DIASPORA: A Fully Distributed Web-Query Processing System

A Thesis Submitted for the Degree of Master of Science (Engineering) in the Faculty of Engineering

By Maya Ramanath

Supercomputer Education and Research Centre INDIAN INSTITUTE OF SCIENCE BANGALORE { 560 012, INDIA

February 2000

Abstract

The Web can be viewed as an enormous database of information. But, porting classical database technology onto the Web is difficult because of the heterogeneous, dynamic, hyper-linked and largely unstructured format of the Web and its contents. Further, the absence of a controlling entity equivalent to a database administrator makes it impossible to regulate the growth of the Web.

In designing a database system that addresses the above challenges, the primary research issues that arise include the development of a data model to represent Web documents, a query language that enables users to easily process information represented according to this data model, and a query processor that can efficiently execute these user queries. In this thesis, we present the design and implementation of DIASPORA, a Web database system that attempts to provide an integrated solution to the modeling, language and processing issues. A Java-based prototype of the system has been developed and successfully tested on a network of web-sites on the Indian Institute of Science (IISc) campus. A brief overview of the system is given below.

DIASPORA’s data model is graph-based and captures both the content of Web documents and the hyperlink structure of the web-site. This model is capable of handling both traditional Web formats such as HTML, which are focussed mainly on document presentation, as well as currently developing formats such as XML, which also consider document semantics. For HTML documents, simple heuristics are used to infer semantic relationships among various elements in the document, thereby facilitating fully automatic generation of the graph.

Our data modeling approach differs from previously proposed Web data models in that it: (a) models the relationships of data elements within Web documents, (b) can infer semantic meta-data information from both markup tags and element values, and (c) is fully automatic in its construction.

DIASPORA incorporates a declarative query language which lets the user specify “hints” to the query processor in the form of keywords. For example, a user who wants to find publications on warehousing published from the IISc would use keywords such as “publication”, “warehousing”, and also specify that she wants the search to be restricted to web-sites in the IISc campus. The query processor then tries to associate these keywords and, while returning the results, give the user the context in which these keywords occur, thereby enabling her to judge which among the results contains what she is really looking for.

The query language also supports predicates on the hyperlink structure – these predicates can be utilized by users who have partial or full knowledge about how the information at web-sites of interest is organized and want to quickly extract information by “guiding” the query processor. For example, suppose the user wants to find the faculty members of all departments in IISc and knows that each department’s homepage is reachable from the IISc homepage. She also knows that the faculty information will be provided either at the department’s web-site itself or on a site that is reachable from the department’s web-site. She can make use of this information by formulating a query whose processing starts from the IISc homepage and guide the query processor into following only particular hyperlink paths from this starting point.

The most novel feature of DIASPORA is its fully distributed query processing mechanism. This is in contrast to the state-of-the-art in Web database systems which assumes a centralized “data shipping” mode wherein data is downloaded from remote sites to the user-site, queries are processed locally against these documents, and then further data is downloaded from the network based on these results. In our alternative “query shipping” approach, queries emanating from the user-site are forwarded from one site to another on the Web, the query is processed at each recipient site, and the associated results are returned to the user. Since our design ensures that the query forwarding does not require coordination from any “master site”, it results in a truly distributed solution.

A variety of interesting conceptual and practical issues arise when implementing a query-shipping approach, including determining query completion, handling query rewriting, supporting query termination, transmitting results, and preventing multiple computations of a query at a site due to the query arriving at the site in different paths in the hyperlink framework. Our processing algorithms specifically address each of these issues.

A Java-based implementation of DIASPORA is currently operational and has been tested on a set of web-sites in the IISc campus. Our performance results indicate significant improvements in terms of both the quality of answers to user queries as well as the resources required to generate these answers.

In summary, we expect that the DIASPORA system will be of use in a variety of webrelated applications, including development of search-engine indices and sitemaps, apart from answering ad-hoc user queries that relate to both the content and the link structure of Web documents. Moreover, we expect the utility of its distributed processing feature to increase even further with the advent of XML documents, which support fine-grained querying, especially when these documents are hosted on backend database engines. DI- ASPORA also opens up opportunities for mining user queries to improve commercial and public services offered by web-sites.

Publications

1. Maya Ramanath, Jayant Haritsa. “DIASPORA : A Highly Distributed Web-Query Processing System”, The WWW Journal, Baltzer/ACM Publishers, Spl. Issue on WWW Data Management, vol. 3, no.2, 2000.

2. Nalin Gupta, Jayant Haritsa, Maya Ramanath, “Distributed Query Processing on the Web”, (poster paper) Proc. of the IEEE Intl. Conf. on Data Engg., San Diego, USA, Feb. 2000.

Acknowledgements

First and foremost, I would like to thank my advisor Dr. Jayant Haritsa. His attitude towards excellence in research and his enthusiasm has been a source of constant inspiration. I am grateful to him for all the advice, encouragement and support he has given me during my work. Without him, I don’t think this thesis would be as structured as it is now ;-) !!

I would like to thank my parents for their unflinching support when I was facing some pretty tough times during my work. They were the true driving force behind me throughout, constantly encouraging me to do my best and inspiring me to aim higher. I don’t think I can ever express my gratitude to them through words.

I am grateful to our chairman Prof. N. Balakrishnan for his constant encouragement. Special thanks go to Prof. Matthew Jacob who was my caretaker guide for a while.

I would like to thank all my lab-mates at DSL who provided a wonderful atmosphere to work in - Amitabh, Anurag, Binto, Madhav, Manjusha, Prabodh, Rajarao, Satheesh, Srikanta and Vikram. Thanks to Srikanta, Vikram and Amit for many useful discussions regarding my work. I am grateful to Srikanta and Vikram for reading and offering suggestions to my papers and that too repeatedly! I would like to thank them for the many good times I have had with them.

And finally, I thank God that I’m done :-) !

Contents

Abstract i

Acknowledgements v

List of Figures ix

List of Tables xi

1 Introduction 1 1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.1.1 Data Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.1.2 Semi-structured Data . . . . . . . . . . . . . . . . . . . . . . . . . . 3 1.2 Goals of this work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.3 A Brief Description of DIASPORA . . . . . . . . . . . . . . . . . . . . . . 5 1.3.1 Data Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 1.3.2 Query Language . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 1.3.3 Query Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 1.3.4 XML and DIASPORA . . . . . . . . . . . . . . . . . . . . . . . . . 7 1.4 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 1.5 Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 2 The Data Model 9 2.1 DIASPORA’s Data Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2.1.1 Construction of the Database . . . . . . . . . . . . . . . . . . . . . 10

3 The Query Language 16 3.1 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 3.2 Example Queries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 3.2.1 Query 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 3.2.2 Query 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 3.2.3 Query 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 3.2.4 Query 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 3.3 Semantics of the Query Language . . . . . . . . . . . . . . . . . . . . . . . 23 3.3.1 Search Scopes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 3.3.2 Traversal Scopes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 3.4 Formal Query Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 3.5 Query Result at a Site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 4 Distributed Query Processing 28 4.1 The Distributed Query Processing Scheme . . . . . . . . . . . . . . . . . . 28 4.1.1 Preliminaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 4.1.2 Query Processing and Forwarding Scheme . . . . . . . . . . . . . . 29 4.1.3 Returning Results to the User . . . . . . . . . . . . . . . . . . . . . 31 4.1.4 Determining Query Completion . . . . . . . . . . . . . . . . . . . . 32 4.1.5 Construction of Results . . . . . . . . . . . . . . . . . . . . . . . . . 35 4.1.6 Aborting the Query . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 4.1.7 Related Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 4.2 Performance Optimizations . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 4.2.1 Eliminating Query Recomputations . . . . . . . . . . . . . . . . . . 38 4.2.2 Reduction of Network Traffic . . . . . . . . . . . . . . . . . . . . . 41

5 Implementation Details 43 5.1 QueryAgent and Result Objects . . . . . . . . . . . . . . . . . . . . . . . . 43 5.2 Client Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 5.3 Server Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.4 Database Constructor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 5.5 GUI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 6 Performance Evaluation 54 6.1 Results for Query 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 6.1.1 Network Traffic Comparison . . . . . . . . . . . . . . . . . . . . . . 55 6.1.2 Response Time Comparison . . . . . . . . . . . . . . . . . . . . . . 56 6.2 Results for Query 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 6.2.1 Network Traffic Comparison . . . . . . . . . . . . . . . . . . . . . . 58 6.2.2 Response Time Comparison . . . . . . . . . . . . . . . . . . . . . . 59 6.2.3 Overhead of the CHT protocol . . . . . . . . . . . . . . . . . . . . . 60

7 Related Work 62 7.1 Web-Database Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 7.1.1 W3QS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 7.1.2 WebSQL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 7.1.3 WebLog . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 7.1.4 WHOWEDA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 7.1.5 Araneus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 7.1.6 WebOQL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 7.2 Distributed Query Processing Algorithms . . . . . . . . . . . . . . . . . . . 67

8 Conclusions 69 8.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 A Grammar for DIASPORA’s Query Language 73

References 76

List of Figures

2.1 An HTML Document and its Graph Representation . . . . . . . . 12 2.2 Site-Graph Representation . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.3 Graph Representation of a Relation . . . . . . . . . . . . . . . . . . . 14 2.4 Graph Representation of an XML document . . . . . . . . . . . . . 15

3.1 Snapshot of the DSL Web-site . . . . . . . . . . . . . . . . . . . . . . 20 3.2 Result for Query 1 on the DSL web-site . . . . . . . . . . . . . . . . 21

4.1 The User-Site Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . 31 4.2 The Query-Site Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . 32 4.3 The Query Processing Algorithm Called from the query processor() Function . . . . . . . . . . . . . . . . . . . . . . . . 33 4.4 The User-Site Algorithm for Query Completion Detection . . . . . 35 4.5 The Query-Site Algorithm for Query Completion Detection . . . . 36 4.6 Redundant Multiple Visits to a Site . . . . . . . . . . . . . . . . . . . 39

5.1 DIASPORA Client Process . . . . . . . . . . . . . . . . . . . . . . . . 44 5.2 DIASPORA Server Process . . . . . . . . . . . . . . . . . . . . . . . . 45 5.3 Snapshot of the DSL Web-Site . . . . . . . . . . . . . . . . . . . . . . 48 5.4 Snapshot of the Dhwani Web-Site . . . . . . . . . . . . . . . . . . . . 49 5.5 Snapshot of the Dept. of Metallurgy Web-Site . . . . . . . . . . . . 50 5.6 Snapshot of the Results for Query 1 from DSL Web-Site . . . . . . 51 5.7 Snapshot of the Results for Query 3 from Dhwani Web-Site . . . . 52

List of Figures x

5.8 Snapshot of the Results for Query 4 from Dept. of Metallurgy Web-Site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

List of Tables 6.1 Site Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 6.2 Network Statistics for Query 1 . . . . . . . . . . . . . . . . . . . . . . 56 6.3 Response Times for Query 1 . . . . . . . . . . . . . . . . . . . . . . . 57 6.4 Network Statistics for Query 4 . . . . . . . . . . . . . . . . . . . . . . 58 6.5 Response Times for Query 4 . . . . . . . . . . . . . . . . . . . . . . . 59 6.6 Impact of CHT on Response Times . . . . . . . . . . . . . . . . . . . 61

Chapter 1

Introduction

In the initial stages, the interaction between Web technology and database technology was limited to where the Web was used primarily as a communication medium for transporting queries and data between networked users and relational database servers. The main challenge here was the design of interfaces that would facilitate embedding of SQL queries and their results into HTML and several such interfaces were developed – for example, the WWW Connection interface for IBM’s DB2 system [NS96].

Later on it was realized that the Web could itself be viewed as an enormous (and potentially the largest in the world) database of information. Porting classical database technology onto the Web is rendered difficult, however, due to the heterogeneous, dynamic, hyper-linked and largely unstructured format of the Web and its contents. Further, the absence of a controlling entity equivalent to a database administrator makes it impossible to regulate the growth of the Web.

In designing a database system that addresses the above challenges, the primary research issues that arise include the development of a data model that elegantly represents Web documents, a query language that enables users to easily process information represented according to this data model, and a query processor that can efficiently execute these user queries. We report, in this thesis, on our design and implementation of DI- ASPORA (DIstributed Answering System for Processing of Remote Agents), a new Web database system that attempts to provide an integrated and novel solution to the modeling, language and processing issues. A Java-based prototype of DIASPORA has been implemented and tested on a set of servers on the Indian Institute of Science (IISc) campus. Initial performance results indicate significant improvements in terms of both the quality of answers to user queries as well as the resources required to generate these answers.

1.1 Background

1.1.1 Data Integration

With the huge growth of the Internet, the number of databases accessible over the internet has increased tremendously. The databases themselves may be heterogeneous (RDBMSs, OODBMSs, etc.) and may have to be queried in different query languages like SQL, OQL, etc. Even if it can be assumed that all databases were of the same type, because of the autonomous nature of these databases, conceptual heterogeneity would still exist [DG97]. That is, different databases use different words to express the same concept or the same word to express different concepts. Moreover, the useful information required by a user may be available in several different databases, thus making it hard to retrieve that information.

The research in data integration systems aims at developing tools and techniques to make the retrieval of information from heterogeneous databases easier. The main idea is as follows: The various data sources which should be part of the data integration system is decided beforehand. A schema which adequately represents all information present in these data sources is constructed. Thus, the user is provided with a uniform view of the data which hides the heterogeneity of the underlying data sources. The user then queries this view.

