Na vigator-based Query Pro cessing in the W orld Wide W eb W rapp er Kazunori Katoh y A tsuyuki Morishima yy Hiro yuki Kitaga w a yy y Do ctoral Program in Engineering, Univ ersit y of Tsukuba yy Institute of Information Sciences and Electronics, Universit y of Tsukuba Abstract Integration of heterogeneous information sources has b een one of the most imp ortant issues in recent adv anced application environmen ts. W e are dev eloping an information integration en vironmen t for the W orld Wide W eb (or shortly , W eb), relational databases, and structured do cumen t rep ositories. In this environmen t, manipulation of the information sources is p erformed through soft w are mo dules called wrapp ers. In this pap er, w e presen t design and implemen tation of the W eb wrapp er. In general, W eb page manipulation ma y cause very large data transfer cost if all the necessary pages are transferred to the W eb wrapp er. T o alleviate this problem, w e prop ose a query pro cessing scheme whic h uses distributed agen ts, named navigators. The navigators co op erativ ely take part of the wrapp er’s functions at W eb serv er sites, to reduce the cost of W eb page transfer. This pap er includes exp erimental results on data transfer costs in this scheme. 1 In tro duction T o da y , a huge n um ber of information sources are a v ailable via computer net w orks. Th us, integration of heterogeneous information sources has b een one of the most imp ortan t issues in recen t adv anced application en vironmen ts [2][3][7]. 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 the W eb and other information sources. W e are developing an information integration en vironmen t for the W eb, relational databases, and structured do cument rep ositories [8][11][12][13]. W eb pages are usually written in XML or HTML. Structured do cumen t rep ositories are assumed to con tain do cumen ts written in SGML, XML, or HTML. This en vironmen t uses softw are mo dules called me diators and wr app ers [17][19] to attain in tegra- tion (Figure 1). This is one of the promising approac hes to in tegrate heterogeneous information sources. Many in tegration systems follow this approac h [4][16]. In this approach, wrapp ers are asso ciated with information sources, and the mediator acts as a co ordinator. Integration of information sources is attained as follo ws. First, wrapp ers translate information sources into a common data mo del (in our environmen t, W ebNR/SD data mo del), so that users can query and browse data uniformly through the mediator. If users submit a data manipulation request to the mediator, the mediator analyzes the request, decomp oses it in to lo cal pro cessing requests, and sends them to wrapp ers. Each wrapp er translates requests into lo cal commands, and issues them to the lo cal information source. Lo cal commands may b e simple requests to get particular data items such as W eb page fetches, or complicated queries which utilize querying ca- pability of lo cal information sources, suc h as SQL queries. The wrapp er receives the intermediate result, translates it into the common data mo del, 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. Integration environmen t In this pap er, we describ e an arc hitecture of the W eb wrapp er. As men tioned in [1] and [14], navigation is one of the essen tial op erations for the W eb. Na vigation is to �nd particular paths (or pages) by trav ersing h yp er-text links from a given starting p oin t. Man y W eb query languages [9][10][15] supp ort navigational queries , which �nd particular paths (or pages) based on a giv en linking pattern (such as a regular expression and logical constrain ts). In our environmen t, the W eb wrapp er is re- sp onsible for W eb op erations including na vigation (and navigational queries). T o implemen t the op erations, the W eb wrapp er sometimes has to do a lot of w ork, since the W eb itself only provides the v ery basic page fetc h mec hanism and has no query pro cessing capabilit y . F or example, na vigational queries need to successiv ely follo w h yp er-text links o ccurring in W eb pages. Therefore, all the W eb pages trav ersed in the navigational queries need to b e transferred to the wrapp er from distan t W eb serv er sites. In general, this causes