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Chapter 1

Introduction

In recent years we have witnessed a growing number of structured Web portals, which ex-

tract and integrate structured data from a multitude of disparate Web sources, being built in both

academia and industry. Examples include Citeseer [48], YAGO-NAGA [59], DBLife [36], Free-

base [5], to name just a few. These portals are called structured Web portals because their contents

are backed up an underlying database, and the database is continuously updated using automatic

techniques that gather and filter relevant information from disparate Web data sources. These Web

portals are appealing because they offer users powerful capabilities of searching, querying, and ag-

gregating information that is otherwise scattered over the Web. These capabilities make structured

Web portals valuable for a wide variety of domains, ranging from scientific data management to

end-user communities on the Web.

Today many of such portals are built by applying information extraction and integration tech-

niques (henceforth IE/II techniques for short) to unstructured text (e.g., Web pages of news ar-

ticles), semi-structured data (e.g., Wikipedia infoboxes), as well as structured data (e.g., product

feeds from vendors). The data obtained is typically structured as entities and relationships among

the entities, and the entities and relationships are then made available to portal users via a variety of

user services. Consider for example DBLife [36], a structured Web portal for the database research

community. It continuously crawls Web data sources, such as researcher home pages, conference

pages, and extracts structured data about interesting entities in the domain (such as researchers,

publications and organizations) and relationships among them (such as who authored which publi-

cation and who is affiliated with which organization). It then constructs an entity-relationship (ER)

graph from these extracted entities and relationships, and provides a variety of user services for



2

portal users to exploit the graph. As an example of its user services, DBLife automatically creates

so-called entity superhomepages (Web pages that aggregate the extracted and inferred information

about an entity and its relationships with other entities). For example, for each researcher, it creates

a superhomepage that lists biographical information of the researcher, publications, conference ser-

vices, and recent talks. DBLife then allows users to search for and browse these superhomepages

via its Web interface.

Despite the rising popularity of structured Web portals, today there is a lack of consensus

on how to build such portals. Although tools and systems have been developed in commercial

domains, little on their development has been published. To address this problem, this dissertation

explores how to design and build an efficient general platform that enables developers to build

structured Web portals quickly and to maintain them easily over the lifetime of the portals.

Toward this goal, we first study what capabilities a general platform should have, and what its

architecture should be to realize these capabilities.

Next, as we will see in Chapter 2, many research challenges arise from building a general

platform. In this dissertation, we study three of them in detail. The first problem we study is how

to make the portal schema, which serves as a uniform interface for storing and querying portal data,

easier to match. The problem arises when we need to integrate data from multiple data sources,

which are usually heterogeneous. After acquiring data (e.g., through crawling and querying) from

those data sources, we often need to convert the data into a uniform format before the data can

be further used. To achieve this, a structured portal often needs a uniform schema (referred to as

portal schema from here forth) with which the schemas of the disparate data sources are matched

so that data obtained from those data sources can be transformed and aggregated accordingly.

Different designs of the portal schema may result in different amounts of effort in matching the

schemas. Thus how can we assist developers in designing the portal schema to make schema

matching easier?

The second and third problems we study are how to allow users to easily provide feedback

on the portal data and how to enable the portal to efficiently incorporate the feedback. These

problems arise when we want to improve the quality of IE/II results. Automatic IE/II are inherently
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difficult and are thus error-prone. One way to improve the quality of the IE/II results is to “crowd-

source” the work, for example, by asking a multitude of users to help detect and correct errors. To

encourage users to provide feedback on the IE/II results while they are using the portal, the portal

should provide the users means to easily edit the data. The questions then are (1) how can we “open

up” a portal so that once a user finds an error, she can easily provide feedback (e.g., by submitting

the correction via a form user interface), and (2) how can the portal incorporate the feedback

automatically and efficiently? In Sections 1.1-1.3 below, we elaborate on these challenges.

1.1 Designing and Building a General Platform

One way to study the capabilities of a general platform is through analyzing how typical struc-

tured Web portals – the products of the platform – function.

A typical structured Web portal works as follows. It gathers data from various data sources

(e.g., websites, local or remote databases and file systems) in its application domain. If the data

from a data source is unstructured, the portal needs to extract structured data from the obtained

data. Moreover, the data from a contributing data source most likely follows its own schema which

was designed to meet it own application needs. Thus in the next step, the portal matches the

schemas of the data sources with its own, transforms the structured data according to the matching

results, and aggregates the transformed data so that in the end all the data conforms to the portal

schema. With the data integrated, the portal provides users services such as keyword search and

browsing to explore and exploit the data. Finally, since the work of extracting and integrating

structured data is mainly conducted by automatic programs, and automatic information extraction

(IE) and information integration (II) are error-prone, we often want to leverage user feedback to

improve the quality of IE/II results. To leverage user feedback, the portal needs to provide means

for users to submit edits on the data deemed incorrect.

As we can see, to build such a portal, developers often need to accomplish many tasks, includ-

ing designing the uniform portal schema, writing IE/II programs to collect and structure the data

according to the portal schema, implementing various user services, and empowering the portal

with the ability of taking in user feedback and automatically incorporating the feedback. Each of
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these tasks is non-trivial, and accomplishing the tasks from scratch is labor-intensive and error-

prone. Since these activities are common in building structured Web portals, a platform that allows

developers to readily accomplish them is invaluable.

1.2 Improving the Matchability of Portal Schemas

As mentioned above, a structured Web portal acquires and aggregates its data from a multitude

of data sources, which are most likely heterogeneous. To integrate the data, the portal usually

adopts a uniform schema into which data from the sources is transformed. Before the transfor-

mation, the schemas of the data sources and the uniform schema must be matched. In the data

integration literature, such a uniform schema is commonly referred to as mediated schema [74]. In

the context of building structured Web portal, we call the schema the portal schema. How much

effort developers need to match the schemas is largely decided by how easily the semantic matches

(e.g., attribute location at a data source is equivalent to attribute address at the portal) can be found.