The two main approaches to data integration ([Wid96]) include:

Lazy or on-demand: This approach is used in mediators. The query planner of the mediator translates the query submitted by the user into a form understandable by the data sources. The transformed queries are sent to the corresponding data sources for evaluation. The results received are then filtered, translated and integrated. Examples of mediator systems include TSIMMIS [GMHI^+95], Information Manifold [LRO96], Infomaster [DG97], SIMS [AK93], etc.

Eager or in-advance approach: This approach is used in data warehouses. In contrast to the previous approach, here, all data is imported from the data sources, filtered and stored locally. Hence, query processing is done on the local data. WHIPS [LZW^+97] is an example of a data warehousing system.

1.1.2 Semi-structured Data

Not all data on the internet reside in traditional database systems. Quite a lot of useful data reside in file systems in the form of HTML [Rag97] documents, XML [XML] documents, Postscript files, plain text files, etc. Such data is collectively known as semistructured data [Abi97]. Hence, a data integration system should also incorporate semistructured data sources. However, integrating data from a semi-structured data source is not so straightforward as integrating data from a well-structured data source. While in well-structured data sources such as a relational database, there is always a pre-defined schema which describes the type and structure of the data stored in the database, that is not the case for semi-structured data sources. Semi-structured data often grows in unexpected ways. Defining an apriori, rigid, schema for semi-structured data is full of pitfalls since the data could easily and very rapidly become non-conformant with the schema. A situation might arise where, instead of data conforming to the schema, the schema has to be changed continuously to accommodate the wide variety of new data. Hence, schemas for semi-structured data are usually not rigid and allow for considerable flexibility. The schema of a semi-structured data source is sometimes implicit (such as words/sentences, etc. in text files) and sometimes explicit (such as grammar for HTML, DTDs for XML, etc.). It is up to the data integration system to extract the relevant and useful data from these semi-structured data sources by writing appropriate wrappers.

Research in semi-structured data has seen a lot of activity in recent times and has assumed added importance with the emergence of XML as a standard for data storage and data exchange over the web. Research in semi-structured data encompasses a wide range of problems starting from data models to query languages to storage and indexes, etc. New data models based on graphs which can model not only semi-structured data but also well-structured data have been proposed in [AGQW97, BDHD96]. Query languages for semi-structured data have been described in [AQM^+97, BDHD96, DFF^+99, FFK^+98]. Storage and indexing for semi-structured data have also received attention in projects such as Lore ([AGQW97, AQM^+97, MWA^+98, MW97]) and in other papers such as [DFS99, SGT^+99, MS99], etc.

Apart from the general research in semi-structured data, many systems have been proposed specifically for querying the data in HTML documents and similar semi-structured data sources on the Web. Examples of such systems include [MMM97, AM98, AMM97b, NLBM98, KS95], etc. and are discussed in greater detail in Chapter 7.

1.2 Goals of this work

Our goals in building a Web-database system are the following:

• To incorporate a data-model in which it would be possible to represent semistructured as well as structured data in a uniform manner despite the heterogeneity of the contents on the web,

• To develop a simple query language which can be used not only for ad-hoc user queries but also in web-applications and

• To develop a distributed query processing scheme which would minimize the amount of resources utilized to answer a query.

In the next section, we provide a brief description of DIASPORA, the Web-database system we have designed and implemented to meet the above goals.

1.3 A Brief Description of DIASPORA

1.3.1 Data Model

DIASPORA is based on an expressive graph-based data model that captures both the content of Web documents and the hyperlink structural framework of a web-site. This model is capable of handling both traditional Web formats such as HTML, which are focussed solely on document presentation, as well as currently developing formats such as XML, which also consider document semantics. For HTML documents, simple heuristics are used to infer semantic relationships among various elements in the document, thereby facilitating fully automatic generation of the graph (also see [Ade98, AK97]), whereas for XML documents the graph is built using the semantics explicitly encoded in the element tags.

Our data modeling approach represents a careful synthesis of concepts that have been previously proposed in the literature, augmented with new ideas of our own. In particular, it: (a) models the relationships of data elements within Web documents (similar to, for example, [AM98]), (b) infers semantic meta-data information from both markup tags and element values, and (c) is fully automatic in its construction (similar to, for example, [AK97]).

1.3.2 Query Language

DIASPORA incorporates a declarative query language which lets the user specify “hints” to the query processor in the form of keywords. For example, a user who wants to find publications on warehousing published from the Indian Institute of Science (IISc) would use keywords such as “publication”, “warehousing”, and also specify that she wants the search to commence from the IISc homepage. The query processor then tries to associate these keywords and, while returning the results, give the user the context in which these keywords occur, thereby enabling her to judge which among the results contains what she is really looking for.

The query language also supports predicates on the hyperlink structure – these predicates can be utilized by users who have partial or full knowledge about how the information at web-sites of interest is organized and want to quickly extract information by “guiding” the query processor. For example, suppose the user wants to find the faculty members of all departments in IISc and knows that each department’s homepage is reachable from the IISc homepage. She also knows that the faculty information will be provided either at the department’s web-site itself or on a site that is reachable from the department’s web-site. She can make use of this information by formulating a query whose processing starts from the IISc homepage and guide the query processor into following only particular hyperlink paths from this starting point.

While the use of predicates to constrain link traversal has been proposed before ([MMM97]), we go a step further in allowing users to specify the scope of the search space after a link traversal has been made – this scope can range from a simple document to an entire sub-graph.

1.3.3 Query Processing

The most novel feature of DIASPORA is its highly distributed query processing mechanism – prior literature has been mostly confined to centralized architectures. Our choice of a distributed approach is based on the premise that several web applications are more naturally processed in a distributed manner, opening up possibilities of significant reductions in network traffic and user response times.

For example, applications which build “site maps” ([Cyb]) for a particular domain of web-sites need to extract the hyperlinks featured at these web-sites. Instead of downloading all the documents hosted at these web-sites and extracting the links locally, it would considerably reduce network traffic if the processing was done at the web-sites themselves and only the list of links was sent back. Further, since the link extraction is done in parallel at the various sites, the map generation process can be reasonably expected to complete much faster. Finally, the client-site does not become a processing bottleneck, and the “power of the Web” is fully utilized.

Distributed execution is even more attractive for supporting queries where there are predicates on both structure and content – for example, “find all the RealAudio song files that are reachable within two global hyperlink traversals from the IISc web-site”. Here, the user knows the Web “neighborhood” in which to look for the information she needs but is not aware of the actual identities of all the sites in this neighborhood. In this situation, it would be extremely convenient and efficient if the query could be automatically forwarded, either directly or transitively, from the IISc server to the desired set of neighborhood sites, and the results directly returned from these remote sites to the site at which the user submitted the query.

In summary, the state-of-the-art in Web database systems assumes a centralized “data shipping” mode wherein data is downloaded from remote sites to the local site, queries are processed locally against these documents, and then further data is downloaded from the network based on these results. In contrast, we propose here an alternative “query shipping” approach wherein queries emanating from a given site are forwarded from one site to another on the Web, the query is processed at each recipient site, and the associated results are returned to the user. Since our design ensures that the query forwarding does not require tight coordination from any “master site”, it results in a highly distributed solution.

A variety of interesting conceptual and practical issues arise when implementing a query-shipping approach including determining query completion, handling query rewriting, aborting the query, transmitting results, and preventing multiple computations of a query at a site due to the query arriving at the site in different paths in the hyperlink framework. Our processing algorithm specifically addresses each of these issues.

1.3.4 XML and DIASPORA

In this paper, we focus primarily on HTML documents since they are the prevailing standard on the Web and will remain so for some time to come. However, the DIASPORA system can be easily extended to handle recent advances in markup technology such as XML and its host of derivative languages, which permit fine-grained querying on documents. In fact, we expect that when these formats become commonplace, distributed systems such as DIASPORA will become even more relevant. This is because many XML repositories are expected to be supported on relational engines to take advantage of the well-established power of these engines, with XML documents being materialized “onthe-fly” from these backends – two recent systems which support this “XML on RDBMS” architecture are described in [DFS99] and [SGT^+99]. For such systems, DIASPORA’s server-side query processing strategy is especially attractive since it opens up the possibility of “pushing” queries on the XML documents into the relational engine, resulting in much faster processing.

1.4 Contributions

We have developed a Web-database system, DIASPORA, which meets the goals laid out in Section 1.2. We have incorporated a graph-based model useful for modelling any structured/semi-structured data on the web and shown how, with minimal effort, HTML documents at a web-site can be represented in this model. A simple declarative query language which can be used for querying the structure as well as the content of web-sites represented in our model is presented. We have also developed and implemented a novel distributed query processing scheme based on a “query shipping” approach as opposed to a “data shipping” approach. Initial experimental results presented in this thesis indicate significant improvements in performance over comparable centralized schemes.

1.5 Organization

The remainder of this thesis is organized as follows: The data model and query language of DIASPORA are described in detail in Chapters 2 and 3, respectively. Its distributed query processing mechanisms and a variety of performance optimizations are highlighted in Chapter 4. The implementation of DIASPORA is described in Chapter 5 and the results of experiments with the system are presented in Chapter 6. Related work on the integration of Web and database technology is reviewed in Chapter 7. Finally, in Chapter 8, we present the conclusions of our study and discuss avenues for further research.

Chapter 2

The Data Model

HTML documents contain lots of useful information, yet the tags employed in HTML documents give no clue as to the meaning of the data, but only stipulate how the data should be displayed. However, semantic relationships between data items in the HTML document can be inferred by the way in which the data is displayed. For example, a section heading and its content can be determined by the fact that the font size of a section heading may be bigger than the font size of its content. Thus, the display of the document can sometimes indicate the semantic relationships among the contents of the document. Note that, the same is true of any document which has markup. In this chapter, we explore a method of automatically inferring such semantic relationships in HTML documents based on a graph data model.

2.1 DIASPORA’s Data Model

DIASPORA’s data model is a rooted, directed, edge-labelled graph [BDHD96]. Here, each Web document is represented as a rooted, directed and edge-labelled graph, called doc-graph. At each site, the graphs of all the individual documents hosted at the site are integrated to form another rooted, directed and edge-labelled graph, called site-graph. A set of simple heuristics are used to wrap the data in the base HTML documents to conform to this data model.

Our choice of edge-labelled graphs for the data model, rather than the more common alternative of a node/edge graph wherein documents are the nodes and hyperlinks are the edges, is motivated by the following: As described above, we model the information within a document also as a graph. Therefore, an edge-labelled representation provides uniformity in the modeling process. Moreover, it is easier to visualize the contents of an HTML document as an edge-labelled graph since no distinction needs to be made between objects (represented as nodes), attributes (name of the attribute possibly residing on an edge), and values of the attributes (possibly residing on an internal node or leaf). The interpretation is dynamically decided based on the context.

2.1.1 Construction of the Database

Doc-graphs

Doc-graphs are intended to capture, in a hierarchical manner, the relationships between the elements in a Web document. While for XML, the meta-data is explicit in the tags, HTML documents pose more difficulties since they only have display information. We address this problem by using a set of heuristics to infer the meta-data – these heuristics utilize both the document structure and its contents. For example, section headings are regarded as metadata for the contents of the associated sections since they describe what the section contains. Similarly, the title of a document (enclosed in the <TITLE> tag) is used as the meta-data label for the entire document. The primary advantage of our approach is that it permits automated generation of the doc-graph, which is especially attractive when these graphs have to be generated for sites hosting a large number of documents.

The specific heuristics that we currently use for generating doc-graphs for HTML documents are the following:

• The title element forms the root of the doc-graph.

• A section heading is the parent for the contents of the section. If the contents of the section contain sub-sections, a tree structure results.

• Two elements are modeled as section-subsection based on their font size. For example, any element enclosed in a level i heading is a child of an element enclosed in a level (i − 1) heading. Hence, the text or subsection heading under a section heading is a child of that section heading.

• List items are enumerated and the set of items belonging to a common list are represented as siblings in the graph. With this approach, nested lists result in a tree structure.

• All anchor elements are edges with the same label as the anchor text and point to the edge corresponding to the destination of the anchor.

Note that additional heuristics, similar to those above, can be easily formulated to incorporate other HTML tags. Of course, these heuristics may not always result in the semantic interpretation desired by the document designer, but the few exceptions, if any, can be subsequently manually overwritten by the web-site manager.

An example of the doc-graph generation process is presented in Figures 2.1(a) and 2.1(b), which show part of an HTML document (from our lab’s web-site) and its corresponding doc-graph (italics represent links), respectively.

Even though the inferred representation of a document may be accurate, it may not always be “complete” in the semantic sense. For example, it is the user’s interpretation of the graph which can tell her that the current members of the lab include the convener even though “CONVENER” is not a child of “CURRENT MEMBER”. In an XML equivalent, the information would perhaps have been organized more accurately with markup tags such as <MEMBER>, <FACULTY>, <STUDENT>, etc. which precisely describe the content and therefore make it suitable for automatic processing. But, in HTML, such precise descriptions are not to be expected since the emphasis is only on information display. However, it is still possible to answer queries like “who are the people in Database Systems Lab” and “who is the convener of the Database Systems Lab”, etc.