very large data transfer cost. T o alleviate this problem, we prop ose a query pro cessing scheme which emplo ys distributed agen ts named navigators . A navigator is dis- patc hed to a W eb serv er site and is resp onsible for obtaining quali�ed (partial) paths in the scop e of the server. It is only quali�ed path information that na vigators transfer to the W eb wrapp er rather than the whole con ten ts of accessed pages. Thus, na vigators can bring ab out reduction of the data transfer cost. T o the b est of our knowledge, no e�cien t im- plemen tation sc heme for W eb navigational queries has b een prop osed, and no exp erimental result has b een rep orted. The remainder of this pap er is organized as follo ws. In Section 2, we explain W ebNR/SD, the common data mo del in our integration en- vironmen t. This section also gives description of how na vigational queries can b e sp eci�ed in W ebNR/SD. In Section 3, �rst, w e describ e func- tions of the W eb wrapp er, and then, w e prop ose a query pro cessing scheme whic h uses navigators to implement na vigational queries. In Section 4, w e rep ort and discuss exp erimen tal results. The exp erimen ts shows that the prop osed scheme can considerably reduce the amoun t of data transfer, and that, in many cases, it can reduce the execution time of navigational queries. Section 5 is the conclusion. 2 W ebNR/SD In this section, w e ov erview W ebNR/SD fo cusing on W eb-related issues. More detailed description of W ebNR/SD is giv en in [12]. W ebNR/SD is a data mo del which in tro duces abstract data t yp e concept in to nested relations. It has an abstract data t yp e named SD typ e (structured do cument t yp e) to deal with ra w structured do cuments (SGML, XML, and HTML do cumen ts). Also, it has an abstract data t yp e named Hlink typ e to represen t h yp er-text links which app ear in XML and HTML do cumen ts. Figure 2 shows a sample relation in W ebNR/SD. The domains of attributes A and D are String and Integer, resp ectiv ely . The domain of B is SD t yp e, and that of E is Hlink type. C A B D E <table><dep> 1 <a href="http://.."> : : : ab c Department : : : 2 : : : 3 : : : def : : : 4 : : : Figure 2. Sample relation in W ebNR/SD W ebNR/SD pro vides the nested relational alge- bra op erators, and a n um ber of functions asso ciated with SD t yp e to retriev e text elemen ts contained in do cuments. Also, W ebNR/SD has op erators, called c onverters , to dynamically con v ert struc- tured do cumen ts in to nested relational structures and vice versa. Moreo v er, W ebNR/SD has a num b er of op era- tors for W eb in tegration. Navigate op erator is used to realize navigational queries in the W eb. Imp ort op erator is used to fetch the conten ts of W eb pages as SD t yp e v alues from the outside W eb w orld on demand. In contrast, Exp ort op erator exp orts SD type v alues stored in relations as W eb pages to the outside W eb world. In tegration of W eb, structured do cumen ts and relational databases is achiev ed by combining the ab o v e op erators. 2.1 SD t yp e and Hlink t yp e A v alue of SD t yp e is a pair of a DTD (Do cumen t Type De�nition) and text in which tags are em b ed- ded according to the DTD. W e call a v alue of SD type an SD value 1 . Figure 3 sho ws an example SD v alue. The DTD in the upp er b ox represen ts the do cumen t structure. Inside the lo w er b o x is the tagged text. A tagged text is divided in to elements surrounded by a start tag < g > and an end tag </ g > . report = seq(title, authors, body, ref) authors = rep(author) author = seq(name, homepage) homepage = hlink body = rep(section) section = seq(sectitle, rep(para)) ... <report><title>On Web Integration</title> <authors><author><name>Thomas</name> <homepage href="http://T.ac.jp/p1.xml">His home page</homepage></author> ... </authors> <body><section><sectitle>Introduction</sectitle> <para> ... Figure 3. Sample SD v alue Elemen ts with hlink structure are called link- ing elements and represen t hyper-text links to W eb pages just as anc hor elemen ts in HTML do cumen ts. The hlink structure is asso ci- ated with the attribute \href," whose v alue designates a URL. F or example, \ <homepage 1 The DTD part can b e NULL when the SD v alue corresp onds to an HTML or XML do cumen t without DTD.