In Web-scale portal applications, schema matching is often performed repeatedly (e.g., when inte-

grating data from hundreds of data sources), continuously (e.g., when the schema at a data source

evolves), and semi-automatically (e.g., matches are first computed by some automatic solutions

and then are verified by human analysts). Thus making the portal schema easy to match is highly

desirable.

1.3 Supporting User Feedback

Structured Web portal applications increasingly employ IE/II programs to infer structures from

unstructured data. Since automatic IE/II are inherently imprecise, such programs often make many

mistakes, and thus can significantly benefit from user feedback. Today, however, there is no good

way for users to easily provide feedback and for portals to automatically process the feedback.

A common practice is to provide users with an email address or a Web form and ask the users

to submit the feedback that way. To a great extent, this approach discourages users from provid-

ing feedback because it incurs much effort from the users. On the developers’ side, they need to
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interpret the submitted user feedback, manually examine the program internals to locate and fix

the error. This is usually a slow, error-prone, and frustrating process. Besides, there can be a gap

of days or even weeks between the time the user feedback is submitted and the time corrections

are fully implemented. Therefore, a platform that enables portals to support entering user feed-

back easily and incorporating it automatically would greatly improve user experience and reduce

developers’ work.

1.4 Contributions and Outline

In addressing the challenges above, we make the following contributions in this dissertation:

• We study the capabilities of a general platform, and describe its high-level architecture.

• We describe the problem of analyzing and revising portal schemas to make them easier to

match, and present a promising solution.

• We present a framework for supporting user feedback, discuss various challenges in realizing

the framework, and describe our solutions.

• We prototype a general platform, and evaluate it in the context of real-world applications.

The rest of the dissertation is organized as follows. Chapter 2 describes our envisioned platform

for building structured Web portals. Chapter 3 presents our solution to analyzing and revising por-

tal schemas to improve their matchability. Chapter 4 illustrates how we can enable user feedback to

a portal and manage it in the underlying database. Chapter 5 describes our solution for developers

to easily write IE/II programs amenable to user feedback and for IE/II programs to automatically

process such feedback. Chapter 6 describes our implementation of the platform, the choices we

made along the way, and the case studies we conducted to evaluate the platform. Chapter 7 reviews

existing approaches to building structured Web portals and discusses related work in addressing

the problems studied in Chapters 3-6. Finally, Chapter 8 summarizes and discusses directions for

future research.
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Chapter 2

Our Envisioned Platform for Building Structured Web Portals

In this chapter we briefly describe our envisioned platform for building structured Web portals,

to set the stage for discussing the research challenges in the next three chapters. In Chapter 6 we

return again to the issue of general platform and discuss in detail how we have implemented and

evaluated such a platform.

2.1 Desired Capabilities of a General Platform

As we briefly described in Section 1.1, a general platform for building structured Web por-

tals should possess a few capabilities that enable developers to quickly build and deploy a portal

application. Here we elaborate on these capabilities:

Support for writing declarative IE/II programs: A structured portal collects, transforms, and

aggregates structured data from a multitude of data sources. Since data at those data sources may

be unstructured, IE/II programs are heavily used in the backend of the portal to process the data.

In developing these programs, developers often use scripting languages such as Perl and Python

to implement IE/II operations, then wire them together into programs. In non-trivial applications,

developers often spend a lot of time tuning the implementation, e.g., by building index structures to

speed up the IE/II processes. Developing IE/II programs this way is tedious and time-consuming,

and the resulting programs are hard to interpret, maintain and improve. A better solution would be

to allow developers to declaratively specify the IE/II steps, and leverage platform-provided IE/II

operators and index facilities to implement these steps. This way the developers can focus more

on IE/II logic instead of mundane implementation details. To realize this solution, the platform
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should offer a declarative language that developers can use to write IE/II programs and a library of

generic operators that they can leverage to accomplish common IE/II tasks.

Support for managing program execution: Another benefit of providing a declarative language

for writing IE/II programs is that the developers can leave the task of figuring out how to efficiently

execute the programs to the platform. In other words, the platform should be able to analyze and

optimize program execution. Furthermore, IE/II programs are usually long running processes,

which may take hours or even days to execute. To ensure timely data processing, multiple IE/II

programs may be scheduled to run concurrently. Thus it is important for the platform to support

concurrent execution of multiple programs, and to ensure the consistency and integrity of the data

in the case of execution failure or system crashes.

Support for implementing common user services: Like other Web services, a structured Web

portal makes its data available to users via user services such as browsing and keyword search.

Although a variety of software tools are available to bootstrap implementation, developers still

need to spend much time adapting and integrating the tools. Since domain concepts are typically

represented as entities and relationships in portal applications, the platform can automate much

work on building user services assuming data takes those forms. Take keyword search for example.

By knowing what the entities are and how their data is stored, the platform can automatically

index the entities and support keyword search over them right away. The entity superhomepage

we described in Chapter 1 is another example where a great amount of automation can be achieved

by the platform and only a little customization is required from the developers. Therefore, the

platform should provide modules that implement common user services and make the modules

easy for developers to customize for their portal applications.

Support for leveraging user feedback: Supporting user feedback as we described earlier re-

quires a significant amount of effort from developers. First, the portal should provide users easy-

to-use user interfaces so that they can immediately and directly make edits. Second, once a user

enters an edit, the portal should be able to interpret the edit, and incorporate it as an update to the

underlying structured database. In some cases, the portal may need to propagate the edit to update

the data that was computed from the data user edited. Furthermore, to prevent unauthorized and
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malicious users from modifying the data, the portal needs the abilities of authenticating users and

enforcing access control. Finally in the case of incorrect user feedback, the portal should be able

to recover from the error by undoing the changes. As we can see, the platform should provide all

these functionalities so as to support development of “user-feedback-aware” portals.
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Figure 2.1: High-level architecture of a general platform for building structured Web portals.