(a) Portion of an HTML Document

(b) Doc-Graph Representation

Figure 2.1: An HTML Document and its Graph Representation

From Doc-graphs to Site-graphs

We now explain how to build a site-graph from the set of doc-graphs associated with the documents hosted at a web-site. Like the doc-graphs, the site-graph is also a rooted, directed and edge-labelled graph, and is constructed using the following procedure:

• The site-graph is initialized to be the doc-graph of the home-page of the web-site.

• The “floating edge” corresponding to each “local link” (anchor that points to a document in the same web-site) in the home-page is terminated in the root of the doc-graph associated with the document pointed to by that link.

• The above process is recursively executed for each of the documents that have been added to the site-graph, and terminates when all the documents reachable from the home-page have been included in the site-graph. Figure 2.2 shows an example. Each box in the figure refers to a different document which has been converted into a doc-graph. The words in italics in the figure denote the labels of hyperlinks.

At this stage, it is natural to ask whether site-graphs of multiple sites should not be connected up together to form a “domain-graph”. The reason we stop at building sitegraphs is related to our query processing strategy, described later in Chapter 4 – since it adopts a query-shipping approach where queries visit the various web-sites, it is sufficient to maintain a site-graph at each site.

Other Data Formats

The graph based model can not only be used to represent semi-structured data, but is also flexible enough to represent traditional data models such as the relational model. Figure 2.3 shows a relation and its corresponding representation in the graph model and Figure 2.4 shows a fragment of an XML document represented in the graph model ([Suc99]).

Figure 2.2: Site-Graph Representation

Figure 2.3: Graph Representation of a Relation

Figure 2.4: Graph Representation of an XML document

Chapter 3

The Query Language

Having described DIASPORA’s data model in the previous chapter, we now move on to describing its associated query language. The objectives in our design of the query language are the following:

1. To enable the user to (a) express the content she is searching for through “hints” (in the form of keywords) to the query processor, and (b) express through “traversal expressions” any information she may have regarding the structural relationships among the web-sites where she wants the query to be processed. The ability to provide the query processor with hints and traversal expressions is critical to preventing the common problem faced by search engine users, namely, that of being deluged by a mass of results with no way of easily determining which few among these constitute the relevant set.

2. To present the results as a weakly connected graph that helps the user to “place” each result keyword – that is, to know where the keyword is located within the “big picture” of the Web document organization. This feature is especially helpful for users who are querying the Web database system in an interactive fashion, that is, using the results of a query as the basis on which to form more refined queries, and so on until eventually the desired information is reached. This is because the placement helps them determine the path, which if browsed, is most likely to lead to the desired information.

For example, suppose the user has asked for publications on “databases” and gives the starting point for the search as the IISc homepage, the result graph would include a path from the IISc homepage to the SERC department homepage, from the SERC homepage to the Database Systems Lab homepage, from there to the publications page which lists the publications on “databases”. Given such a placement, it will help the user determine whether the result is what she wants or not. Also, it will help her easily determine what other information she is likely to find if she decides to browse along that path.

3.1 Definitions

We now introduce DIASPORA’s query language through a few representative queries. Before we present the queries, we first define the following terms, some of which were introduced in [MMM97]:

Hyperlinks: Hyperlinks (or simply links) are classified into the following categories:

1. Interior (i): A link whose destination is within the same document; 2. Local (l): A link whose destination is a different document but within the same web-site;

3. Global (g): A link whose destination is a document which resides on a different web-site;

4. Null (n): Denotes a null path, that is, the document itself.

An additional category of links are the user-defined links wherein existing document links are selected based on their label, source, destination, or category (I, L, G or N), or some combination of these attributes.

Path Regular Expression: A Path Regular Expression (PRE) is defined as follows:

• A link P belonging to one of the categories defined above is a valid PRE.

• Given a PRE P , then P ∗ [n] is also a PRE where the ∗ indicates repetition (if n is specified, the repetition is limited to a maximum of n – otherwise, we assume n to be some finite value).

• Given two PREs, P and Q, then P | Q and P · Q are also PREs, where | and · denote alternation and concatenation, respectively.

StartPoints: A StartPoint corresponds to some edge in a site-graph. This edge is determined by the URL specified by the user as the starting point of the query-processing.

3.2 Example Queries

We now introduce the query language in the following example queries. All of them relate to the web-sites found on the Indian Institute of Science campus. The following web-sites were included for experimentation: IISc (Indian Institute of Science), DSL (Database Systems Lab), SSL (SERC Students Lab), MT (Department of Metallurgy), ECE (Electrical Communication Engineering) and Dhwani (an entertainment web-server in ECE).

3.2.1 Query 1

Find publications on Concurrency in the DSL and SSL web-sites. 1. SELECT

2. f “*publication*”:“*concurrency*” g

3. START 4. http://dsl.serc.iisc.ernet.in, http://ssl.serc.iisc.ernet.in 5. WHERE 6. DOC OF (START) l∗;

The SELECT clause determines the results to be provided to the user and is expressed in this query as a metadata-keyword pair. In the above query, “publication” is metadata for “concurrency” which is the keyword. This is indicated by the “:” separating the two phrases. Here, the implicit assumption by the user is that, in the site-graph, publications would be described by a phrase whose substring contains “publication”, and that publications on concurrency would contain the phrase “concurrency” in the title.

The START clause indicates the set of StartPoints from where the query evaluation should begin. In the above query, the user has given two StartPoints corresponding to the roots of the site-graphs of the DSL and SSL web-sites.

The conditions in the WHERE clause determine, beginning from the set of Start- Points in the START clause, which paths are traversed and where the search for keywords should take place. In the above query, the clause (i.e. DOC OF (START) l∗) states that starting from the document corresponding to the StartPoints, follow local links and (implicitly) search the subgraph (within the target document) in the destination of these links. Continue following local links from this target document to other documents.

A snapshot of the DSL web-site is shown in Figure 3.1. The dotted lines along some of the edges in the figure indicate the edges that are used in the construction of the result for the above query at the DSL web-site (the algorithm for identifying and extracting these edges is explained later in Section 3.5). The final result graph is shown in Figure 3.2.

The italicized text in the graphs (for example, “Publications”, “Index Concurrency Control”, etc.) indicate hyperlinks to other documents. Figure 3.2 shows the context – that is, these are publications which have been reached from the DSL homepage by following the link labelled “Publications”. This makes it easier for the user to determine whether the result was the right one or not (in this case, there is no doubt that it is the right one). In contrast, with a search engine, any occurrence of the word “publication” or “concurrency” would result in a hit and the user could end up with a huge list of URLs, not knowing which of them would lead to the desired answer.

3.2.2 Query 2

Find all publications on Concurrency starting from the SERC homepage.

Figure 3.1: Snapshot of the DSL Web-site

1. SELECT

2. f “*publication*”:“*concurrency*” g

3. START 4. http://serc.iisc.ernet.in 5. WHERE 6. SITE OF (START) g∗ 1 ;

The previous query assumes that the web-sites which may contain publications on concurrency are known. However, suppose the user knows only that the labs in SERC need to be searched for the required publications, then the query formulation is likely to be as above. The START clause on line 3 stipulates that the StartPoint should be http://serc.iisc.ernet.in which corresponds to the SERC homepage. On line 6, there is a further condition that a maximum of one global link should be followed out of the SERC web-site to find the publications on concurrency.

3.2.3 Query 3

Find all songs by Jagjit Singh in the Dhwani web-site.

Figure 3.2: Result for Query 1 on the DSL web-site

1. SELECT

2. f ”Jagjit*”:X g

3. START 4. http://dhwani.ece.iisc.ernet.in 5. WHERE 6. DEFINE X AS LINK (*, *, *, *) 7. DOC OF (START) l ∗ DOC OF (”Jagjit*”:X) 8. type of (dest of (X)) EQUALS realaudio;

This query incorporates predicates on the content of the documents. Line 6 declares X to be of type LINK. The constructor for LINK takes four parameters: label, source URL, destination URL and type (local, global, etc.). In this query, we are not interested in the value of any of these parameters, hence we use * to indicate “any value”. Line 7 tells the query processor to start from the document corresponding to START and to traverse a all local links to find ”Jagjit*”:X. Not only should X be a link as specified in line 6, but also satisfy the condition specified in line 8, which states that the destination of X should be of type realaudio.

3.2.4 Query 4

Find the pages listing the faculty members from all the departments in IISc. 1. SELECT

2. f “*department*”, “*faculty*” g

3. START 4. http://www.iisc.ernet.in 5. WHERE 6. DEFINE DeptLink AS LINK (“*department*”) 7. DEFINE Dept AS KEYWORD(“*department*”) 8. DOC OF (START) DeptLink DOC OF (Dept) 9. DOC OF (Dept) g·g∗1 SUBGRAPH OF (“*faculty*”);

The purpose of this query is more to “gather” information as opposed to the previous queries where it was to “find” information, and shows how the user’s knowledge regarding the hyperstructure of the web can be used in formulating such queries. The user specifies her domain knowledge as follows:

• There is a path from the IISc homepage to the page listing all departments of IISc (departments page) through a hyperlink containing the word department. Thus, in order to locate the list of departments, start from the IISc homepage and traverse the hyperlink containing the keyword department.

• Each department listed in the departments page is a hyperlink which leads to the homepage of the department.

• Information about faculty members is found either at the department’s homepage or a web-site directly reachable from the department’s homepage.

The query contains a SELECT clause which states that the keywords of interest are “department” and “faculty”. Note that no metadata-keyword relationship is specified, unlike the previous query. Then, each item of the user’s knowledge is expressed as follows:

• Lines 6 and 7 of the query simply define a hyperlink (DeptLink) which contains the term “department” and a keyword (Dept) containing the term “department”.

• Line 8 tells the query processor to start with the IISc homepage and then traverse the link DeptLink in order to find the document containing the keyword Dept.

• Line 9 tells the query processor to follow at least one global link from the current page and search for “faculty” in the subgraph starting from the resulting document reachable by following at most one global link from the resulting document.

In lines 8 and 9 we have used DOC OF and SUBGRAPH OF. These are collectively known as Scopes of Traversal and Search. When a scope occurs on the LHS of a traversal expression, it denotes the traversal scope and when it occurs in the RHS of a traversal expression, it denotes the search scope. Line 8 effectively states: “start from the document corresponding to START and traverse DeptLink, then restrict your search for Dept to the document reached”. Line 9 states: “starting from the document corresponding to Dept, follow g·g∗1 and then search the subgraph of the destination reached for “*faculty*”. In short, we make use of scopes in order to restrict or expand the search space and/or traversal space. A more detailed description of scopes is given in Section 3.3.

3.3 Semantics of the Query Language

We first define the EntryPoint of a query that arrives at a site as the edge of the local site-graph from which the processing of the query starts at that site. While the StartPoint of a query is determined by the URLs provided by the user in the START clause of the query, the EntryPoint is determined dynamically, as the query is processed, modified and forwarded from site to site. For example, suppose the processing at some site started from http://www.iisc.ernet.in, then the EntryPoint of the query would be the edge corresponding to the root of the site-graph for the IISc web-site. On the other hand, if the processing started from http://dsl.serc.iisc.ernet.in/people.html, then the EntryPoint would be the root of the document corresponding to the URL. This would be the edge in the site-graph for the DSL web-site corresponding to the root of the doc-graph of the document specified by the URL. Similarly, we would enter some arbitrary point in the site-graph of a site when we traverse a global link. Note that all StartPoints are also EntryPoints.

We now briefly describe the semantics associated with using the query language. In particular, we define Search Scopes and Traversal Scopes.

3.3.1 Search Scopes

When we say that the scope of search is the DOC, we mean that we restrict our search to the document at which the query has entered. If the query has entered at some intermediate point in the document, then we only search the subgraph from that point on, but do not move out of the document. Similarly, SUBGRAPH scope corresponds to the entire subgraph with the current entry point as the root^1 and SITE scope would correspond to the entire site, regardless of where the query’s EntryPoint was.

3.3.2 Traversal Scopes

We can now define the scope for traversal in the same way. When there is a link of type T to be traversed from DOC scope, we search only the current document for links of that type. If the scope is SUBGRAPH, we not only traverse the link of type T from the current document, but from the entire subgraph which can span multiple documents. Again, when the scope is SITE, we extract all links pertaining to the link type T from the whole site-graph and traverse them.

In Query 4 above, we made use of different scopes to search for the results. This works as follows: after the document containing Dept is found, line 9 tells us to start from DOC OF( Dept) which is DOC scope and traverse one global link, again from DOC scope and search a subgraph to find “*faculty*”. Thus, after traversing the global link, the scope for searching is not just the document pointed to by the link, but the entire

1It is possible that the subgraph has “backpointers” which may point back, in the worst case, to the root of the site-graph. However, we have chosen not to eliminate such pointers since it might considerably change the results of the query depending on the EntryPoint.

subgraph from the point of entry. In effect we have a predicate which operates on a document and a subgraph. Similarly, predicates which operate only on documents, a document and a site, a subgraph and a site, etc. can be formulated.

3.4 Formal Query Specification

The use of traversal expressions impose an order in which the query is to be processed. For example, Query 4 can be broken up into two sub-queries, the first one which searches for “department” and the second which searches for “faculty”. The first sub-query is processed after traversing a PRE from the StartPoint and the second sub-query is processed after traversing another PRE, the links for which are extracted based on the results of the first sub-query. Thus, we can formally denote a query as an alternating sequence of sub-queries and path regular expressions. That is, Q = S p_1 q_1 p_2 q_2 · · · p_n q_n where S is the set of StartPoints from where the query begins its execution, q_k is the k^{th} sub-query, and p_k is the PRE to be satisfied after q_k�_1 is evaluated and before q_k can be evaluated.