href="http://T.ac.jp/p1.xml"> His home page </homepage> " in Figure 3 is a linking element. A v alue of Hlink t yp e (an Hlink value ) is de�ned as an SD v alue which consists of only one linking elemen t. 2.2 W eb-Related Op erators Exp ort and Imp ort Op erators Exp ort ( E ) exp orts SD v alues stored in a relation to the W eb w orld as W eb pages. Imp ort ( I ) imp orts W eb pages residing in the W eb w orld in to a relation as SD v alues. Figure 4 giv es an example of Exp ort and Imp ort, where r 2 := E A;U;L;G ( r 1 ) ; and r 1 := I A;U;L;G ( r 2 ) : E A;U;L;G ( r 1 ) creates W eb pages whose URLs are giv en in attribute U . The W eb pages’ con ten ts corresp ond to SD v alues stored in attribute A of r 1 . Attribute A in the result relation r 2 has Hlink v alues referring to those pages and con taining c haracter strings originally stored in attribute L . I A;U;L;G ( r 2 ) works in the opp osite direction. A t- tribute A in the result relation r 1 obtains SD v alues corresp onding to W eb pages which are referred to b y Hlink v alues stored in attribute A of r 2 . r 1 : ID A U L G 1 h e: seq (f: rep (g),h), \ <e><f><g>T4</g> </f><h>T5</h></e> " i http://T.ac.jp/p.xml T Univ a r 2 : ID A 1 h a: hlink , \ <a href="http://T.ac.jp/p.xml"> T Univ </a> " i Figure 4. Example of Exp ort and Imp ort Na vigate Op erator Na vigate ( N ) realizes navigational queries. That is, this op erator navigates through the W eb according to a p ath r e gular expr ession sp eci�ed as a param- eter. In path regular expressions, hyper-text links are represented b y ! (a lo cal link whose destina- tion and source pages reside in the same W eb serv er ) and ) (a global link whose destination and source pages reside in di�erent W eb serv ers), while W eb pages are represen ted by c haracter strings ( lab els ) and a p erio d. F or example, B ! : ) C ! D is a path regular expression that represen ts the set of paths that start with a W eb page B in a W eb serv er X , follo w ed b y a page in the same serv er X and a page C in a di�erent serv er Y ( 6 = X ), and end with a page D in the serv er Y . P ath regular expressions can con tain alternation and rep etition structures. F or example, A ( ! : ) � ! B j A ) B represen ts the set of paths whic h 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 . P ath regular expressions can also sp ecify word con tainmen t conditions on W eb pages 2 . The condition is placed just after a lab el or a p erio d. Figure 5 sho ws the BNF sp eci�cation of path regular expressions 3 . path reg expr ::= lab el p expr f ’ j ’ lab el p expr g p expr ::= link page [ ’[’ condition ’]’ ] j p expr f p expr g j p expr f ’ j ’ p expr g j p expr ’*’ [’/’num’..’n um’/’] j ’(’ p expr ’)’ link ::= ’ � > ’ j ’= > ’ page ::= lab el j ’.’ Figure 5. Path regular expression syntax Supp ose that there is a h yp er-text link structure shown in Figure 6 in the W eb. In this �gure, each U i stands for a URL, � , � , are W eb server names, and lo w er-case letters sho w linking elements. Figure 7 giv es the result of the follo wing expression: r 4 := N A ( ! : ) �! : ) B ( ! : ) �! C [ 00 paper 00 ] ;D ( r 3 ) : Lab els in path regular expressions are used to asso ciate W eb pages with relational attributes. The second parameter of Na vigator op erator (in this case, D ) sp eci�es that attribute D of the result relation contains the set of paths sp eci�ed by the path regular expressions. Figure 7 sho ws tw o imp ortan t p oints: (1) Eac h page on the paths is represented by an Hlink v alue referring to the W eb page instead of the conten 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 D . Figure 6. Example hyper-text link structure 2 Actually , the conditions can b e more complex ones based on region algebra. Details are omitted here. 3 W e assume that ev ery path sp eci�ed b y a path regular expression gives non-empty binding to all the lab els. A ! B j A ! C is an example whic h violates the restriction.