Figure 2.1 shows the architecture of the platform we envisioned. Bottom-up, it consists of three

layers: data storage layer, data processing layer, and user layer. Below we describe each layer in

detail.

2.2 Data Storage Layer

This layer stores portal data. Two data models are provided: a relational model and an ER

model, as we observed that both of them play important roles in structuring portal data.

The relational model represents data objects as relations; this simple and uniform representa-

tion enables efficient data storage and query processing, and allows us to leverage existing RDBMS

techniques and systems. In many real-world IE/II applications, we found that the relational model

is also suitable for modeling the inputs and outputs of IE/II operators. For example, suppose we
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have a collection of HTML pages and we want to extract titles from these pages. To do that,

we can implement an IE operator extractTitle, whose input can be modeled as a relation HTML-

Pages(pageId, content), and whose output can be modeled as a relation titles(pageId, title). Mod-

eling inputs and outputs of IE/II operators as relations allows developers to compose the operators

with relational operators in the programs. This also makes it easier for us to provide automatic

optimization of program execution in the platform as in traditional RDBMS.

As we discussed in Section 1, in many portal applications, entities and relationships are often

explicitly modeled and represented. As such developers often want the ability of creating and

manipulating them directly without casting them back and forth from relations. To facilitate these

activities, we support an ER model in the platform. The benefits are three-fold. First, the ER

model has the semantics of entities and relationships built in. It enables developers to declaratively

model domain concepts as entities and relationships, and to leave the work of creating, storing and

retrieving them to the platform. In contrast, using a relational model, developers have to structure

the entities and relationships into relational tables, and bear in mind how the data is structured and

stored in the tables when writing programs to manipulate the entities and relationships. Second,

by delegating the task of managing entities and relationships to the portal, we can provide generic

and automatic user services as an integrated part of the platform, as we discussed in Section 2.1.

Third, in supporting user feedback, it is important to keep track of the before and after values of

a data object a user edited so that we can recover the data if the edit is later deemed incorrect. To

achieve this, we need a data model that is able to support storing, updating and querying historical

values of a data object, in other words, a temporal data model. Creating and managing temporal

information correctly, however, is a time-consuming and error-prone task for developers. With an

ER model, the platform can extend entities and relationships with temporal attributes and manage

them automatically (see Chapter 4 for details). Thus we support an ER model in addition to the

relational model in the platform. In Figure 2.1, the relational store and the ER store are two logical

stores that adopt these two data models, respectively.

Beneath the two logical stores are physical storage systems. RDBMS and file system are the

two examples shown in Figure 2.1. The reason to support multiple storage systems is as follows.
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The data flowing through a portal application may take different forms: it may be unstructured text

(e.g., Web pages crawled from Web sources), or structured data derived from it. Different storage

systems are suitable for storing different forms of data. For example, a portal application may crawl

Web pages every day and save all snapshots of the crawled pages to answer historical queries. Since

consecutive snapshots of a page may differ by only a little (e.g., a departmental seminar page is

only updated once in a while to list new talks), a storage system that can incrementally store text

data is preferable. Thus in this layer, we assume multiple storage systems may be used.

2.3 Data Processing Layer

This layer is responsible for data processing, in particular, IE/II program execution. A declar-

ative language with a built-in libary of IE/II operators is needed to make it easy for developers to

write IE/II programs. We observed from building DBLife [36] that relational operations, such as

select, project and join, are frequently carried out in IE/II programs. Thus the language should also

make those relational operators available to developers. One way to provide such a declarative

language is by extending SQL [76], which is a query language that has relational operators built in

and that developers are most likely familiar with.

The various components on the data processing layer in Figure 2.1 play similar roles to their

counterparts in an RDBMS. For example, the parser parses an IE/II program into a tree of rela-

tional and IE/II operators, which is then optimized by the optimizer and evaluated by the execution

engine.

The crash recovery module is worth noting. As we mentioned earlier, an IE/II program is

usually long-running, possibly taking hours to execute. If the system crashes in the middle of

program execution, re-executing the program from scratch would be time consuming. To reduce

the overhead of re-execution, we allow developers to partition the program into blocks, where each

block is executed atomically (equivalent to a database transaction). In the case of system crash,

the recovery module, together with the log manager, enables the system to resume execution from

where it left off (at the granularity of transaction) after the system recovers from the crash.
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2.4 User Layer

This layer provides support for users to exploit portal data as well as support for users to provide

feedback into the portal. While different portal applications may require different user services,

some services are needed by most applications. Examples include keyword search, structured

querying, and browsing. Thus we include these generic user service modules on this layer.

The user feedback module enables the developers to quickly deploy user feedback functionali-

ties. In the frontend, it should support common user interfaces, such as widely used form interfaces

and increasingly popular Wiki interfaces, to allow users to enter their feedback easily. In the back-

end, the module should be able to translate user feedback and incorporate it into the underlying

structured database automatically.

Finally, the authentication and access control component enables the portal to verify the identity

of a user, and allows portal administrators to carry out administration activities such as specifying

what portion of the portal data the user can see and what portion of data the user can edit.
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Chapter 3

Improving the Matchability of Portal Schemas

A structured Web portal extracts and integrates data from a multitude of autonomous data

sources, which may be structurally and semantically heterogeneous. To address these heterogene-

ity problems, portal developers often need to manually match the schemas used by the data sources

with the schema used by the portal. This is a tedious, time-consuming, and not scalable process.

Hence much work has focused on developing semi-automatic techniques to find the matches ac-

curately and efficiently. In this chapter we consider the complementary problem of improving the

portal schema, to make finding such matches easier. Throughout the lifetime of a portal, the por-

tal schema may be matched with many data source schemas. Thus the specific question we want

to answer is can the developer analyze and revise the portal schema in a way that preserves its

semantics, and yet makes it easier to match with in the future.