3.5 Query Result at a Site

We describe here how the result for a sub-query is generated from the local site-graph. Assume that the sub-query q_i being processed at this site contains keywords K_1, K_2, · · ·, K_n in its SELECT clause. In addition to this, let the conditions (such as those involving functions on documents) to be satisfied be c_1, c_2, · · ·, c_m. The query processing now includes the following:

1. Let G be the site-graph.

2. Identify the EntryPoint of the current sub-query q_i and let this edge be e.^2

2As mentioned in Section 3.3, the EntryPoint is the edge from which the query processing at the current site starts.

3. Search the set of edges in the search scope of q_i for the result edges. Let the set of edges which should be included in the result be E_{result}. This set of edges will include only those edges whose label is the superstring of at least one K_i and which are contained in the search scope of q_i and which satisfy the relevant conditions c_i.

4. Next, in the traversal scope for q_{i+1}, find the hyperlinks which need to be traversed in order to process the next sub-query. That is, find the set of edges which correspond to the traversal as specified by p_{i+1}. Let this set be E_{forward}.

5. We now have the set of edges which must be included in the result graph. Let this set be E_{all} = E_{result} ∪ E_{forward} ∪ {e}. 6. In order for the result to be seen in context by the user, we need to form a weakly connected graph in which the context of the edges in the result set E_{all} is shown. Note that the set of edges in E_{all} need not form a connected graph on their own. Let E_{add} be the set of edges (with minimum cardinality) from the site-graph G such that the set of edges E_{add} ∪ E_{all} forms a weakly connected graph. This weakly connected graph is now the result graph R.

Intuitively, the above procedure for finding the result graph at a site can be understood as extracting related information from the site-graph based on the keywords provided by the user.

Given that we can produce results from individual site-graphs as described above, it is easy to see that the entire query can be evaluated in a centralized manner at the user-site by importing the associated documents from each of the relevant web-sites, constructing a site graph and then processing the queries locally. This is, for example, the mode of operation typically assumed in previous Web database system proposals.

However, as mentioned in the Introduction, this centralized approach is inefficient from a variety of considerations including transfer of large amounts of unnecessary data resulting in network congestion and poor bandwidth utilization, the client-site becoming a processing bottleneck, and extended user response times.

We therefore discuss an alternative distributed approach in the following chapter. This idea is also supported in the concluding remarks of [MMM97] – “It would also be interesting to investigate a distributed architecture in which subqueries are sent to remote servers to be executed there, avoiding unnecessary data movement.”

Chapter 4

Distributed Query Processing

In this chapter, the distributed query processing scheme of DIASPORA is presented. The query processing scheme is based on “path regular expressions”, defined in the previous chapter. As stated in Section 3.4, a query is an alternating sequence of path expressions and sub-queries. Each path expression describes what paths in the hyperstructure are to be traversed before computing the next sub-query. Thus, this formalism is general enough to allow queries for different data sources such as backend databases, XML/HTML documents, etc. Alternately, with the emergence of data exchange formats such as XML, the sub-queries can uniformly query the same type of view (such as an XML view) of the various data sources.

The working of this scheme is illustrated for HTML documents wrapped as discussed in Chapter 2 and using the query language discussed in Chapter 3.

4.1 The Distributed Query Processing Scheme

We now consider the issue of efficiently processing queries submitted to the system. In particular, we present our scheme for processing these queries in a distributed manner, wherein queries emanating from the user-site are forwarded from one site to another, the query is processed at each recipient site, and the associated results are returned to the user. Since our design ensures that the query forwarding does not require tight coordination from any “master site”, it results in a highly distributed solution.

Our scheme is based on the formal query specification described in Section 3.4. At an intuitive level, the distributed processing operates in the following fashion: The query is first sent to the sites corresponding to the StartPoints specified by the user in her query. Each of these sites completes its local processing of the query (which is some sub-query of the original query submitted by the user) and sends back the generated results, if any, to the user-site. Further, based on the structural patterns encoded as PREs in the query, it may modify the current query to reflect the completed processing of the sub-query and send the rest of the query to another set of sites. This set of sites is determined from the hyperlinks contained in the local site. These sites also perform similar query processing operations and the process continues until all the paths that match with the PRE have been fully explored and there are no more sub-queries remaining.

4.1.1 Preliminaries

To help describe the query processing scheme, we need the following definitions:

User-site: The web-site at which the user submits the query.

QueryAgent: A QueryAgent is a message that initially carries the entire query and its current processing state to the StartPoints. At each site the agent state is updated to reflect the movement and local processing of the query, and new QueryAgents may be generated to carry the unprocessed part of the query forward to other sites. For simplicity, we will use the word agent to refer to QueryAgents in the remainder of the paper.

Query-site: The web-site at which a query gets processed. For simplicity, we will often use just the word site when the context is clear.

4.1.2 Query Processing and Forwarding Scheme

A brief description of the functions the user-site and the query-sites perform are given next. The user-site simply sends the QueryAgent to each of the StartPoints. These are the first set of EntryPoints. The sites containing the EntryPoints potentially have two roles to play:

ServerRouter: A site operates as a ServerRouter if it evaluates the current sub-query in the agent and forwards updated agents to the next set of sites based on the next PRE. This means that the next set of sites will potentially process the next sub-query.

PureRouter: A site operates as a PureRouter if it merely traverses the next link in the current PRE.

To make the above distinctions clear, consider the following examples of queries received at a site S_i:

1. n q_i l q_{i+1}: Here, p_i = n and p_{i+1} = l, and S_i acts as a ServerRouter since p_i is the null link, that is, S_i evaluates q_i and traverses link l of the next PRE, p_{i+1}.

2. g q_i l q_{i+1}: Here, S_i does not evaluate q_i since p_i = g does not contain the null link. Hence, S_i acts as a PureRouter and only traverses the link g.

3. g∗1 q_i l q_{i+1}. In this case, S_i not only evaluates q_i (since p_i = g∗1 contains the null link) and traverses the link l which is part of the next PRE, p_{i+1}, but also traverses g, which is part of the current PRE. Thus, in this case S_i acts as both a ServerRouter as well as a PureRouter.

Depending on whether a query-site is a ServerRouter or a PureRouter, the steps taken by the query-site are as follows:

• if the site is a ServerRouter, then

1. evaluate the sub-query^1

1Here, evaluating the sub-query amounts to evaluating the SELECT clause. Note that the parameters to the search scope of the current sub-query determine which keywords in the SELECT clause are relevant at this site.

2. return results to the user-site 3. create a set of “clone” QueryAgents from the currently received QueryAgent for each of the sites containing the next set of EntryPoints to which it has to be forwarded to as determined by the PRE.

4. for each next EntryPoint,

{ modify the PRE information carried by the clone to reflect the traversal of the query to the EntryPoint { include the URL of the EntryPoint as the destination in the clone { dispatch the clone to the site of the EntryPoint^2

• if the site is a PureRouter then process from step 3 above

The algorithms executed at the user-site and any query-site are given in Figure 4.1 and Figure 4.2 respectively, while Figure 4.3 shows how a site processes a newly arrived query agent.

send query (QueryAgent QA) f 1. destination = get the StartPoint URL from QA; 2. dispatch QA to site containing destination; g receive results (Results result) f 1. store result; 2. process results for display; g Figure 4.1: The User-Site Algorithm

4.1.3 Returning Results to the User

In our scheme, results are directly returned from the query-site to the user-site. This is achieved by the user-site opening a listening communication socket to receive results –

2Note that a QueryAgent needs to be explicitly “forwarded” only if the EntryPoint to be considered resides on a different site.

query processor (QueryAgentBundle W QB) f // site_i bundles all the queries destined for site_j and then forwards it. 1. for each query agent QA in W QB f 2. (QA0, result) = process query (QA); // refer to Figure 4.3 3. result_{set} += (QA.entryP oint, result); 4. modifiedQA_{set} += QA0; 5. g

6. dispatch (result_{set}) back to user-site;

7. if (dispatch is successful) f // forward the modified queries 8. forward_{set} = QueryAgent bundles constructed from modifiedQA_{set}; 9. for each element f in forward_{set} 10. dispatch f to site containing the EntryPoints of the QueryAgents in f; 11. g

12. else // results can’t be sent back, hence stop forwarding 13. do not forward; g Figure 4.2: The Query-Site Algorithm

the associated port number is sent along with the QueryAgent. When a query-site wishes to communicate results, it utilizes the IP address of the user-site and the port number which came along with the agent to directly transmit the results to the user.

4.1.4 Determining Query Completion

Since, as described above, QueryAgents migrate from site to site without explicit user intervention, it is not easy to know when a query has fully completed its execution and all its results have been received – that is, how do we know for sure whether or not there still remain some agents that are active in the network. Note that solutions such as “timeouts” are difficult to implement in a coherent manner given the considerable heterogeneity in network and site characteristics. They are also unattractive in that a user may have to always wait until the timeout to be sure that the query has finished although it may have actually completed much earlier.

To address the above problem, we have incorporated in DIASPORA a special mechanism called the CHT (Current Hosts Table) protocol, described below. The CHT protocol requires a minimal amount of synchronization between the query-sites and the user-site, process query (QueryAgent QA) { // a query-site receives a QueryAgent with a modified query 1. EntryP oint = destination of QA; 2. p = current PRE of QA;

3. if ( p contains n ) then { // n is the null link 4. q = current sub-query of QA; 5. result = evaluate q at EntryP oint; // move on to the next sub-query by traversing the links in the next PRE 6. nextSubQueryEntryP oints = extract relevant links for traversal to next sub-query from the next PRE;

// reflect the completion of the current sub-query and the traversal of the first link in the next sub-query.

// QA0 contains the set of new queries 7. QA0 = modify(QA, nextSubQueryEntryP oints); 8. } 9. if ( p is not n ) then { // if not all possible links have been traversed in the current sub-query, then the same sub-query needs to be // evaluated at the next set of destinations after traversal of the next link in the current PRE 10. currentSubQueryEntryP oints = extract relevant links for traversal from current PRE;

// reflect the traversal of the next link in the sub-query // QA00 contains the set of new queries 11. QA00 = modify(QA,currentSubQueryEntryP oints); 12. } 13. return ({elements (QA00), elements (QA0)}, result); } Figure 4.3: The Query Processing Algorithm Called from the query processor() Function

but in return for this minor reduction in the decentralization of the processing, it ensures

an effective and elegant means for determining query completion.

The CHT Protocol

To describe the CHT mechanism, we first need to define the processing state of an agent.

For our purposes, the state of an agent A, denoted by S(A), is completely captured by

the following:

num q : The remaining number of sub-queries yet to be processed. Note that only the number is required, not the details of the queries.

rem(p_i) : The remaining part of the current PRE to be traversed before the next subquery can be evaluated.

So, for example, S(A) = (2, g · l), denotes that there are two more sub-queries yet to be processed and that the traversal path to the next sub-query is a global link followed by a local link.

For each query submitted at a user-site, the local DIASPORA client process maintains a table called the Current Hosts Table (CHT). This table keeps track of all the sites where the QueryAgents for this query are active. The attributes of the table are: (1) The URL of the EntryPoint at the query-site, and (2) The state of the agent on arrival at the query-site. As described earlier in this section, after an agent arrives at a site and is processed, the local DIASPORA server determines the set of sites to which the new set of agents should be forwarded. Before forwarding the agents to these sites, the current site sends this “new-agent” information to the user-site in the form of a list of rows to be added to the CHT being maintained there. It also adds the URL of the EntryPoint and the (arrival) state of the agent that it received to the top of the list. When the user-site receives this list, it marks the entry in its CHT corresponding to the top-most entry in the list as deleted (signaling completion of query processing for the EntryPoint at the sending site) and inserts the list’s remaining new-agent entries into the CHT (no duplicates are allowed). When all the entries in the CHT have been marked as deleted, it can be concluded that the query has been completely processed.

Note that only after the new-agent list is successfully sent are the agents forwarded to the next set of EntryPoints. The reason we process in this particular order is to ensure that the CHT at the user-site will always have complete knowledge about the sites at which the query is supposed to be currently executing and will therefore always be able to detect query completion. If the opposite order had been used, it is possible that the query may have been forwarded but the CHT not updated due to a transient communication failure between the current site and the user-site. This could lead to the possibility of the usersite wrongly determining that a query has completed when in fact it is still operational in the Web.

The algorithms employed at the user-site and at the query-site for supporting query completion detection are given in Figures 4.4 and 4.5, respectively. send query (QueryAgent Q) f 1. destination = get the StartPoint URL from Q 2. pre = get the first PRE to be satisfied // formally, Q = S p_1q_1 · · · p_nq_n 3. numSQ = no. of sub-queries in Q 5. enter (destination, (pre, numSQ)) into CHT 6. dispatch Q to query-site containing destination g receive results (Results result, List CHT_{URL}) f 8. repeat f 9. store result 10. mark the entry corresponding to CHT_{URL}.topmostEntry in the CHT as deleted 11. merge the remaining entries in CHT_{URL} into the CHT

12. g until (all entries in CHT are marked deleted)

13. process results for display g Figure 4.4: The User-Site Algorithm for Query Completion Detection

4.1.5 Construction of Results

The construction of results takes place in two phases. In the first phase, a sub-query q_i is evaluated at a query-site and a result graph is constructed. Thus, for each q_i, several result graphs from several different query-sites are returned to the user-site. In the second phase, which is executed after the entire query has completed (determined as described earlier in Section 4.1.4), the entire set of sub-query result graphs is connected together to form the set of final result graphs.