r 3 : ID A 1 h a: hlink , \ <a href="U1">a</a> " i r 4 : D ID A B C h a: hlink , \ <a href="U4"> d</a> " i h a: hlink , \ <a href="U6"> g</a> " i h a: hlink , \ <a href="U5"> e</a> " i h a: hlink , \ <a href="U8"> i</a> " i 1 h a: hlink , \ <a href="U1"> a</a> " i h a: hlink , \ <a href="U5"> f</a> " i h a: hlink , \ <a href="U8"> i</a> " i Figure 7. Example of Navigate op erator The path regular expressions are essen tially the same as those of W ebSQL queries 4 . 3 W eb W rapp er In the in tegration en vironmen t, the W eb wrapp er is placed on the site where the mediator w orks. The W eb wrapp er pro vides the mediator with the follo wing functions. 1. It creates relational views on top of the W eb: In W ebNR/SD, the W eb is mo deled as a set of collections of Hlink v alues (i.e. unary relations with an Hlink t yp e attribute). F or example, b o okmarks in W eb bro wsers can b e used to construct such unary relations. The Hlink v alues work as anc hor p oints to fetc h necessary W eb pages with Na vigate and Imp ort op era- tors. 2. It executes Exp ort, Imp ort, Na vigate op era- tors: When the mediator applies these op era- tors to relational views provided by the W eb wrapp er, the W rapp er is resp onsible for their execution 5 . W e fo cus on execution of the Navigate op erator here. The most basic scheme that executes the Na vigate op erator w ould b e that the W eb wrapp er p erforms ev erything. In the following discussion, �rst, we show the basic scheme and its problem. Then, w e prop ose a more sophisticated sc heme whic h utilizes distributed agen ts. 3.1 Basic Scheme for the Na vigate Op era- tor According to the path regular expression sp eci�ed as a parameter of Navigate op erator, the wrapp er 4 W ebSQL p ermits other link types such as an in terior link. And it p ermits no word containmen t condition in path regular expressions. Ho w ev er, suc h di�erences hav e no e�ect on our discussion. 5 In case the mediator applies these op erators to relations materialized in the mediator, it calls the W eb wrapp er functions to p erform required data transformation tuple-at- a-time. can construct a �nite state automaton. The wrap- p er fetches W eb pages and uses the automaton to determine if eac h path is quali�ed for the sp eci�ed path regular expression. Figure 8 shows the �nite automaton for path regular expression A ( ! : ) � ! : ) B ( ! : ) � ! C [ 00 paper 00 ]. In this �gure, states are annotated with c haracter strings or num b ers. The c haracter strings corresp ond to the lab els in the path regular expression. State transition can hav e three types of conditions. They are lo cal links, global links, and w ord containmen ts, represen ted b y ! , ) , and w or d * , resp ectively . Their meanings are the same as the coun terparts in path regular expressions. In the basic sc heme, the W eb wrapp er can obtain the set of quali�ed paths b y fetching all the W eb pages along the candidate paths and examining whether each path is accepted b y this automaton. How ev er, this sc heme causes very large data transfer costs since all the W eb page conten ts are transferred from distan t W eb servers to the W eb wrapp er. Figure 8. Automaton corresp onding to A ( ! : ) � ! : ) B ( ! : ) � ! C [ 00 paper 00 ] 3.2 Utilization of Distributed Agents T o alleviate this problem, we prop ose a more sophisticated scheme whic h employs distributed agents. The sc heme uses agen ts named navigators . A navigator is dispatc hed to a W eb serv er site and is resp onsible for obtaining quali�ed (partial) paths in the scop e of the server (Figure 9). In contrast to the basic scheme, it is only quali�ed path information that navigators transfer to the W eb wrapp er. Therefore, this can reduce the data transfer cost. In order to realize this scheme, the wrapp er decomp oses the �nite state automaton for the whole path regular expression into a n um ber of sub-automatons. The decomp osed automatons are incorp orated into di�eren t na vigators, so that eac h navigator can determine if paths are quali�ed for the partial path regular expression in the scop e of a single W eb serv er.