In our work [22], we provided an affirmative answer to the above question, and outlined a

promising solution direction, called mSeer. Given a portal schema S and a matching tool M ,

mSeer first computes a matchability score that quantifies how well S can be matched against using

M . Next, mSeer uses this score to generate a matchability report that identifies the problems in

matching S. Finally, mSeer addresses these problems by automatically suggesting changes to S

(e.g., renaming an attribute, reformatting data values) that it believes will preserve the semantics of

S and yet make it more amenable to matching. In this chapter, we present the details of the work,

including extensive experiments over several real-world domains that demonstrate the promise of

the proposed approach.
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3.1 Introduction

Building structured Web portals essentially is a Web data-integration process. Solving struc-

tural and semantic heterogeneity problems accurately and efficiently during the process has been

a long-standing challenge in the database and AI communities. The main integration approaches

(whether they employ virtual integration, data warehouses, or information exchange via messag-

ing) rely on development of a uniform schema and mappings between the uniform schema and

the schemas of individual data sources [74]. This methodology also applies to building structured

portal applications. In the following, we describe our work in the boarder data-integration context.

We refer to this uniform schema used by the portal as mediated schema, and the schemas used by

the data sources as source schemas.

To create the required mappings, a data-integration system uses a set of semantic matches (e.g.,

location = address) between the mediated schema and the source schemas. Creating such matches

is well-known to be laborious and error-prone. Consequently, many semi-automatic schema match-

ing solutions have been proposed. Much progress has been made (see [44, 74] for recent surveys),

and schema matching has become a research area on its own. No satisfactory solution, however,

has yet been found, and the high cost of finding the correct semantic matches continues to pose a

bottleneck for the widespread deployment of data-integration systems.

To address this problem, we propose to open another attack direction, by considering the com-

plementary problem of revising the mediated schema to improve its matchability. Specifically,

when creating the mediated schema S, can a developer P analyze and revise S in such a way that

preserves S’s semantics, and yet makes it easier to match with in the future? The ability to do this

can prove quite helpful in many common integration scenarios, such as those given below.

Example 3.1 A developer P often must add new data sources to an existing data integration sys-

tem I . To do so, P must match the schemas of the new sources with S, the mediated schema of I ,

using a matching tool M .

As another example, following recent trends of providing Web-based services, many integra-

tion systems (especially those in scientific domains) are being “opened up”, so that members of the
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user community can easily add new data sources via a GUI (e.g., [72]). To add a source T , a user

U must eventually invoke a matching tool M (provided at the system site) to match T ’s schema

with the mediated schema S, then sift through the results to fix the incorrect matches.

As yet another example, developers often “compose” integration systems, i.e., take an integra-

tion system I , treat it as a single source, then integrate it with a set of other sources to build a

higher-level integration system. In such cases, the mediated schema S of I will often be matched

with other mediated schemas.

In all of the above cases, if the target mediated schema can be designed to be more amenable to

matching, then it can be matched with new schemas more accurately and quickly. The problem of

improving the matchability of mediated schemas is therefore appealing. But it is unclear exactly

how this problem should be attacked.

A key contribution of this chapter is that we provide such an attack plan. Specifically, we

decomposed the above problem into three well-defined subproblems. For each subproblem we

then identified the main challenges and provided initial solutions. Finally, we demonstrated the

promise of the approach, using extensive experiments on real-world data sets. Our work therefore

can help to motivate further research in this novel approach to schema matching.

In our work, we focus on improving 1-1 matching (e.g., location = address) for relational

mediated schemas, a common scenario in practice [74]. Besides its conceptual simplicity, 1-1

matching allows us to focus on analyzing the fundamental reasons for matching errors and thus

provides a good starting point. We believe the direction we open and the solution we propose can

be extended to tackle more complex matches and data representations.

The first subproblem we consider is how to define the notion of matchability score, which

quantifies how well the mediated schema S matches future schemas using a given matching tool.

Such a score has not been proposed before, and estimating it is a difficult challenge. To address

this challenge, we propose to employ a synthetic workload W that approximates the set of future

schemas and is generated automatically from S.

Using the above notion of matchability score, we then define and address the second subprob-

lem: analyze different types of matching mistakes, and show how to produce a report that identifies
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potential matching mistakes of S. Given this report, a developer P can already revise S to address

the mistakes.

Manually finding good revisions, however, is difficult and tedious. Hence, in the final sub-

problem, we consider how to automatically discover a good set of revisions, which can then be

presented to P in form of a revised schema S∗. Developer P is free to accept, reject, or modify

further these suggested revisions.

In summary, we make the following contributions:

• Introduce the novel problem of analyzing and revising mediated schemas to improve their

matchability.

• Describe a clear decomposition of the above problem into three well-defined subproblems:

estimating “matchability” of a mediated schema, producing a report that identifies poten-

tial matching mistakes of a mediated schema, and automatically discovering a good set of

schema revisions (to improve matchability).

• Identify the key challenges underlying these subproblems, and provide initial solutions.

These include a way to approximate the set of future schemas, an analysis of reasons for

incorrect matching, a method to identify these reasons, and an algorithm to efficiently search

for the most effective schema revisions.

• Establish the promise of the approach via extensive experiments over four real-world do-

mains with several matching systems. The results show that we can reveal fundamental rea-

sons for incorrect matches and can revise mediated schemas to substantially improve their

matchability.

3.2 Problem Description

Suppose developer P has created an initial version of the mediated schema S. Then to help

P revise S, we envision providing three services: computing a matchability score, generating a
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report of potential matching mistakes, and suggesting schema revisions. For simplicity, we will

call a system that provides these services mSeer (shorthand for “match seer”).

As a start, P can simply ask mSeer to compute a score that quantifies how well S can be

matched in the future, using M . This requires relatively little effort from P (just supplying S

and M ), and yet can already prove quite useful. For example, if the matchability score is low,

then P may consider replacing matching tool M , or allotting more time for matching activities (in

anticipation of having to correct more matching mistakes than initially expected).