The general outline of the algorithm to construct the result graph is as follows: • Each site constructs a result graph as outlined in Section 3.5.

• From each site which constructs such a result graph and forwards the agent(s), the following information is sent back to the user-site: (1) EntryPoint of the query at query processor (WebQueryBundle W QB) f // site_i bundles all the queries destined for site_j and then forwards it. 1. for each query QA in W QB f // QA0 is a set of newly modified web-queries 2. (QA0, result) = process query (QA) // Please refer to Figure 4.3 3. CHT_{set} += set of destination URLs from QA0; 4. result_{set} += (QA.entryP oint, result); 5. modifiedQA_{set} += QA0; 6. g

7. dispatch (result_{set}, CHT_{set}) back to user-site; 8. if (dispatch is successful) f // forward the modified queries 9. forward_{set} = query bundles constructed from modifiedQA_{set} 10. for each element f in forward_{set} 11. dispatch f to site containing the EntryPoints of the QueryAgents in f

12. g

13. else // results can’t be sent back, hence stop forwarding 14. do not forward g Figure 4.5: The Query-Site Algorithm for Query Completion Detection

this query-site; (2) S(A), the state of the agent when it arrived at this query-site; and (3) For each link traversed, (S(A)_{new}, destination of the link). This information is used in constructing the final result graph at the user-site.

• Once the user-site has the individual result graphs, and the auxiliary information from the query-sites, it constructs the final set of result graphs which relate the results from each of the sites.

4.1.6 Aborting the Query

If a user decides to cancel an ongoing query, this message has to be communicated to all the sites that are currently processing the query. One option would be for the user-site to actively send abort messages to all the sites associated with the URLs listed in the Current Host Table. An alternative would be to purge the query locally at the user-site and to close the listening socket associated with the query – subsequently, when any of the sites involved in the processing of this query attempt to contact the user-site to return the local results, the connection will fail (assuming that there are no other network failures) – this is the indication to the site to locally abort the query. Note that since we insist that the CHT related information should first be sent to the user-site before forwarding the query to other sites, we do not run into the problem of abort messages having to “chase” query messages in the Web (this is similar to the problem of “anti-messages” chasing “event messages” in distributed optimistic simulation [Fuj90]).

4.1.7 Related Issues

Having discussed the mechanics of the query shipping approach, we now comment on some related issues.

An implicit assumption in the above framework is that a query processor capable of handling DIASPORA queries is executing as a daemon process at each site participating in the distributed execution of the query. At first sight, this requirement may appear unrealistic to fulfill – however, such distributed facilities are already becoming prevalent with the rapid spread of mobile agent technology [MLC98]. Similar architectures have also been successfully implemented in the Condor distributed job execution facility [LLM88] (now productized by IBM and called LoadLeveler). Further, even if some sites were to refuse to participate in this effort, we can always revert to the traditional centralized approach for the queries related to these sites. That is, we can have a hybrid query engine that is a combination of distributed and centralized processing.

Note also that for specific “domains” – for example, a campus or a company – that have a controlling authority, it may be quite feasible to have DIASPORA run at each site in the domain. Therefore, a starting point would be to use DIASPORA within such environments and then graduate to perhaps incorporating larger portions of the web. In fact, as described later in Chapter 6, we tested DIASPORA on our campus network.

Note also that query-sites, especially those providing commercial or public services, may have a “selfish” motive for hosting DIASPORA – the fact that queries are run locally give it much more information about what users want and therefore can help it to structure its services much better. That is, the ability to do “query mining” can be the incentive for sites to participate in this cooperative endeavour.

4.2 Performance Optimizations

Having discussed the basic distributed query processing framework in the previous section, we now move on to highlighting the optimizations included in the DIASPORA system to minimize the computation and communication overheads involved in supporting this framework.

4.2.1 Eliminating Query Recomputations

Due to the highly interconnected structure of the web, different agents of the original query may visit the same site at the same EntryPoint following different paths. In this situation, there are two possible cases:

1. The agent arrives in a different state of computation as compared to previous agents of the associated query.

2. The agent reaches in effectively the same state of computation as a previous agent.

The above possibilities are illustrated in Figure 4.6, which is based on the following query: S (g * 2 | l) q_1 . Here, we see that site S_1 is visited by three different agents of the query, first at the EntryPoint a (box labelled X), then at the EntryPoint b (box labelled Y ), and then again at the EntryPoint b (box labelled Z).

While evaluating the sub-query is mandatory in Y , it is obviously a waste in Z since the same query has been previously computed in Y at the same entry-point. Note that if we do not detect the duplicate cases and blindly compute all queries that are received, not only is it a waste locally but subsequently the same sequence of steps followed by a previous agent will take place – in effect, we may have a “mirror” agent chasing a previously processed agent over the Web. This will also have repercussions at the usersite since the same set of results will be received multiple times and these will have to be filtered. In short, permitting duplicate query processing can have serious computation and communication performance implications.

Figure 4.6: Redundant Multiple Visits to a Site

From the above discussion, it is clear that each site should be able to evaluate the current state of an agent and also store this information locally in order to permit future comparisons. Our solution to this issue is described in the remainder of this subsection.

Agent Log Table

At each site, DIASPORA maintains a log table that contains the following information with regard to agents that have previously visited the site. Each log-entry is a tuple [URL, QID, S(A)], with the following semantics:

URL : The URL of the EntryPoint on which the agent is processed

QID : The global identifier of the query

S(A) : The state of the agent, composed of (num q, rem(p_i))

When a new agent arrives at a query server, a new log table record is constructed for this agent and it is checked whether an “equivalent” entry already exists in the log table (the notion of equivalence is defined below). If an equivalent entry exists, the agent is purged, otherwise, the new record is inserted in the log table, the agent is updated if required (as described below), and then locally processed.

Equivalent Entries in the Agent Log Table

Obviously, one kind of equivalence is when the new record is completely identical to an existing entry, that is, they exactly match on all the three fields described above – in this case, the incoming agent is dropped.

There are more subtle equivalences, however, that arise when all the fields are the same including num q except that there are differences in the rem(p_i) value. This is shown in the following example: Consider the case where rem(p_i) of the log entry is l∗2 · g and that of the new entry is l∗1 · g – in this case the l∗2 · g is effectively a “superset” of l∗1 · g in that it will have already covered all paths that l∗1 · g would have taken. Therefore the new entry should not be considered. A more complex case is if the rem(p_i) of the new entry has l∗4 · g – here some of the paths have already been considered earlier (those corresponding to l∗2 · g ) but not all – for example, the path l · l · l · g would not have been processed (assuming it exists). So, here we have a case of the new entry being a “superset” of the existing log entry and we have to ensure that only the difference is processed. For this, the query will have to be rewritten.

In general, let (a∗m) · b q_k · · · be the query received by a site S through an agent with QueryID q, Entrypoint E, and remaining number of sub-queries t. Then, if a previous log entry of the form [E, q, (t, (a*n · b))] exists, the following steps are taken based on the relative values of m and n :

m ≤ n : Ignore the new entry and don’t process the query further, i.e. purge the query.

m > n : Do the following :

1. Replace the existing log entry with the new entry; [E, q, (t, (a*m)·b)]. 2. Rewrite the query stored in the agent, replacing a*m · b with a · a∗(m-1) · b and then undertake the standard agent processing.

Step 2 above implies that we are effectively forcing site S to function only as a PureRouter. Because, otherwise, if b included the null link, we would have evaluated the query at this site. It is easy to see that the agent will be rewritten at the first n sites it subsequently encounters. Therefore, it may appear that a more efficient solution would have been to rewrite the agent only once as a^{n+1} · a*(m-n-1) · b where a^i denotes a concatenated with itself i times. This would indeed be correct in ensuring that this agent subsequently only chooses paths that have not already been taken – the problem, however, is that comparing and updating the log table entries at the downstream sites becomes ambiguous. For example, it would not be possible to distinguish between a “real” PRE that has l · l and a rewritten version of a PRE that originally had l∗2 . To avoid this problem, we have chosen in DIASPORA to rewrite the query as often as required even if it were possible to rewrite it only once.

If no equivalence of the above forms can be established with any existing log entry, a new entry is inserted into the log table and the agent is subsequently processed in the normal manner.

To ensure that the log table does not take undue space, the old entries in the table are periodically purged. The periodicity of the purging is a configuration parameter that should be set based on the disk storage available and the processing duration of typical queries. Note that even if the purging time is incorrectly set too low resulting in duplicate queries being recomputed, it only affects the performance of the system but not the correctness of the results returned to the user.

Another point to note is that with the incorporation of the Agent Log Table, a minor modification has to be made to the CHT protocol discussed in the Section 4.1.4: A new entry that is equivalent to a previous entry should not be entered into the CHT since this new entry represents a duplicate agent that will be detected and dropped at the target site.

4.2.2 Reduction of Network Traffic

As discussed before, no web resource is ever downloaded to perform a query operation over it. This is in marked contrast to the centralized approaches taken in search engines and in many of the previously proposed Web querying systems, including [MMM97, LSS96,

KS95]. Apart from this, the additional optimizations are:

1. The agent results and the newly generated CHT information to be added to the CHT at the user site are shipped together. Further, if a query is received for multiple EntryPoints at a common web-site, all the associated results and corresponding CHT are batched together and sent to the user-site.

2. When forwarding agents, if the agents are to be sent to multiple EntryPoints that are all physically located at a common remote site, they are bundled together and sent only once.

3. Aborting the query is implemented passively, as described in Section 4.1.6, therefore not requiring additional abort messages from the query site to the sites currently hosting the agents of this query.

Chapter 5

Implementation Details

In the previous chapters, we discussed the design features of the DIASPORA system, and the associated optimizations. Based on this design, a prototype implementation of DIASPORA has been developed. The prototype is completely implemented in Java using JDK1.2 [Java], with the parsers generated from the JavaCC [Javb] parser generator. The serialization capabilities of Java have been exploited to facilitate the forwarding of queries from site to site.

The six main components of the DIASPORA implementation are the QueryAgent Object, the Result Object, the Client Process, the Server Process, the Database Constructor and the GUI. In the remainder of this chapter, we describe these components.

5.1 QueryAgent and Result Objects

The QueryAgent Object is composed of two components: A QueryID and a sequence of sub-queries. The QueryID component of a QueryAgent carries the following information: (a) UserID: login-name of the user on her machine; (b) IP-Address: internet address of the user’s machine; (c) Port Number: port number at which results are received; (d) Query Number: locally unique number given to the query submitted by the user. The QueryID information is used for sending results directly back to the user-site and for making log entries at the query-sites.

Each Result Object, on the other hand, consists of two parts: (a) the result graph constructed at a query-site, and (b) the CHT update information which includes the EntryPoint at the query-site (as described in Section 4.1.4).

5.2 Client Process

Figure 5.1: DIASPORA Client Process

The client process (executed at the user-site) is shown pictorially in Figure 5.1. The functions of the various components of the client are as follows:

1. A simple User Interface has been implemented for the user to: (a) Enter the query and initiate query processing, (b) View the result graph and (c) View the local database. The user interface is described later in Section 5.5.

2. The Parser receives the query from the User Interface and converts it into an equivalent set of sub-queries. The sub-queries along with a QueryID are encapsulated in a QueryAgent object. There will be as many QueryAgent objects as the number of StartPoints specified by the user in her query and each of them will contain the same QueryID. Finally, the StartPoints information is entered into the CHT.

3. The QueryAgent Dispatcher receives the QueryAgent objects from the Parser. For each QueryAgent object it determines the StartPoint from the QueryAgent. It makes a socket connection with the site containing the StartPoint and dispatches the QueryAgent on these connections.

4. The Result Collector opens a listening socket on the port number specified in the QueryID of the corresponding QueryAgent and waits for results to arrive on this port.

5. The Result Processor extracts the result graph and the CHT update information from the Result Object. The updates are immediately applied to the CHT, whereas the result graph is cached.

When all the results have been received, the Result Processor constructs the final result graph by combining all the individual result graphs received earlier. The final result graph is stored on disk as a file and displayed to the user in the User Interface.

5.3 Server Process

Figure 5.2: DIASPORA Server Process

The DIASPORA system’s Query Server runs as a daemon process at all the query-sites. The server, pictorially shown in Figure 5.2, is composed of the following components:

1. The Query Receiver runs as a thread of the query server and listens on a common pre-specified port number at all sites. It receives the QueryAgent Objects from user-sites as well as forwarded QueryAgent Objects from other query-sites.

2. The Log Table maintains a log of the QueryAgents that have been previously received and processed, as described in Section 4.2.1.

3. The Query Processor is a thread of the query server and sequentially processes the queue of QueryAgents. The processing of each QueryAgent is done as per the algorithm presented in Figure 4.5.

4. The QueryAgent Dispatcher is used by the Query Processor to dispatch the modified QueryAgents to their new destinations.

5. The Result Dispatcher sends a Result Object containing the result graph and the CHT update information to the user-site, using the network location information that is encapsulated in the QueryID component of the QueryAgent object.

5.4 Database Constructor

The database constructor is the component which generates the database for each website. The database construction is a one-time process. The root document is usually the home-page of the web-site and is given as the starting point. The heuristics used are the same as in Section 2.1.1 and are again enumerated here:

• The title element forms the root of the doc-graph.