Figure 9. Utilization of navigators Decomp osition of an Automaton W e represen t the automaton as X and a sub- automaton as X i . Let I = f I S ( X ) g [ GS ( X ), where (1) I S ( X ) is the initial state in X , and (2) GS ( X ) is the set of states g s in X suc h that g s is the destination of some global link in X . The states in I are used as initial states in sub- automatons. Also, let F = GS ( X ) [ AS ( X ), where AS ( X ) is the set of accepting states in X . The states in F are used as accepting states in sub- automatons. Then, X i is de�ned as an automaton suc h that (1) its initial state is some state in I , and (2) it has states in X reac hable from its initial state through state transitions whic h do not go ov er an y states in F (as men tioned ab ov e, states in F b ecome accepting states in X i ). If an accepting state in X i do es not b elong to AS ( X ), we call it an interme diate ac c epting state . Also, w e refer to the sub-automaton which has I S ( X ) as the r o ot automaton . Figure 10 shows the result of decomp osition of the automaton in Figure 8. In this case, I S ( X ) = A , GS ( X ) = f B g , AS ( X ) = f C g , I = f A; B g , and F = f B ; C g . As a result, tw o automatons X 1 and X 2 are obtained by the decomp osition. X 1 is the ro ot automaton, and B is an intermediate accepting state. Figure 10. Sub-automatons Na vigation Algorithm No w, w e sho w how to create and dispatc h naviga- tors. First, when a Na vigate op erator is executed, sub-automatons are constructed by decomp osing the automaton for the path regular expression. Then, the W eb wrapp er creates a na vigator which has the ro ot automaton. The W eb wrapp er dis- patc hes it to W eb serv er � whic h manages the starting W eb page (i.e. the page referred to b y a starting Hlink v alue). The na vigator obtains the set of quali�ed paths originated by the starting Hlink v alue in the scop e of � , and it records the result paths in relations (tables). If the result paths contain a path which reac hes an in termediate accepting state s in the ro ot automaton, it indicates that the next W eb page is managed b y a di�erent W eb server � ( 6 = � ) (note that the �nal transition is alwa ys caused by a global link if the accepting state is in termediate one). The na vigator sends this in- formation to the W eb wrapp er. Then, the wrapp er creates another navigator whose automaton has s as its initial state, and dispatc hes it to the site of W eb serv er � . In case that the site already has a navigator asso ciated with the same automaton, the navigator is reused and no new na vigator is created. Then, the new (or reused) na vigator receives an Hlink v alue as a starting p oin t, and w orks in the same w a y . When a path reaches some accepting (not intermediate) state, it is considered to b e quali�ed for the whole path regular expression. This pro cess terminates when there is no further hyper-text link to follo w 6 . Note that b efore a na vigator records some partial path into a relation, it chec ks whether there already exists the same partial path in the relation. If duplicates exist, no redundan t trav ersal of the path is launc hed. Similarly , in�nite iteration is av oided when a navigator w orks on a W eb serv er. Therefore, the algorithm terminates ev en if cyclic structures app ear in the W eb. Example W e illustrate the ab o v e algorithm b y an example. Consider N A ( ! : ) �! : ) B ( ! : ) �! C [ 00 paper 00 ] ;D ( r 3 ) ( r 3 is giv en in Figure 7). Then, sub-automatons are X 1 and X 2 in Figure 10. The starting Hlink v alue in r 3 refers to a W eb page at URL U1. Assume that relev an t W eb pages are link ed and managed as sho wn in Figure 6. Figure 11 sho ws ho w the W eb wrapp er creates navigators and passes Hlink v alues to them in this example. In this �gure, � , � , and are W eb servers. Na vigators are represented b y circles. X 1 and X 2 are sub-automatons asso ciated with the navigators. First, the W eb wrapp er creates a navigator with the ro ot automaton X 1 , at W eb server � where a starting web page exists. While obtaining the paths starting with Hlink v alue a in the scop e of W eb server � , the na vigator �nds that the paths referred to by Hlink v alues d , e , and f must b e chec k ed by automaton X 2 . Because d refers to a W eb page in W eb serv er � , and b ecause e and f refer to a W eb page in W eb serv er , the W eb 6 Of course, we can set some restriction on the navigation pro cess by sp ecifying time limit or resource consumption limit. In this pap er, we omit the discussion on this.