Next, P can ask mSeer to generate a report that describes the potential matching mistakes

and makes high-level suggestions for fixing them. P can then use the report to revise S. At the

minimum, the report can alert P of “obvious problems” (e.g., two attributes with almost identical

names and very similar data values) that are hard to spot in a large mediated schema, thus allowing

P to quickly fix them. But it can do much more. Section 3.6 shows how such reports can also

identify non-obvious, yet important potential problems for matching.

Finally, even if P recognizes potential matching problems, it is often still far from obvious how

best to revise S, given the large number of potential revisions, and the complex interaction among

them. To address this problem, P can ask mSeer to suggest a revision of S. mSeer then searches

a space of schemas judged to be semantically equivalent to S, to produce a schema S∗ that has

higher matchability than S. P can then accept, reject, or revise S∗.

We now describe the three mSeer services in detail.

3.3 Schema Matchability

In this section we introduce schema matchability and show how to estimate it.

3.3.1 Defining Schema Matchability

Recall from Section 3.2 that our goal is to improve the matchability of the mediated schema S

with respect to a matching tool M . A reasonable way to interpret this notion of matchability is to

say it measures on average how well S can be matched with future schemas, using M .
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Specifically, let T = {T1, . . . , Tn} be the set of all the future schemas that will be matched

against S (of course, we often do not know T ), and m(S, T ,M) be the matchability score of S

w.r.t. T and M . Then we can write

m(S, T ,M) =
� �

Ti∈T

accuracy(S, Ti,M)
�
/n (3.1)

where accuracy(S, Ti,M) is the accuracy of matching S with Ti using M .

While in principle any measure of matching accuracy can be used, we will use F1, a popular

measure [39, 74], to define accuracy(S, Ti,M). Specifically, suppose that applying M to schemas

S and Ti produces a set of matches O. Then the accuracy of matching S and Ti using M is

accuracy(S, Ti,M) = 2PR/(P + R), where precision P is the fraction of matches in O that are

correct, and recall R is the fraction of correct matches that are in O.

In addition to matchability, we also define the notion of matching variance, denoted as v(S, T ,M),

to capture the variance in the accuracy of matching S with future schemas:

v(S, T ,M) =
��

Ti∈T

(m(S, T ,M)− accuracy(S, Ti,M))2
�
/n.

Our goal will be to revise S to maximize its matchability (breaking ties among revisions by se-

lecting the one that produces the lowest variance). However, computing schema matchability and

variance as defined above requires knowing the future schemas Ti as well as the correct matches

between these schemas and S (without which we cannot compute precision P and recall R). This is

rarely possible. Hence, we show how to estimate schema matchability and variance using synthetic

matching scenarios.

3.3.2 Estimating Schema Matchability

We estimate schema matchability by adapting a technique proposed in the recent eTuner work

[78]. eTuner attacks a very different goal, namely how to tune a matching system to maximize

accuracy. It however also faces the problem of finding T = {T1, . . . , Tn}, the future schemas that

will be matched with S. eTuner solves this problem by applying a set of common transformation
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id    first-name     last-name        salary
1        Mike               Brown 42,000 
2        Jean                Laup 64,000 
3        Bill                 Jones           73,000 
4        Kevin             Bush            36,000 
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id      name                salary
1     Mike Brown       42K 
2     Jean Laup 64K
3     Bill Jones           73K 
4     Kevin Bush        36K
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Figure 3.1: An example of schema perturbation

rules to the schema and data of S, in essence randomly “perturbing” S to generate a collection of

synthetic schemas V = {V1, . . . , Vm}.

For example, suppose that S consists of the sole table EMPLOYEES in Figure 3.1.a. Then

eTuner can apply the rule “abbreviating a name to the first three letters” to change the table name

EMPLOYEES to EMP, then the rule “merging two neighboring attributes that share a suffix, and

renaming it with their common suffix” to merge the first-name and last-name attributes, and the

rule “replacing ,000 with K” to the data values of column salary of the table. The resulting table is

shown in Figure 3.1.b. The paper [78] describes an extensive set of such rules, including those that

perturb (a) the set of tables (e.g., joining two tables, splitting a table), (b) the structure of a table

(e.g., merging two columns, removing a column, and swapping two columns), (c) the names (e.g.,

abbreviating names, adding prefixes), and (d) the data (e.g., changing formats, perturbing values).

We note that these rules are created only once by eTuner, independently of any schema S.

Since eTuner generates schemas V = {V1, . . . , Vm} from S, clearly it can trace the generation

process to infer the correct matches Ω = {Ω1, . . . ,Ωm} between these schemas and S. Hence, the

set V , together with the correct matches, form a synthetic matching workload W = {(Vi,Ωi)}1..m
that is an approximation of the true future workload T .

The synthetic workload idea can be adapted directly to our current context. Given a schema S,

we first perturb S to generate a synthetic workload W = {(Vi,Ωi)}1..m (see [78] for the detailed

algorithm). Next, we use M to match S with each schema Vi in W . Since we know Ωi, the correct

matches between S and Vi, we can compute accuracy(S, Vi,M). We then return the average of

accuracy(S, Vi,M) over all schemas in W as our estimate of the true matchability score of S. We

estimate the matching variance of S in a similar fashion.
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Discussion: At a first glance, the idea of deriving a set of synthetic schemas from schema S might

seem counterintuitive. One may question if it can effectively approximate the future schemas.

We believe that in the absence of any additional information, this provides a reasonable way to

do it. (It is unclear what other alternatives we can consider.) While synthetic workloads differ from

real future workloads, they do capture common variations in schema design. Moreover, although

matchability scores estimated with synthetic workloads vs. real future workloads will differ, we

only need the matchability rankings to be similar (and they often are, see Section 3.6), in order to

revise S effectively. Of course, if developer P has additional knowledge about the future workload,

then P can create additional transformation rules to capture those.

