for Scien ti�c Researc h #08244101 and #09680321, and b y Univ ersit y of Tsukuba Sp e- cial Pro ject Researc h. References [1] S. Abiteb oul, S. Cluet, and T. Milo. Querying and Up dat- ing the File. Pr o c. 19th VLDB Conf. , pp. 73-84, 1993. [2] S. Abiteb oul, S. Cluet, and T. Milo. A Database In terface for File Up date. Pr o c. ACM SIGMOD Conf. , pp. 386-397, 1995. [3] G. E. Blak e, M.P . Consens, P . Kilp el� ainen, P . Larson, T. Snider, and F. T ompa. T ext/Relational Database Man- agemen t Systems: Harmonizing SQL and SGML. Pr o c. International Conf. on Applic ations of Datab ases , no. 819 in Lecture Notes in Computer Science, V adstena, Sweden, pp. 267-280, 1994. [4] P . Buneman, S. B. Da vidson, K. Hart, and C. Overton. A Data T ransformation System for Biological Data Sources. Pr o c. 21st VLDB Conf. , pp. 158-169, 1995. [5] P . Buneman, S. Davidson, G. Hillebrand, and D. Suciu. A Query Language and Optimization T ec hniques for Un- structrured Data. Pr o c. ACM SIGMOD Conf. , pp. 505- 516, 1996. [6] V. Christophides, S. Abiteb oul, S. Cluet, and M. Scholl. F rom Structured Do cumen ts to No v el Query F acilities. Pr o c. ACM SIGMOD Conf. , pp. 313-324, Ma y 1994. [7] M. P . Consens and T. Milo. Algebras for Querying T ext Regions. Pr o c. A CM Symp osium on Principles of Datab ase Systems , pp. 11-22, 1995. [8] W. B. Croft, L. A. Smith, and H. R. T urtle. A Lo osely- Coupled In tegration of a T ext Retriev al System and an Ob ject-Oriented Database System. Pr o c. A CM SIGIR Conf. , pp. 223-232, 1992. [9] A. K. Elmagarmid and C. Pu, (eds.). Sp ecial Issue on Het- erogeneous Databases. A CM Computing Survey , vol. 22, no. 3, 1990. [10] Extensible Markup Language (XML). W orld Wide W eb Consortium W orking Draft. http://www.w3.org/TR/. [11] M. F ernandez, D. Florescu, J. Kang, A. Levy , and D. Su- ciu. STRUDEL: A W eb-site Managemen t System. Pr o c. SIGMOD Conf. , T ucson, pp. 549-552, Ma y 1997. [12] T. Fiebig, J. W eiss, and G. Mo erk otte. RA W: A Relational Algebra for the W eb. Pro c. of the W orkshop on Manage- men t of Semi-structured Data, pp. 34-41, Ma y 1997. [13] P . C. Fischer, and S. J. Thomas. Op erators for Non- First-Normal-F orm Relations. Pr o c. IEEE COMPSAC83 , Chicago, pp. 464-475, 1983. [14] M. R. Genesereth, A. M. Keller, O. M. Duschk a. Infomas- ter: An Information Integration System. Pr o c. SIGMOD Conf. , T ucson, pp. 539-542, Ma y 1997. [15] A. R. Hurson, M. W. Brigh t, and S. Pakzad, (eds.). Mul- tidatab ase Systems: An A dvanc e d Solution for Glob al In- formation Sharing . IEEE Computer So ciety Press, 1994. [16] Ralf Kramer. Databases on the W eb: T ec hnologies for F ed- eration Architectures and Case Studies. Pr o c. SIGMOD Conf. , T ucson, pp. 503-506, Ma y 1997. [17] D. Konopnic ki and O. Shmueli. W3QS: A Query System for the W orld-Wide W eb. Pro c. of VLDB Conf., pp. 54-65, 1995. [18] L. Lakshmannan, F. Sadri, and I. Subramanian. A Declar- ativ e Language for Querying and Restructuring the W eb. Pro c. of the 6th Int. W orkshop on Research Issues in Data Eng. (RIDE’96), F eb. 1996. [19] A. O. Mendelzon, G. A. Mihaila, and T. Milo. Querying the W orld Wide W eb. Pro c. PDIS’96, pp. 80-91, Dec. 1996. [20] A. Morishima and H. Kitagaw a. A Data Mo deling Ap- proac h to the Seamless Information Exchange among Structured Do cuments and Databases. Pr o c. 1997 ACM Symp osium on Applie d Computing , (ACM SAC’97), San Jose, pp. 78-87, F eb. 1997. [21] A. Morishima and H. Kitagaw a. A Data Mo deling and Query Pro cessing Sc heme for In tegration of Structured Do cument Rep ositories and Relational Databases. Pr o c. of the Fifth International Confer enc e on Datab ase Systems for A dvanc e d Applic ations (D ASF AA’97), Melb ourne, pp. 145-154, April 1997. [22] A. Morishima and H. Kitagaw a. Integration of Structured Do cuments and Databases F eaturing Dynamic Creation of References. IPSJ SIG Notes, vol. 97, no. 64, 97-DBS-113-4, 1997. [23] T. Nguy en and V. Sriniv asan. Accessing Relational Databases from the W orld Wide W eb. Pr o c. SIGMOD Conf. , Montreal, pp. 529-540, June 1996. [24] Y. P apak onstan tinou, H. Garcia-Molina, and J. Widom. Ob ject Exchange Across Heterogeneous Information Sources. Pr o c. 11th International Conf. on Data Engine er- ing , pp. 251-260, Mar. 1995. [25] R. Sac ks-Da vis, A. Kent, K. Ramamohanarao, J. Thom, and J. Zob el. Atlas: A Nested Relational Database System for T ext Applications. IEEE T r ans. Know le dge and Data Engine ering, vol.7, no. 3, pp. 454-470, June 1995. [26] M. V olz, K. Ab erer, and K. B� ohm. Applying a Flexible OODBMS-IRS-Coupling to Structured Do cument Han- dling. Pr o c. 12th International Conf. on Data Engine er- ing , 1996. [27] G. Wiederhold. Mediators in the Architecture of F uture Information Systems. IEEE Computer , pp. 38-49, March 1992. [28] T. W. Y an and J. Annevelink. Integrating a Structured- T ext Retriev al System with an Ob ject-Oriented Database System. Pr o c. 20th VLDB Conf. , Santiago, Chile, pp. 740- 749, 1994. [29] M. Y oshik a w a, O. Ic hik a w a, and S. Uem ura. Amalgamat- ing SGML Do cuments and Databases. Pr o c. 5th Interna- tional Conf. on Extending Datab ase T e chnolo gy , March 1996. 271