wrapp er dispatches na vigators with automaton X 2 to � and , and passes the Hlink v alues to them. The t w o na vigators c hec k paths in order to obtain the �nal result. Figure 11. Creation of navigators As mentioned b efore, each navigator manages relations to store the paths quali�ed in the scop e of the corresp onding W eb serv er it resides. One relation is created for each accepting state in a sub-automaton. Figure 12 sho ws the relations managed in the ab o v e example. Consider relation � X 1 B . It is managed b y the navigator, with sub- automaton X 1 , which is dispatc hed to W eb server � . It stores the set of paths accepted b y inter- mediate accepting state B . Other t w o relations ( � X 2 C and X 2 C ) are managed in a similar w a y . A ttribute names of the relations fall into tw o groups: (1)Those which corresp ond to lab els of states in sub-automatons, and (2) Join attributes ( X 1 - X 2 in this example). The former attributes ha v e Hlink v alues which cause transition in to states annotated with the corresp onding lab els. Join attributes hav e Hlink v alues which cause transition in to in termediate accepting states (in the case of the righ t-most attribute), or v alues used as starting Hlink v alues to compute paths (in the case of the left-most attribute). The �nal result (the set of paths quali�ed for the whole path regular expression) is obtained b y joining these relations. � X 1 B A B X 1 -X 2 a d d a e e a f f � X 2 C X 1 -X 2 C d g X 2 C X 1 -X 2 C e i f i Final result A B C a d g a e i a f i Figure 12. Relations managed by navigators and the �nal result 4 Exp erimen ts In this section, we compare the prop osed navigator- based sc heme with the basic scheme in terms of the amoun t of data transfer and execution time. The W eb wrapp er and the na vigator hav e b een written in Ja v a. JDK1.1.5 is used as the Jav a virtual mac hine. Apac he 1.2.6 is used as the W eb server. Comm unication b et w een the W eb serv er and the W eb wrapp er/na vigator is p er- formed based on HTTP . On the other hand, com- m unication b etw een the wrapp er and the na viga- tor is p erformed through HORB (Hirano’s Ob ject Request Brok er) 1.3.b1, whic h provides the Ja v a- based distributed computing environmen t [5][6]. W e use tw o computers (C1 and C2) lo cated at distant places. C1 is at Universit y of Tsukuba, Ibaraki, Japan, and C2 is at Kanaga w a Institute of T ec hnology , Kanaga w a, Japan. They are the same type of workstations (Sun Ultra 1 with Ultra Sparc 143MHz CPU, and Solaris 2.6). C1 has 64MB memory and C2 has 32MB memory . 4.1 Exp erimen t Data and Pro cedure F or the exp erimen ts, w e construct eigh t sets of W eb pages. They di�er from eac h other in the total num b er of non-ro ot W eb pages (50, 100, 200, 400, 800, 1200, 1600, or 2000 pages in eac h set). In each set, W eb pages form a tree whose height is three (Figure 13). It has one ro ot page which has lo cal links to a n um ber of intermediate pages. Eac h intermediate page has 49 lo cal links to leaf pages. Each leaf page has no link. Figure 13. Structure of a set of W eb pages W e run the W eb wrapp er at one site, and place the W eb server and the W eb pages in the other site. Then, w e request the W eb wrapp er to pro cess Navigate op erator applied to a relation which only con tains an Hlink v alue referring to the ro ot W eb page. The Navigate op erator has the path regular expression A ( ! : ) � ! B as its parameter. Therefore, the result includes all the paths starting with the ro ot page and ending with an in termediate page or a leaf page. The exp eriments were done under the basic scheme and the prop osed na vigator-based scheme with one navigator (Figure 14). W e measured the amount of data transfer and execution time. The amount of data transfer w as obtained b y measuring the total size of pac k ets which the W eb serv er or HORB daemon transfers. The execution time w as calculated from the start time and the end time of Navigate op eration. W e disabled the cac hing in the W eb serv er. W e p erformed the same exp eriment in the following con�gurations: (a) Site A: C 1 at Univ. of Tsukuba, Site B: C 2 at Kanaga w a Institute of T ec hnology (b) Sites A and B are exc hanged. There w as no signi�can t di�erence b etw een the t w o con�gurations. The exp erimental results ab out the execution time shown b elow are the av erage of the tw o con�gurations.