One may also question if the so-derived schema pairs would be easy to match. The answer

is no, as it turns out that “reverse engineering” the process is quite difficult, given that the rules

are randomly applied. We note that synthetic scenarios like these have recently also been used in

competitions on ontology matching (oaei.ontologymatching.org).

Perhaps a useful perspective we can take on the use of synthetic schemas is that they provide

a reasonable set of “test cases” to estimate how good our solutions are. In other words, if our

solutions cannot even handle synthetic schemas, then how much confidence we would have that

they can handle the real ones?

Finally, we note that the above matchability estimation process requires data instances for

schema S. To maximize accuracy, schema matching systems increasingly make use of such data

instances [74]. Hence, we want to analyze both the schema and data of S and propose changes

to both. To do so, mSeer requires developer P to supply several sample data instances for S (as

a part of the input). Section 3.6.6 shows that mSeer works well with only a few (3-5) instances,

thus not imposing an excessive burden on developer P .

3.4 Analyzing Schema Matchability

We now describe the report generator, the second mSeer service. Given an internal mediated

schema S, the generator produces a report that lists the matchability and variance of S and the

main reasons for matching mistakes.
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Schema: Product1, Matching System: iCOMA
Product1 has matchability 0.76 and variance 0.09 (synthetic workload: 20 schemas)

(1) Attribute “discount”, data values = 0.00, 0.15, 0.20, …
Correctly matched 11 out of 20 times, matchability 0.47

Reason R1: (3 times) “discount” has no match, but iCOMA predicts a match t
Example: t = “discontinued” of schema S2, data values = 0, 1, …
Suggestion: revise the name or the data format of “discount” to move “discount”

away from “discontinued”

Reason R3: (6 times) “discount” matches t, but iCOMA predicts a match t’
Example: t = “disc_price” of schema S3, data values = 0.00, 15.00, 20.00, …

and t’= “discontinued” of schema S3, data values = 0, 1, …
Suggestion: revise the name or the data format of “discount” to move 

“discount” closer to “disc_price” and away from “discontinued”

(2) Attribute “ship_via”, data values = 1, 3, 7, …

Figure 3.2: A sample matchability report

Figure 3.2 shows such a report. The report first describes schema S and the matching system

M (e.g., Product1 and iCOMA in this case, see Section 3.6). Next, the report shows that S has a

matchability 0.76 and variance 0.09 (over a synthetic workload of 20 schemas).

Next, the report tries to explain why S obtains a somewhat low matchability of 0.76. A reason-

able way to explain this is to list the attributes of S, together with their matchability scores (so that

developer P can get a sense about which attributes of S are difficult to match).

The matchability score of an attribute can be defined in a similar fashion to that of a schema

(see Section 3.3.1). Then it can be estimated as follows. Let s be an attribute of S. Suppose that

when matching S with schemas V1, . . . , Vn of a synthetic workload W using a matching system

M we obtain a set K of matches that involve s (i.e., matches of the form s = t, t ∈ Vi, i ∈ [1, n]).

Then s’s estimated matchability with respect to W and M is m(s,W,M) = 2PR/(P +R), where

P is the fraction of matches in K that are correct, and R is the fraction of correct matches involving

s (and between S and the Vi’s) found in K.

The report shows the most-difficult-to-match attributes first, to help the developer P quickly

identify those. For example, the report in Figure 3.2 shows that attribute discount is the most

difficult to match, with matchability 0.47.



21

Still, just showing that discount is difficult to match is not very informative for P . Hence, the

report goes one step further, trying to explain the common matching mistakes involving discount

and make suggestions on how to fix them. In Figure 3.2, the report lists two reasons R1 and R3

for discount. Reason R1 for example states that iCOMA predicted spurious matches for discount,

such as discount = discontinued. To fix this mistake, the report suggests to pick a more distinctive

name for discount. Section 3.6 provides examples of mistakes identified and suggestions made by

the report on real-world schemas.

In the rest of this section we will first identify a set of common matching mistakes. Then we

describe how to generate a report such as the above one.

3.4.1 Common Matching Mistakes

In what follows, we use the term appearance to refer to the name and the data format of an

attribute. We divide matching systems into local and global ones, and start our analysis with the

local ones.

3.4.1.1 Mistakes with Local Matching Systems

A local matching system M matches two attributes s and t by analyzing their appearances to

compute a similarity score sim(s, t), then declaring s = t, if sim(s, t) ≥ � for a pre-specified �.

M is local in that it decides if s matches t based solely on sim(s, t), not on any other matches (as

global systems that we describe later do). Examples of such systems include many of those from

the COMA++ matching library [13], the LSD basic system (without the constraint handler) [41],

and Semint [64].

Now consider applying M to schemas S and V , where V is a synthetic schema, and consider

attribute s ∈ S. Matching mistakes involving s fall into three cases:

Case 1. Predict a Spurious Match: s = none, i.e., it has no match, but M predicts s = t, where

t ∈ V . This implies that sim(s, t) ≥ �. The fundamental reason is that

R1: the appearances of two non-matching attributes s and t are too similar.
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To solve this problem, we should change the appearance of s to “move it away” from t. This can

reduce sim(s, t), thereby reducing the chance that M matches s with t. For example, if s has

name “elec.” (shorthand for “elective”) with values “yes” and “no”, and t has name “electricity”

also with values “yes” and “no”, then their appearances are too similar. To address this, we can

expand s’s name to “elective” and use values “1” and “0”. As another example, if s has name

“salary” with values “53000”, “65500”, etc., it can be easily confused with “zip code” (with values

“53211”, “60500”, etc.), if in computing similarity scores M gives data value similarities a large

weight. To address this, we can insert into the data values of s characters that never occur in zip

codes (e.g., change “53000” into “53,000”) to “pry” these two attributes apart.

Case 2. Miss a Match: s = t, but M predicts s = none. This implies sim(s, t) < �. The

fundamental reason is that

R2: the appearances of two matching attributes s and t are very different.