• A section heading is the parent for the contents of the section. If the contents of the section contain sub-sections, a tree structure results.

• Two elements are modeled as section-subsection based on their font size. For example, any element enclosed in a level i heading is a child of an element enclosed in a level (i − 1) heading. Hence, the text or subsection heading under a section heading is a child of that section heading.

• List items are enumerated and the set of items belonging to a common list are represented as siblings in the graph. With this approach, nested lists result in a tree structure.

• All anchor elements are edges with the same label as the anchor text and point to the edge corresponding to the destination of the anchor.

The steps for constructing the site-graph are again enumerated here:

• The site-graph is initialized to be the doc-graph of the home-page of the web-site.

• The “floating edge” corresponding to each “local link” (anchor that points to a document in the same web-site) in the home-page is terminated in the root of the doc-graph associated with the document pointed to by that link.

• The above process is recursively executed for each of the documents that have been added to the site-graph, and terminates when all the documents reachable from the home-page have been included in the site-graph. Figure 2.2 shows an example. Each box in the figure refers to a different document which has been converted into a doc-graph. The words in italics in the figure denote the labels of hyperlinks.

5.5 GUI

DIASPORA provides a simple GUI which can be used to view the local database and results of the query. Several examples of databases and query results for the example queries in Chapter 3 are shown in the following pages. Figures 5.3, 5.4 and 5.5 show the local databases generated by the database constructor for the DSL, Dhwani and the Metallurgy department web-sites. Figure 5.6 shows a snapshot of the result obtained by executing Query 1 and the results received from the DSL web-site. Similarly, Figure 5.7 shows the results obtained from the Dhwani web-site when Query 3 was executed. Figure 5.8 shows a snapshot of the results received from the Dept. of Metallurgy web-site when Query 4 was executed. In each of figures, the light labels correspond to global hyperlinks, the lightest labels are local hyperlinks and the dark labels correspond to text in the document.

Figure 5.3: Snapshot of the DSL Web-Site

Figure 5.4: Snapshot of the Dhwani Web-Site

Figure 5.5: Snapshot of the Dept. of Metallurgy Web-Site

Figure 5.6: Snapshot of the Results for Query 1 from DSL Web-Site

Figure 5.7: Snapshot of the Results for Query 3 from Dhwani Web-Site

Figure 5.8: Snapshot of the Results for Query 4 from Dept. of Metallurgy Web-Site

Chapter 6

Performance Evaluation

We evaluated our prototype of the DIASPORA system on a testbed of representative sites on our campus network. This set included, apart from the main IISc web-site, three departmental web-sites – Electrical Communication Engineering (ECE), Dept. of Metallurgy (MT), Supercomputer Education and Research Center (SERC) – and two lab web-sites – Database Systems Lab (DSL) and SERC Students Lab (SSL). The document characteristics of each of these web-sites, in terms of the number and total size of the documents hosted locally, is shown in Table 6.1.

The queries were submitted from a user-site that was also located on our campus network but different from the web-sites mentioned above.

Site No. of documents total size (bytes) IISc 94 556086 MT 166 775320 ECE 266 1312843 DSL 110 358262 SSL 241 335614 SERC 204 814961 Table 6.1: Site Information

6.1 Results for Query 1

In Query 1, the search is limited to single sites since the traversal expression is l∗ and the StartPoint is the homepage of the site and no forwarding of queries takes place. In this situation, it is natural to expect (and was experimentally confirmed by us) that a centralized system, hereafter referred to as CENT, which would have to import all the documents reachable from the StartPoint would be completely outperformed by DIAS- PORA which requires that only the query be shipped to the site and the results shipped back. This is especially so given that this query does not have any structural predicates which can limit the number of documents to be examined. Therefore, it seems unfair to directly compare the two schemes in this manner.

Based on the above observation, we undertook the following alternative assessment instead: Since the query makes use of keywords, we assumed that the documents containing these keywords in the appropriate scopes were “magically” known apriori, and only they would have to be imported and the result graph could be subsequently formed. Note that this is the minimum number of documents that would need to be imported by CENT. In fact, this is a conservative assessment since we may also need to download some additional documents in order to form a fully connected result graph.

6.1.1 Network Traffic Comparison

Query 1 involves sending the query to the 5 sites and the query is processed simultaneously at each of these sites. There is no further forwarding of the query (of course, the query keywords were suitably modified to reflect the content of each site). The results for these five web-sites are tabulated in Table 6.2, with the focus being on the network traffic entailed by the competing systems, DIASPORA and CENT. The second column, which is for DIASPORA, reflects the cost of sending the query to the site as well as the results returned from that site. The third and fourth columns, which relate to CENT, specify the number of documents in which at least one of the keywords was found and the total cost of importing all these documents, respectively. The last column shows the percentage of network traffic that is saved by DIASPORA’s query-shipping approach as compared to CENT’s data-shipping approach. As is evident from the values in this column, very substantial benefits can be realized with DIASPORA, typically reducing the cost by at least a third, and in most cases, substantially more.

1 2 3 4 5 DIASPORA CENT Site total size of no. documents size of documents percentage results+query containing results containing results savings (bytes) (bytes) MT 136071 91 486684 72 ECE 97839 41 151399 35 DSL 3437 4 19511 82 SSL 6107 5 15498 61 SERC 38394 26 255441 85 Table 6.2: Network Statistics for Query 1

6.1.2 Response Time Comparison

We next present the user response time comparison for Query 1 in Table 6.3. In this comparison, the following method was used to measure the response time for CENT: The documents which were involved in the construction of the result graph were first identified. Then, we measured the time it took to download these documents to the usersite, construct the database of only these documents and then process the query against this database.^1

Note that here too, we are conservative in measuring the response time for CENT. In actual practice, the documents involved in result construction would not be known apriori. Hence, a much larger number of documents would actually be downloaded. Even so, we see, as described below, that the response times for DIASPORA are substantially lower than that of CENT.

As mentioned before, the query is processed simultaneously at all five web-sites. Columns 2 and 3 tabulate the local query processing time at each site, and the response

1Note that the database constructed from these documents will contain more edges than actually present in the result graph.

1 2 3 4 5 6 7 DIASPORA CENT Site local query total document db+result total percentage processing response download construction response reduction time (ms) time (ms) time (ms) time (ms) time (ms) MT 38304 39464 3200 75343 78543 49 ECE 15949 16613 1170 72493 73663 77 DSL 1434 1566 91 5930 6021 73 SSL 1871 1904 148 5223 5371 64 SERC 145 375 170 6750 6920 94 Table 6.3: Response Times for Query 1

time (time at which the user receives the results after submitting the query) from each site, respectively. For CENT, column 4 tabulates the time required to download the documents “magically” known to be in the result and column 5 tabulates the time required to process the query on these documents. As previously mentioned, the processing of the query involves first constructing the database and then running the query on it. We also assume that, since DIASPORA processes the query in parallel at all 5 web-sites, CENT also processes the query in parallel. The total response time for CENT is tabulated in column 6. A direct comparison in response times between DIASPORA and CENT (columns 3 and 6) indicate substantial reductions for DIASPORA as shown in column 7.

When a user submits her query, there are two possibilities: (a) she waits until all possible results are returned, or (b) she terminates the query processing after she receives some initial set of results with which she is satisfied. While the latter case is not typical in traditional database systems, it is far more likely in Web databases since the query specification and the data model are much less structured.

Given the above possibilities, there are interesting observations to be made from Table 6.3. First, when we consider the case where the user waits for all possible results, the response time for the query is 39464ms, the response time for MT, the slowest site. In this case, DIASPORA is about 50% faster than CENT.

Secondly, if the user terminates the query early, we see that DIASPORA beats CENT by an even larger percentage. For example, if the query is terminated after receiving the results only from SERC, DIASPORA exhibits a reduction of almost 94% in the response time. Further, note that such improvements hold for any other choice of early termination as well. Thus, we see that not only is DIASPORA better than CENT in a “global” sense when the user waits for a complete answer, but also in a piece-meal sense when the user terminates the query before all answers are received.

6.2 Results for Query 4

We now move on to Query 4 which not only restricts the search space because of traversal expressions, but also incurs additional overhead because of query forwarding from site to site. The query-processing starts from the main IISc web-site and agents travel to all of the remaining five sites, as follows: the query is forwarded from the IISc site to the MT, ECE and SERC sites and from the SERC site it is forwarded to the DSL and SSL sites.

6.2.1 Network Traffic Comparison

1 2 3 4 5 6 DIASPORA CENT Site total size of no. of no. documents size of documents % results+query forwarded containing containing results savings (bytes) queries results (bytes) IISc site 4026 3 2 16822 76 MT 32512 0 28 141300 77 ECE 7523 0 9 22268 66 DSL 3179 0 4 7989 60 SSL 185 0 0 0 – SERC 28599 2 14 154047 81 Total 76024 5 57 342426 78 Table 6.4: Network Statistics for Query 4

For Query 4, the network traffic statistics of DIASPORA and CENT are shown in Table 6.4 – these values again indicate that DIASPORA significantly outperforms CENT, with traffic reductions well above the 50% mark. Note that the statistics for DIASPORA include the cost of forwarding the queries to other sites as well as the cost of returning the results back to the user (the SSL site returns an empty result with only CHT information since it does not host any document that satisfies the query).

6.2.2 Response Time Comparison

1 2 3 4 5 6 DIASPORA CENT Site local query cumulative document db+result cumulative processing response download construction response time (ms) time (ms) time (ms) time (ms) time (ms) IISc 82 174 110 2072 2182 MT 200 980 1570 4901 8653 ECE 4238 4453 300 8388 10870 SERC 149 483 590 2193 4965 DSL 285 800 40 1408 6413 SSL 161 660 0 0 4965 Total 5115 - 2610 18962 - Table 6.5: Response Times for Query 4

Turning our attention to the user response times, these statistics for DIASPORA and CENT are presented in Table 6.5 (all times are in milliseconds). The first column indicates, for DIASPORA, the local query processing time at each site (as before). The second column indicates the cumulative response time, that is, how much time did it take for the result from each query-site to reach the user-site since the time the user originally submitted the query. For example, it took only 483ms after the submission of the query for the results from the SERC site to be available at the user-site. Similarly, results from the SSL site reached the user-site 660ms after submission of the query. Thus, the overall response time to receive the entire set of results for the query is 4453ms (the response time of the ECE site).

The response times for CENT were measured for the same traversal path as that followed by DIASPORA. That is, CENT accesses and processes the query in parallel for the data from the MT, ECE and SERC sites, and after the SERC data has been processed, the data for the DSL and SSL sites is subsequently accessed and processed. The corresponding results are shown in columns 4, 5 and 6 of Table 6.5. We observe here that both the individual as well as the total response times of CENT are substantially higher than that of DIASPORA. Overall, DIASPORA is nearly twice as fast as CENT (compare the response times in columns 3 and 6 for ECE), and for the other sites, the speed improvement is by almost an order of magnitude.

6.2.3 Overhead of the CHT protocol

The above results served to highlight the performance benefits achievable from the DI- ASPORA protocol as compared to a centralized approach. We now move on to assessing the impact of the design choices in DIASPORA – in particular, the impact of the CHT protocol (utilized for determining query completion) on DIASPORA’s overall response time. This evaluation was implemented for Query 4 by turning off the CHT protocol and measuring the time taken for the query completion (that is, modeling a situation where the user “magically” knows when the query is completed).

While we expected that the CHT protocol would incur a slight overhead, especially given that some of the sites are PureRouters in this query, we found, perhaps surprisingly, that using CHT resulted in no overhead at all, that is, in no increase in the overall response time. An examination of Table 6.5 reveals the reason. As mentioned before, the query travels from the SERC site to the DSL and SSL sites. While the query is being processed in SERC, it is also being simultaneously processed in the MT and ECE sites. But, the local query processing time in the ECE site is so long that, in the meantime, results from DSL and the purely CHT information from SSL both reach the user-site. Thus, CHT causes no overhead in the overall response time of this query.

In order to conclusively assess the impact of CHT, we then deliberately created a query that, within the limits of our experimental test-bed, would represent the “worstcase” scenario. This worst-case scenario would occur when, for the critical path of the query (that is, the path that takes the maximum time), all the intermediate sites are PureRouters and only the final site returns results. Accordingly, we created a query that starts from the IISc site, travels to SERC, DSL and SSL in that order, and finally, computes the answer in SSL to Query 1 (list of publications on concurrency). In this

1 2 3 4

D� (no CHT) DIASPORA

Site query query overhead processing time processing time due to CHT IISc 1272 1280 8 SERC 1458 1464 6 DSL 1365 1367 2 SSL 2667 2688 - Total 6762 6799 16 Table 6.6: Impact of CHT on Response Times

query the IISc, SERC and DSL sites function only as PureRouters, and therefore return only CHT information to the user-site.

The results for this query are tabulated in Table 6.6 (all times are in milliseconds) for D�, the implementation of DIASPORA without CHT, as well as the standard DIASPORA (with CHT), in columns 2 and 3, respectively. The figures here show the query processing times at the individual sites as well as the overall response time. (Note that the times for the IISc, SERC and DSL sites, which do not compute any results, reflects the time taken for parsing the received query, entering it in the log, modifying the query, and then forwarding it to the next destination. For standard DIASPORA, the time taken for composing and sending the CHT information to the user-site is also included.)