Figure 14. Exp eriment sc hemes 4.2 Results and Discussions 4.2.1 The Amoun t of Data T ransfer Figure 15 sho ws the amount of data transfer in the basic scheme and the na vigator-based scheme. It sho ws that utilization of the navigator can considerably reduce the amoun t of data transfer. The data transfer in the navigator-based sc heme is only 3.4% of that in the basic scheme on a v erage. Figure 15. Data transfer cost 4.2.2 Execution Time Considering di�erence in the tra�c condition of the net w ork, w e measured the execution time in the da ytime and at midnight on weekda ys. Each p oin t in the graphs sho ws the a v erage of six trials (three trials each in con�gurations (a) and (b)). Da ytime Result Figure 16 sho ws that the na vigator-based scheme is sup erior to the basic scheme regardless of the n um ber of W eb pages read from the W eb serv er. The av erage reduction in execution time is 30%. Figure 16. Execution time (in the da ytime on w eekda y) Midnigh t Result Figure 17 sho ws that the av erage reduction at midnight is 22%, whic h is smaller than that in the daytime. The reason is that the net w ork load is light at midnight compared with the daytime, and the data transfer tak es less execution time. Figure 17. Execution time (at midnight on w eekda y ) Av erage of Da ytime and Midnigh t Results Figure 18 shows the av erage of the ab o v e exp er- imental results. The a v erage of reduction rate is 26%. Figure 18. Av erage of daytime and midnight results Na vigation Referencing a Small Number of P ages W e also measured the execution time in case that the n um ber of W eb pages read from the W eb serv er is less than or equal to 10. The data sets used in this exp eriment are di�eren t from those of the ab o v e exp eriments. If a data set has n ( > 1) W eb pages, it consists of one ro ot page, one intermediate page, and n � 2 leaf pages. Figure 19 shows the result. When the num b er of pages is less than or equal to 5, the execution time in the basic sc heme is sup erior to that in the na vigator-based sc heme.

The reason is that the o v erhead for dispatc hing the navigator is larger than the reduction of page transfer. The o v erhead is constan t when the same n um ber of na vigators are dispatched. Therefore, as the n um ber of W eb pages gro ws, the adv an tage of na vigator utilization b ecomes more eviden t. Figure 19. Na vigation referencing a small n um ber of pages 5 Conclusions In this pap er, w e ha v e presented design and im- plemen tation of a W eb wrapp er in an in tegration en vironmen t for the W orld Wide W eb, relational databases, and structured do cumen t rep ositories. In particular, w e ha v e prop osed a sophisticated sc heme whic h uses distributed agen ts named nav- igators to execute W eb navigational queries. W e ha v e rep orted the exp erimental results in terms of the amoun t of data transfer and the execution time. The results ha v e shown that the navigator-based sc heme can considerably reduce the amoun t of data transfer, and that, in many cases, the prop osed sc heme is sup erior to the basic scheme whic h uses no navigator. As sho wn in the exp erimental results, di�er- ence in the execution time b et w een the basic and na vigator-based schemes may b e a�ected by the net w ork load and the num b er of pages to b e referenced. In order to get go o d execution time, w e ha v e to construct a dispatc hing algorithm of na vigators which tak es them in to accoun t. Also, if we can sp eed up in ternal pro cessing in the W eb wrapp er and na vigator, the data transfer reduction caused b y navigators would contribute more to the execution time reduction. In the exp erimen t, we used only one W eb server (and only one accompanying na vigator). When more W eb servers are inv olv ed in na vigational queries, the prop osed scheme is exp ected to w ork b etter, since parallel pro cessing of na vigators is p ossible. F uture research issues include ev aluation of the prop osed scheme in situations where (1) multiple W eb servers exist and (2) real W eb sites are inv olv ed. They also include utilization of other mechanisms for agen t dispatc hing and comm uni- cation, such as servlets [18]. This is imp ortan t in terms of applicability 7 and securit y 8 . Impro v emen t of the na vigation algorithm is another