Examples include “yes/no” vs. “1/0”, and “02.07.07” vs. “Feb 07, 2007”. This is the reverse

of Case 1. To solve this, we can change s’s appearance to “bring it closer” to t. In many cases,

however, this will not completely solve the problem. To see why, consider the following example.

Example 3.2 Suppose the synthetic workload W contains 100 attributes that match s: 60 attributes

with data values “yes/no”, and 40 with data values “1/0”. Then no matter how we change s’s data

format, to “yes/no” or to “1/0”, M will fail to match s in at least 40% of the cases.

Fundamentally, the problem is that in the future schemas, the attributes that match s can appear in

many different formats. Hence if s appears in just a single format, it may fail to match many such

attributes. To address this problem, we propose a multi-appearance representation, which we will

discuss shortly.

Case 3. Predict a Wrong Match: s = t, but M predicts s = t�. The mistake in this case is

two-fold. First, M fails to predict the correct match s = t, which implies sim(s, t) < �. Second,

M predicts instead a wrong match s = t�, which implies sim(s, t�) ≥ �. Thus the reason is that

R3: s is more similar to a non-matching attribute t�, and less so to matching attribute t.
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Figure 3.3: A matching scenario in a global system

To avoid this, we should change the appearance of s such that it moves “closer” to t, to increase

sim(s, t), and “away” from t�, to reduce sim(s, t�). This case thus in a sense combines Case 1 and

Case 2.

Changing the appearance of s is relatively easy when t and t� are quite different. The more

similar t and t� are, the more difficult this task becomes. In the extreme case, when t and t� are

“almost identical” in their appearances, such changing may be impossible. For example, let s be

“stime” (shorthand for “start time”). Suppose t and t� are “time1” and “time2”, respectively, and

suppose that all three attributes s, t and t� have very similar values (e.g., “3:05am”, “4:00pm”, etc.).

Then t and t� are so similar that it is virtually impossible to change s so that it would have a higher

chance of matching correctly. Fundamentally, this is because the future schema T is ill-designed,

by having two almost identical attributes. In this case, there is not much we can do on schema S.

3.4.1.2 Mistakes with Global Matching Systems

A global system M matches two attributes s and t by examining not just their appearances, but

also external information, such as domain constraints [41] and special filters [69]. M exploits such

information to revise similarity scores and match selections.

With a global system M , matching mistakes involving s still fall into Cases 1-3 described

earlier. However, the underlying reason for a mistake may be quite different. Consider for example

Case 2: s = t, but M predicts s = none. If M is local, then by the definition of local systems, we

know that sim(s, t) < � and that this is the fundamental reason why M misses match s = t.

However, if M is global, the reason for missing s = t may be rather involved. It may even be

the case that sim(s, t) ≥ � and yet M suppresses s = t, perhaps because t has been matched with
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another attribute s� and hence can no longer be matched with s, due to some constraint. In general,

matches in a global system can influence one another in a rather complex fashion, as the following

example illustrates:

Example 3.3 Figure 3.3 shows a matching scenario with attributes s1, . . . , sn and t1, . . . , tn of S

and V , respectively. Here an edge si − 0.7 − tj denotes that sim(si, tj) = 0.7; there is no edge

between si and tj if sim(si, tj) = 0.

Suppose that a global matching system M imposes the constraint that each attribute participates

in at most one single match (e.g., [69]). Suppose further that M starts by selecting as a match the

edge with the maximum score, and hence predicts s1 = t1. Since t1 is already involved in this

match, M has no choice for s2 but to predict s2 = t2, and so on, until it predicts sn = tn. Now

suppose that the correct matches are sn = tn−1, sn−1 = tn−2, . . ., s2 = t1, and s1 = tn. Then

clearly the incorrect decision to match s1 and t1 has caused a chain of cascading matching errors,

all the way to sn and tn.

Because of such cascading errors, pinpointing the exact reasons for matching mistakes of global

systems can be very difficult. Consequently, in this work we focus on identifying some common

reasons for mistakes, rather than conducting a comprehensive mistake analysis for global systems.

Specifically, when Case 2 or Case 3 happens (i.e., s = t, but M predicts s = none or s = t�),

and sim(s, t) ≥ �, clearly Reasons R1 − R3 do not apply. In this scenario, we have observed that

a very common reason is that

R4: s is dominated by an attribute s� ∈ S.

By “dominating”, we mean that sim(s�, t) ≥ sim(s, t) (recall that t is the correct matching at-

tribute for s). In this case, M often incorrectly matches s� with t. Then, due to a constraint such as

“each attribute can participate in a single match”, M can no longer match s with t. Consequently,

it either declares s = none, leading to a Case 2 mistake, or s = t�, leading to a Case 3 mistake.

An extreme example of the domination scenario is when s and s� are “almost identical” (e.g.,

“time1” and “time2”, with very similar data values “3:05am”, “4:00pm”, etc.). In this case, s = t

and s� = t often have identical similarity scores, and M ends up guessing wrong 50% of the time.



25
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else if ∃ s! s.t. 
sim (s!, t) ≥ ε >  sim (s, t)

sim (s, t) ≥ ε

(a) move s closer to t (consider MAR), and away from t!
(b) but, check if t and t! are highly similar

R3sim (s, t) < ε ≤ sim (s, t! )

s = t, predicts s = t!

(a) move s closer to t (consider MAR)
(b) move s! away from t
(c) check if ∃s! such that s and s! are highly similar

R4
sim (s, t) ≥ ε ,
∃s! s.t. sim (s!, t) ≥ sim (s, t)

(a) bring s closer to t (consider multi-appearance representation (MAR) for s)R2sim (s, t) < ε

s = t, predicts s = none

R1

Likely Reasons
(a) move s away from ts = none, predicts s = t

SuggestionsConditions

(a) move s closer to t (consider MAR)
(b) move s! away from t
(c) check if ∃s! such that s and s! are highly similar

R4
else if ∃ s! s.t. 
sim (s!, t) ≥ ε >  sim (s, t)

sim (s, t) ≥ ε

(a) move s closer to t (consider MAR), and away from t!
(b) but, check if t and t! are highly similar

R3sim (s, t) < ε ≤ sim (s, t! )

s = t, predicts s = t!