In column 4, the overhead due to CHT is summarized and the figures indicate that both the per-site and overall overhead is minor, of the order of only 1 percent. This shows that the very desirable functionality that CHT provides is achieved at only a small cost in the response time, even for a query which has been designed to bring out the maximum overhead. Further, since we expect that queries to DIASPORA would typically have traversal graphs that would be more “short and bushy”, rather than very “tall and thin”, in practice the effect of CHT would tend to be negligible. The above results indicate that when all the relevant data is stored remotely, DIASPORA is clearly the system of choice.

Chapter 7

Related Work

Web data is an example of “semi-structured” data [Abi97], an area that has seen much research activity in recent times. As mentioned in the Introduction, the main challenges in the development of a web database include the following: (i) developing a suitable data model for web data and “wrappers” for wrapping the web data so that it conforms to the required data model, (ii) developing suitable query languages to query the web database, and (iii) query processing and optimization.

Semi-structured data has been studied in the context of data integration systems (for example, Tsimmis [GMHI^+95]). Data models for semi-structured data have been proposed in [BDHD96], which uses an edge-labelled graph notation and in [GMHI^+95] where information is allowed to reside in both nodes and edges. Research has also gone into generation of wrappers and has included i) building wrappers manually (for example, [JHMJ^+97]) wherein the structure and semantics of the document is determined manually and a program is then written to extract the required data and mapped into the data model, ii) automatic/semi-automatic wrappers (for example, [AK97, Ade98, KMA^+98]), where the wrapper is generated without much manual intervention or where machine learning techniques are used in order to extract the relevant data, and iii) methods and tools for discovering relations in web documents (for example, [GM99, EJN99]). Query languages for semi-structured data such as Lorel [AQM^+97], UnQL [BDHD96] and StruQL [FFK^+98] (in the context of web-site management) have also been proposed.

7.1 Web-Database Systems

We now describe a variety of interesting design proposals for web database systems, a few of which have also been implemented: W3QS [KS95], WebSQL [MMM97, AMM97a], WebLog [LSS96], WHOWEDA [NLBM98, BNL98, BMNL99], Araneus [AMM97b, MMM98] and WebOQL [AM98]. We review below the salient features of these systems. For a more comprehensive overview on the integration of web and database technology, please refer to [FLM98].

7.1.1 W3QS

W3QS views the Web as a graph consisting of nodes (corresponding to documents) and edges (corresponding to links). Queries which specify structure involve the use of graph patterns of nodes and edges and conditions to be satisfied by them. Each node has three variables – format, content and URL – initialized. Depending on the type of node, specialized variables such as title (for HTML and Latex documents), base URL (for HTML documents), author’s name (for Latex documents), etc. are initialized. W3QS also provides automatic form filling capabilities. The accent in this system is extensibility through the use of external programs such as Unix utilities.

7.1.2 WebSQL

WebSQL is a query language which takes advantage of multiple index servers and combines content retrieval with topology or structure-based queries. WebSQL models the web as a relational database composed of two virtual relations: Document[url, title, text, type, length, modif] where the URL, title, text, type, length and the last modifying date of the document are stored and Anchor[base, href, label] where the base URL of the anchor, its destination URL and its label are stored. Each document corresponds to one tuple in the Document relation and each anchor in each document corresponds to one tuple in the Anchor relation. The WebSQL query language uses the familiar SQL syntax consisting of the SFW clauses. Structure specifying queries are expressed through the use of Path

Regular Expressions similar to that described for DIASPORA. A calculus is defined for WebSQL based on a virtual graph which looks at the web as a 4-tuple consisting of Nodes, Links, Node predicates and Link predicates. In addition, a cost function based on query locality is used to analyze WebSQL queries.

7.1.3 WebLog

The purpose of WebLog [LSS96] is to: (a) provide a declarative interface for querying and restructuring, (b) provide navigational facilities to process queries directly on the web itself rather than on catalogs and (c) utilize string processing algorithms and libraries of document analysis.

Each HTML page is treated as a set of “related information” or “rel-infon” defined by a delimiting tag. Each HTML page is seen to consist of “groups” of related information. These groups are separated by tags. For example, the text enclosed within an <HR> tag can be one such group. Each such group is known as a rel-infon. Thus, each HTML page is treated as a set of rel-infons. Each rel-infon has a unique id and is associated with a set of attributes. The attributes of a rel-infon map to string values. Some of the attributes are: ‘occurs’ to indicate the occurence of a string, ‘hlink’, which maps to a set of hyperlinks each of which has an id, etc. This conceptual model of an HTML page is queried through a logic-based language called WebLog. WebLog consists of atomic formulae and molecular formulae in addition to built-in predicates suitable for the web. Some of the built-in predicates are: (a) href(< hlink − id >, < url >): This predicate corresponds to a hyperlink whose id is < hlink − id > and whose destination is < url >, (b) isa(< string >, < type >): This is a predicate used for type checking. It expresses that string < string > is of type < type >. A library may be used to assign types to values, (c) len(< string >, int): The second argument of this predicate is the length of the string < string >. In addition to providing built-in predicates, which are useful in the context of a document, WebLog also provides programming predicates which exist only in the context of a program. Programming predicates help in constructing queries as well as views.

7.1.4 WHOWEDA

Over the last two years, the design details of a novel system called WHOWEDA (W arehouse of Web Data) have been presented in the literature. WHOWEDA’s underlying philosophy is to develop, for Web data, modeling equivalents of the classical and powerful concepts of the relational data model. The system is built around the Web Information Coupling Model platform, which incorporates a node/link representation of the web – a node corresponds to a document and a link corresponds to the hyperlink between two documents. A collection of node and link objects constitute a “web-tuple”, which therefore represents a set of directed graphs. A “web-table” is then defined as a set of web-tuples along with a “web-schema” which describes the web-table. Finally, a “web algebra” is defined that supports operations on web-tuples stored in web-tables. The operators in the web algebra include “web select”, “web join”, “web intersection”, global/local “web coupling”, etc.

Given a data warehouse built with the above framework, the user can extract information by using a query graph which is a directed graph containing nodes and links. Each node/link in the query graph may have complex constraints imposed on them. The query processor then retrieves the result graph from the warehouse which satisfies the query graph, by utilizing the operators defined by the web algebra.

WHOWEDA and DIASPORA represent complementary approaches to developing Web database systems. The focus in WHOWEDA is on bringing together semanticallyrelated data, independent of the location of this data – so, for example, arbitrary domains of information across web-sites can be represented as a web-table. In DIASPORA, however, with its focus on the distributed processing aspect, the data model is used to represent all the data located at a specific site. An interesting possibility for future research is to investigate the combination of these systems – for example, users present their queries using the WHOWEDA data model, but the underlying representation and execution of the query is done in a DIASPORA framework.

7.1.5 Araneus

The Araneus system was conceived to develop tools and techniques to provide views over the web’s hypertext. The process consists essentially of three steps: (a) Provide a structured view of the semi-structured data on the web. This is done by extracting data from the semi-structured data source in such a way that it conforms to a databases structure, (b) When several such database views have been formed, re-organize them using traditional database techniques and (c) From the re-organized database, an alternative view of the original semi-structured sources can be built by converting the database view back into the format of its source.

Araneus uses a data model known as ADM (Araneus Data Model). Manually defined “page-schemes” are used to model the web-sites. A page-scheme describes the structure of a set of homogeneous HTML pages at a web-site. The HTML document is seen as an object consisting of an identifier, URL, and attributes which can be simple (text, image, etc.) or complex (nested lists, etc.). Thus, the scheme of a web-site is a set of pageschemes. The knowledge of the scheme or structure of the web-site is then used to build a relational view of the web-site. A language called ULIXES is utilized for this purpose. A navigation through a set of pages is equated to a tuple and a navigational expression is thus a set of tuples. A database view can thus answer queries based on navigation also. Another language called PENELOPE is used to convert the relational views back to hypertext, thus offering a derived hypertext view of web-sites. The ADM model is again used to describe the structure of the hypertext and define new page-schemes to present the data.

7.1.6 WebOQL

The WebOQL system provides a framework for modeling record-based data, structured documents and hypertext and restructure any of the above data types into any other data type. WebOQL uses the abstract syntax trees of documents to formulate queries on them and to restructure them. A hypertree is an ordered arc-labelled trees which may contain two types of arcs: internal and external. Internal arcs are used to represent objects whereas external arcs are used to represent references (like hyperlinks) among objects. A web is a set of hypertrees which are related. The language WebOQL operates on hypertrees and webs.

WebOQL uses a common wrapper to wrap a particular type of document. For example, the wrapper for any HTML document is a program which generates the document’s abstract syntax tree. The assumption is that the physical structure implied by the markup reflects the logical relationship between data elements. WebOQL uses navigational patterns which specify the paths to be followed in the hypertree. Navigational patterns, combined with tag information can be used together to extract subtrees from trees whose structure is not known. For example, suppose, in an HTML document listing out the research groups, we knew that the name of the research group was enclosed in <H2> tag, we could make use of this information to construct a navigational expression which would extract only those internal arcs whose Tag attribute correponded to the <H2> tag.

7.2 Distributed Query Processing Algorithms

For all the above systems, the query processing is centralized which is in sharp contrast to our distributed approach. We now describe the few algorithms that have been proposed, in parallel with our work, for distributed query processing.

An algorithm for distributed processing of query paths (analogous to Path Regular Expressions) using asynchronous message passing is presented in [AV97]. The query path is successively shortened as and when a part of it is satisfied by a site. The remaining part of the query is sent to successive sites. This approach appears similar to ours, but their termination detection is quite different: A message is sent along with the query from the user site to the StartPoint and when the StartPoint acknowledges this message, it indicates the termination of the query. The StartPoint acknowledges the message only if all the sites to which it had forwarded the query have acknowledged the message. This propagates to sites further down until a site is reached which answers the query.

A distributed processing algorithm outlined in [Suc97] assumes that the semistructured databases reside on a fixed number of known sites. A given query is decomposed and sent to the individual sites where they are evaluated and the results sent back to the client. The results received from the various sites are then combined to answer the query. The primary motivation here is to develop suitable algorithms for decomposing the query so that it is efficiently processed. When an algorithm takes a constant number of communication steps (independent of query or data) and the amount of data transferred depends only on the size of the result and the number of “crosslinks” (global links), then that algorithm is termed as efficient. The two important assumptions made in the development of these algorithms is that all sites which are part of the distributed database are known apriori, and all entry points (destinations of hyperlinks) are also known apriori.

Both the above papers focus primarily on the theoretical aspects and do not describe any implementation mechanisms for their models.

A distributed query processing algorithm where agents called “navigators” are dispatched to various web-sites to find “qualified paths” for a given PRE was described in [KMK98]. In this algorithm, an automaton is first constructed for a given PRE. This automaton is then broken down into sub-automatons each of which may be dispatched to different sites to determine if nodes which satisfy the PRE of the sub-automatons exist. The main difference between this approach and ours is that their navigators are co-ordinated centrally by the client whereas no such co-ordination is required in our approach.

Chapter 8

Conclusions

In this paper, we have described DIASPORA, a new querying system intended for use in Web subnets. It features a graph-based data model that represents the relationships of data elements within Web documents, infers semantic meta-data information from both markup tags and element values, and is fully automatic in its construction. The query language for operating on this model supports both content and structural queries, and also allows users to specify scopes for searching and traversal of the Web. Results are returned as a set of graphs that place the keywords given by the user in context so that it is easy to determine the relevance of each result. Overall, the model and the query language integrate some of the ideas previously proposed in the literature and also incorporate additional new features.

The most novel feature of DIASPORA’s design is its distributed query processing system. User queries are decomposed into an equivalent sequence sub-queries which are forwarded from site to site using a socket communication platform, with the results computed at each query-site directly returned to the user-site. The system has been designed so as to not require a central controlling authority, thereby allowing the query forwarding and processing to be truly distributed. Further, a variety of novel issues, not typically encountered in the traditional distributed database system context, have been addressed – these include determining query completion, handling query rewriting, supporting query termination, returning results and preventing multiple computations of a query at a site due to the query arriving at the site in different paths in the hyperlink framework.

A Java-based implementation of DIASPORA is currently operational and initial tests of this system on our campus network show that it considerably reduces network traffic as well as user response times as compared to equivalent centralized systems. In fact, this improvement holds even under the extreme and infeasible assumption that the centralized system apriori knows the identities of all the remote documents containing results. Other expected utilities of the distributed approach are decreased user response times and ensuring that the user-site does not become the processing bottleneck.

In summary, we expect that the DIASPORA system will be of use in a variety of webrelated applications, including development of search-engine indices and sitemaps, apart from answering ad-hoc user queries that relate to both the content and the link structure of Web documents. Moreover, we expect the utility of its distributed processing feature to increase even further with the advent of XML documents, which support fine-grained querying, especially when these documents are hosted on backend database engines. DI- ASPORA also opens up opportunities for mining user queries to improve commercial and public services offered by web-sites.

8.1 Future Work

The previous chapters of this thesis have outlined the DIASPORA system with respect to its data model, query language and distributed query processing in detail. Interesting avenues of future research include the following:

Storage : The research in the storage aspects of semi-structured data including documents in XML format is quite limited. The various approaches considered so far include building a completely new database management system for semistructured data from scratch [AGQW97] and utilizing relational databases to store semi-structured data [DFS99, SGT^+99] thus leveraging the well-studied problem of storage for traditional database systems.