imp ortant issue. F or example, w e need to develop dynamic dispatching algorithms incorp orating factors such as netw ork load, and consider optimization of trav ersing order of paths. These issues will b e discussed in forth-coming pap ers. Ac kno wledgemen t The authors are grateful to T ak a yuki Suzuki, Kna- gaw a Institute of T ec hnology , for his supp ort in our exp eriment. This w ork w as supp orted in part by the Ministry of Education, Science, Sp orts and Culture, Japan through the Grand-in-Aid for Sci- enti�c Research (#08244101, #09680321), and by the T elecomm unications Adv ancemen t F oundation. References [1] S. Abiteb oul and V. Vianu. \Queries and Computation on the W eb," Pr o c. 6th Intl. Conf. on Data The ory (ICDT’97) , pp 262-275, 1997. [2] 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. [3] A. K. Elmagarmid and C. Pu, (eds.). \Sp ecial Issue on Heterogeneous Databases," ACM Computing Survey , vol. 22, no. 3, 1990. [4] Mary F. F ernandez and Daniela Florescu and Jaewwoo Kang and Alon Y. Levy and Dan Suciu. "STR UDEL: A W eb-site Managemen t System", Pr o c. SIGMOD Confer enc e , pp. 549{552, T ucson, May 1997. [5] S.Hirano. \HORB Home Page," http://ring.etl. go.jp/openlab/horb-j/WELCOME.HTM. [6] S. Hirano. \HORB: Distributed Execution of Jav a Pro- grams," Pr o c. Intl. Conf. on Worldwide Computing and It’s Applic ations ’97 (WWCA’97) Tsukuba, pp. 29-42, Mar. 1997. [7] A. R. Hurson, M. W. Brigh t, and S. Pakzad, (eds.). \Multidatabase Systems: An Adv anced Solution for Global Information Sharing," IEEE Computer So ciety Pr ess , 1994. [8] K. Katoh, A. Morishima, and H. Kitagaw a. \Inte- gration of Heterogeneous Information Sources with W ebNR/SD { Design and Developmen t of a Query Pro cessing Sc heme for WWW {," Pr o c. 56th Na- tional Convention on Information Pr o c essing So ciety of Jap an (IPSJ) , pp. 252-253, Mar. 1998 (in Japanese). [9] D. Konopnicki and O. Shm ueli. \W3QS: A Query System for the W orld-Wide W eb," Pr o c. VLDB Conf. , pp. 54-65, 1995. [10] L. Lakshmannan, F. Sadri, and I. Subramanian. \A Declarative Language for Querying and Restructuring the W eb," Pr o c. 6th Intl. Workshop on R ese ar ch Issues in Data Eng. (RIDE’96) , F eb. 1996. 7 Currently , servlets are supp orted by many types of W eb servers. 8 Although what navigators do to w eb site resources is only to \read" web pages through HTTP , HORB allows inappropriate access to resources if navigators hav e im- plementation errors. In contrast, b eha vior of servlets can b e explicitly limited by con�guration �les of W eb servers. Therefore, W eb server site administrators can protect their sites.

[11] A. Morishima and H. Kitagaw a. "A Data Mo del- ing and Query Pro cessing Scheme for In tegration of Structured Do cumen t Rep ositories and Relational Databases," Pr o c. 5th Intl. Conf. on Datab ase Systems for A dvanc e d Applic ations (DASF AA’97) , pp. 145{ 154, Melb ourne, Apr. 1997. [12] A. Morishima and H. Kitagaw a. "In tegrated Query- ing and Restructuring of the W orld Wide W eb and Databases," Pr o c. Intl. Symp. on Digital Me dia Infor- mation Base (DMIB’97) , pp. 261{271, Nara, Japan, No v. 1997. [13] A. Morishima, and H. Kitagaw a. \NR/SD+ Data Mo del and Its Query Pro cesing | F or Integration of Structured Do cuments and Relational Databases," T r ans. Information Pr o c essing So ciety of Jap an (IPSJ) , V ol. 39, No. 4, pp. 954-967, Apr. 1998 (in Japanese). [14] A. O. Mendelzon and T. Milo. \F ormal Mo dels of W eb Queries," Pr o c. 16th ACM PODS’97 , pp. 134- 143, 1997. [15] A. O. Mendelzon, G. A. Mihaila, and T. Milo. \Query- ing the W orld Wide W eb," Pr o c. Symp. on Par al lel and Distribute d Information Systems (PDIS’96) , pp. 80-91, Dec. 1996. [16] Y. P apak onstan tinou, H. Garcia-Molina, and J. Widom. \Ob ject Exchange Across Heterogeneous In- formation Sources," Pr o c. 11th DE Conf. , pp. 251-260, Mar. 1995. [17] Mary T ork Roth and P eter M. Sch w arz. "Don’t Scrap It, W rap It! A W rapper Arc hitecture for Legacy Data Sources", Pr o c. VLDB Conf. , pp. 266{275, A thens, Greece, 1997. [18] Sun Microsystems, Inc. \Servlets," http://jserv. javasoft.com/products/java-server/servlets/ index.html . [19] G. Wiederhold. \Mediators in the Architecture of F uture Information Systems," IEEE Computer , pp. 38-49, Mar. 1992.