Indexes : While indexes for traditional databases has been a well studied problem, indexes for semi-structured data present new challenges mainly because of the nature of data and its growth. An alternative to building indexes for a semi-structured database, is to extract the structural summary of the current structure of the database and update this summary as and when the database is updated. This method is outlined in [GW97] where such a structural summary is built and maintained and is part of the Lore project. Another method for extracting and maintaining structural summaries is outlined in [MS99].

In this work, we have explored distributed query processing when all data is located on remote sites and there is no remote data that is cached locally at the client site. An interesting avenue of exploration is how performance can be improved when we assume a local cache of remote data to be present. It would be interesting to measure the tradeoffs involved in such a scenario as well as the performance gain in terms of user response times and network traffic. A related problem is to investigate a “hybrid” system where query processing takes place in a distributed manner when possible, but also imports data when necessary. The implementation of such a system appears to be straightforward - however it would be interesting to study how index servers could be used to make the query processing more efficient.

The results presented in Chapter 6 indicate the feasibility of our distributed query processing scheme. The results obtained are indicative of how beneficial a distributed query processing scheme is likely to be. More conclusive results can be obtained by implementing DIASPORA on a much larger set of web-sites with multiple users. A characterization of queries based on their path expressions and the size of their results would help in query optimization.

The choice of automatic modelling techniques for DIASPORA has worked reasonably well with the web-sites that we have considered in this thesis. However, it may be possible to get more fine-grained semantics by associating heuristics with a larger number of tags. It would be an interesting study to see whether XML documents could automatically be represented in the graph model or whether some modifications should be made to the model. It also would be useful to investigate improvements to the syntax and functionality of the DIASPORA query language. It is not yet precisely known as to what the representative set of queries to a web-database system such as DIASPORA is likely to be. A study of web-database systems and the queries they answer as well as developing mechanisms for formally characterizing the expressive power of semi-structured query languages would help in improving DIASPORA’s query language.

A final interesting avenue of further research is that of query mining. DIASPORA’s server is expected to run on a number of different query-sites. Hence these sites will have an opportunity to observe queries submitted by a number of different users. This information can be used to improve public as well as commercial services offered by the web-site.

Appendix A

Grammar for DIASPORA’s Query Language

WebQuery := Query <SEMICOLON>

Query := SelectClause StartClause WhereClause

SelectClause := <SELECT> <LFLOWER> Keywords <RFLOWER>

Keywords := ( <STRING_LITERAL> | <IDENTIFIER> )
                             ( ( <COMMA> | <COLON> )
                               ( <STRING_LITERAL> | <IDENTIFIER> ) )*

StartClause := <START> Url ( <COMMA> Url )*

Url := <HTTP> <IDENTIFIER> ( <DOT> <IDENTIFIER> )*

WhereClause := <WHERE> ( Definitions )* ( TraversalExpr )+
                             ( Predicate )*

Definitions := <DEFINE> <IDENTIFIER> <AS> LinkConstructor

LinkConstructor := <LINK> <LPAREN> ( <STRING_LITERAL> | <ASTERISK> )
                             ( <COMMA> ( <STRING_LITERAL> | <ASTERISK> )
                               ( <COMMA> ( <STRING_LITERAL> | <ASTERISK> )
                               ( <COMMA> ( <STRING_LITERAL> | <ASTERISK> ) )? )?)?
                             <RPAREN>

TraversalExpr := ScopeExpr PRE ScopeExpr

ScopeExpr := Scope <LPAREN> ( <START> | Keywords ) <RPAREN>

Scope := <DOC_OF>
                             | <SUBGRAPH_OF>
                             | <SITE_OF>

PRE := PRETerm ( <PIPE> PRETerm )*

PRETerm := PREFactor ( ( <DOT> )? PRETerm )*

PREFactor := ( Link | <LPAREN> PRE <RPAREN> )
                             ( ( <ASTERISK> ( <INTEGER> )? ) )?

Link := <LOCALLINK>
                             | <GLOBALLINK>
                             | <INTERIORLINK>
                             | <NULLLINK>
                             | <IDENTIFIER>

Predicate := PredicateTerm ( ( <AND> | <OR> ) PredicateTerm )?

PredicateTerm := Term <EQUALS> ( Term | <IDENTIFIER> )

Term := Type_Of
                             | Dest_Of
                             | Url_Of
                             | Title_Of
                             | Label_Of
                             | Source_Of

Type_Of := <TYPE_OF> <LPAREN> ( <IDENTIFIER> | Dest_Of )
                             <RPAREN>

Dest_Of := <DEST_OF> <LPAREN> <IDENTIFIER> <RPAREN>

Url_Of := <URL_OF> <LPAREN> <IDENTIFIER> <RPAREN>

Title_Of := <TITLE_OF> <LPAREN> <IDENTIFIER> <RPAREN>

Label_Of := <LABEL_OF> <LPAREN> <IDENTIFIER> <RPAREN>

Source_Of := <SOURCE_OF> <LPAREN> <IDENTIFIER> <RPAREN>

References

[Abi97] S. Abiteboul. Querying semi-structured data. In Proc. of the Intl. Conf. on Database Theory, 1997.

[Ade98] B. Adelberg. NoDoSE: A tool for semi-automatically extracting structured and semistructured data from text documents. In Proc. of ACM SIGMOD Conf. on Management of Data, 1998.

[AGQW97] S. Abiteboul, R. Goldman, D. Quass, and J. Widom. Lore: A database management system for semistructured data. SIGMOD Record, 26(3), 1997.

[AK93] Y. Arens and C. Knoblock. Sims: Retrieving and integrating information from multiple sources. In Proc. of the ACM SIGMOD Intl. Conf. on Management of Data, 1993.

[AK97] N. Ashish and C. Knoblock. Wrapper generation for semi-structured internet sources. SIGMOD Record, December 1997.

[AM98] G. Arocena and A. Mendelzon. Weboql: Restructuring documents, databases and webs. In Proc. of 14th. Intl. Conf. on Data Engineering, 1998.

[AMM97a] G. Arocena, A. Mendelzon, and G. Mihaila. Applications of a web query language. In Proc. of the 6th Intl. WWW Conf., April 1997.

[AMM97b] P. Atzeni, G. Mecca, and P. Merialdo. To weave the web. In Proc. of the 23rd VLDB Conf., August 1997.

[AQM^+97] S. Abiteboul, D. Quass, J. McHugh, J. Widom, and J. Weiner. The lorel query language for semistructured data. Journal of Digital Libraries, 1(1), 1997.

[AV97] S. Abiteboul and V. Vianu. Regular path queries with constraints. In Proc. of 16th ACM SIGACT-SIGMOD-SIGART Symp. on Principles of Database Systems, May 1997.

[BDHD96] P. Buneman, S. Davidson, G. Hillebrand, and D.Suciu. A query language and optimization techniques for unstructured data. In Proc. of ACM SIGMOD Conf. on Management of Data, June 1996.

[BMNL99] S. Bhowmick, S. Madria, W.-K. Ng, and E.-P. Lim. Pi web join in a web warehouse. In Proc. of 6th Intl. Conf. on Database Applications for Advanced Applications, April 1999.

[BNL98] S. Bhowmick, W.-K. Ng, and E.-P. Lim. Information coupling in web databases. In Proc. of the 17th Intl. Conf. on Conceptual Modelling, November 1998.

[Cyb] An atlas of cyberspaces. http://www.cybergeography.org/atlas/atlas.html.

[DFF^+99] A. Deutch, M. Fernandez, D. Florescu, A. Levy, and D. Suciu. A query language for XML. In Proc. of the Intl. World Wide Web Conf., 1999.

[DFS99] A. Deutsch, M. Fernandez, and Dan Suciu. Storing semistructured data with STORED. In Proc. of the ACM SIGMOD Conf. on Management of Data, June 1999.

[DG97] O. Duschka and M. Genesereth. Query planning in infomaster. In Proc. of ACM Symposium on Applied Computing, February 1997.

[EJN99] D. Embley, Y. Jiang, and Y.-K. Ng. Record-boundary discovery in web documents. In Proc. of the ACM SIGMOD Conf. on Management of Data, June 1999.

[FFK^+98] M. Fernandez, D. Florescu, J. Kang, A. Levy, and D. Suciu. Experiences with a web-site management system. In Proc. of ACM SIGMOD Conf. on Management of Data, 1998.

[FLM98] D. Florescu, A. Levy, and A. Mendelzon. Database techniques for the world wide web: A survey. ACM SIGMOD Record, 27(3), September 1998.

[Fuj90] R. Fujimoto. Parallel discrete-event simulation. Comm. of the ACM, 33(10), October 1990.

[GM99] S. Grumbach and G. Mecca. In search of the lost schema. In Proc. of Intl. Conf. on Database Theory, 1999.

[GMHI^+95] H. Garcia-Molina, J. Hammer, K. Ireland, Y. Papakonstantinou, J. Ullman, and J. Widom. Integrating and accessing heterogeneous information sources in TSIMMIS. In Proc. of the AAAI Symposium on Information Gathering, March 1995.

[GW97] R. Goldman and J. Widom. Dataguides: Enabling query formulation and optimization in semistructured databases. In Proc. of the 23rd VLDB Conf., 1997.

[Java] Java 2 SDK, standard edition. http://java.sun.com/products/jdk/1.2/.

[Javb] Java Compiler Compiler, (JavaCC) Version 1.0). http://www.sun.com/suntest/products/JavaCC/.

[JHMJ^+97] J.Hammer, H.Garcia-Molina, J.Cho, R.Aranha, and A.Crespo. Extracting semistructured information from the web. In Proc. of the Workshop on Management of Semistructured Data, May 1997.

[KMA^+98] C. Knoblock, S. Minton, J. Ambite, N. Ashish, P. Modi, I. Muslea, A. Philpot, and S. Tejada. Modeling web sources for information integration. In Proc. of the 15th Natl. Conf. on Artificial Intelligence, 1998.

[KMK98] K. Katoh, A. Morishima, and H. Kitagawa. Navigator-based query processing in the world wide web wrapper. In Proc. of the 5th Intl. Conf. of Foundations of Data Organization, November 1998.

[KS95] D. Konopnicki and O. Shmueli. W3QS: A query system for the world-wide web. In Proc. of the 21st VLDB Conf., September 1995.

[LLM88] M. Litzkow, M. Livny, and M. W. Mutka. Condor - a hunter of idle workstations. In Proc. of the 8th Intl. Conf. of Distributed Computing Systems, June 1988.

[LRO96] A. Levy, A. Rajaraman, and J. Ordille. Querying heterogeneous information sources using source descriptions. In Proc. of the 22nd VLDB Conf., 1996.

[LSS96] L. Lakshmanan, F. Sadri, and I. Subramanian. A declarative language for querying and restructuring the web. In Proc. of 6th. Intl. Workshop on Research Issues in Data Engineering, February 1996.

[LZW^+97] W. Labio, Y. Zhuge, J. Wiener, H. Gupta, H. Garca-Molina, and J. Widom. The WHIPS prototype for data warehouse creation and maintenance. In Proc. of the ACM SIGMOD Intl. Conf. on Management of data, 1997.

[MLC98] D. Milijicic, W. LaForge, and D. Chauhan. Mobile objects and agents (MOA). In Proc. of the USENIX Conference on Object-oriented Technologies and Systems, April 1998.

[MMM97] A. Mendelzon, G. Mihaila, and T. Milo. Querying the world wide web. Journal of Digital Libraries, 1(1), 1997.

[MMM98] Giansalvator Mecca, Alberto Mendelzon, and Paolo Merialdo. Efficient queries over web views. Technical report, Dipartimento di Informatica e Automazione, Universita Degli Studi Di Roma Tre, 1998.

[MS99] T. Milo and D. Suciu. Index structures for path expressions. In Proc. of the Intl. Conf. on Database Theory, 1999.

[MW97] J. McHugh and J. Widom. Query optimization for semistructured data. Technical report, Computer Science Department, Stanford University, November 1997.

[MWA^+98] J. McHugh, J. Widom, S. Abiteboul, Q. Luo, and A. Rajaraman. Indexing semistructured data. Technical report, Computer Science Department, Stanford University, January 1998.

[NLBM98] W.-K. Ng, E.-P. Lim, S. Bhowmick, and S. K. Madria. Web warehousing system: Design and issues. In Intl. Workshop on Data Warehousing and Data Mining, November 1998.

[NS96] T. Nguyen and V. Srinivasan. Accessing Relational Databases from the World Wide Web. In Proc. of ACM SIGMOD Conf. on Management of Data, June 1996.

[Rag97] D. Raggett. HTML 3.2 reference specification. http://www.w3.org/TR/REC-html32.html, January 1997.

[SGT^+99] J. Shanmugasundaram, H. Gang, K. Tufte, C. Zhang, D. J. DeWitt, and J. F. Naughton. Relational databases for querying XML documents: Limitations and opportunities. In Proc. of 25th VLDB Conf., 1999.

[Suc97] D. Suciu. Distributed query evaluation on semistructured data. http://www.research.att.com/∼suciu/strudel/external/files/ F662777668.ps, 1997.

[Suc99] D. Suciu. From semistructured data to XML. In Proc. of the 25th VLDB Conf., 1999.

[Wid96] J. Widom. Integrating heterogeneous databases: Lazy or eager? ACM Computing Survey, 28(4), December 1996.

[XML] Extensible markup language (XML) 1.0. http://www.w3.org/XML.