(a) move s closer to t (consider MAR)
(b) move s! away from t
(c) check if ∃s! such that s and s! are highly similar

R4
sim (s, t) ≥ ε ,
∃s! s.t. sim (s!, t) ≥ sim (s, t)

(a) bring s closer to t (consider multi-appearance representation (MAR) for s)R2sim (s, t) < ε

s = t, predicts s = none

R1

Likely Reasons
(a) move s away from ts = none, predicts s = t

SuggestionsConditions

Table 3.1: Conditions, reasons, and suggestions used in report generation

To address the domination problem, we should change the appearances of s� and s so that s is

“moved closer” to t and s� is “moved away” from t.

Summary: Table 3.1 briefly lists the conditions, likely reasons, and suggestions we have dis-

cussed so far, for both local and global systems. The first row of this table, for example, states that

if s = none, but M predicts s = t, and sim(s, t) ≥ �, then R1 is a likely reason, and developer P

should consider changing the appearance of s to “move it away” from t. The report generator uses

this table to identify likely matching mistakes (see Section 3.4.2).

3.4.1.3 Multi-Appearance Representation

We have seen from the discussion in Case 2 that in the future schemas the attributes that match

s ∈ S can appear in many different formats. Hence if s appears in just a single format (as is the case

today), it may fail to match many such attributes. To address this problem, we experimented with

a multi-appearance representation (MAR) for such an attribute s, by creating different relational

views over s, and enforcing the constraint that any attribute that matches one of these views must

also match s.

To illustrate, consider again Example 3.2. Suppose s is “waterfront” with values “1/0”. Then

we can create a view v1 over s, with name waterfront1 and data values “yes/no”, then treat v1 as

another attribute of schema S. Next we enforce the constraint that any attribute t that matches v1

must also match s, and vice versa. This ensures that no matter whether t takes values “yes/no” or

“1/0”, we can match t with s.
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Creating such views in relational schemas should incur a moderate effort from developer P , and

the views do not have to be kept up-to-date by the minute, for matching purposes. It is important

to note that instead of creating views, P can also simply record in a text document that “s can

also take ‘yes/no’ values”. However, no matching systems can exploit such textual information

effectively today. Instead, virtually all of them have focused on exploiting the schema and data of

attributes. Hence, we feel that capturing such information in views makes it more “understandable”

to matching systems.

In theory, for an attribute s, we can create as many views as necessary, to capture all of s’s pos-

sible future appearances. However, doing so can often make s “confusable” with other attributes,

and hence can quickly decrease matching accuracy (e.g., by causing Case 1 or Case 3). Hence,

developer P can propose such views for s, but P should let mSeer decide which views to keep.

The experiment section shows that the use of such views as decided by mSeer can significantly

improve matching accuracy.

3.4.2 Generating a Matchability Report

We are now in a position to describe the end-to-end working of report generation. Given a

schema S, mSeer first generates a synthetic workload W . Next, mSeer applies the matching tool

M to match S and schemas in W , then computes S’s matchability and variance for the report.

Next, mSeer analyzes the above matching results to compute matchability scores for all at-

tributes in S, and then displays these attributes in increasing order of their scores. For each attribute

s, mSeer then generates an analysis as follows.

Let I be the set of all incorrect matches involving s (from workload W ). mSeer finds the

reason for each of these incorrect matches. Currently these reasons are R1 − R4 in Table 3.1 (or

OTHER if none applies). mSeer then groups matches in I based on their reasons, producing at

most five groups. Next, mSeer reports each group as a triple (R,E, S): R is the reason, E is a

concrete example to illustrate the reason, and S is a suggestion (to be described below). mSeer

lists triples (R,E, S) in decreasing order of the corresponding group size (i.e., the number of

matches in the group).
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Within each group, mSeer selects as example E the incorrect match m that can be fixed most

easily, since developer P seems likely to attempt to fix m first. Specifically, for group R1, mSeer

picks m with the lowest similarity score. For R2, it picks m with the highest similarity score. For

R3, where s = t, but M predicts s = t�, it picks m that minimizes [sim(s, t�) − sim(s, t)]. For

R4, where s is dominated by s�, it picks m that minimizes [sim(s�, t) − sim(s, t)]. mSeer then

generates suggestion S by replacing variables in suggestion template with those in example E.

3.5 Improving Schema Matchability

Given a schema S, developer P can employ the report generator as described earlier to iden-

tify potential matching mistakes of S, then revise S to address these mistakes. Manually finding

good revisions, however, is difficult and tedious. The revision advisor, the third mSeer service,

addresses this problem. It automatically discovers a good set of revisions, then presents them to

P , in form of a revised schema S∗. P is free to accept, reject, or modify further these suggested

revisions.

We now describe the revision advisor. Clearly, the advisor can only suggest revisions that retain

the semantics of S (e.g., it cannot suggest P to drop an attribute). Hence, we start by defining the

notion of semantically equivalent transformation rules (or SE rules for short). Later we describe

how the revision advisor finds a good set of SE rules to apply to S.

3.5.1 SE Transformation Rules

Let r be a transformation rule and r(S) be the schema obtained by applying r to a schema S.

Intuitively, we say that r is a semantically equivalent (SE) rule if for any schema S, S and r(S) are

semantically equivalent, i.e., creator P can use r(S) instead of S in his or her application.

SE rules fall into two categories: domain-independent and domain-dependent. Examples of

domain-independent rules are “replacing data values ‘yes’ with ‘1’ and ‘no’ with ‘0”’, and “abbre-

viating a table name to its first three letters”. Other examples include rules that cover special data

types, such as “if s is a date attribute, then reformat s’s values as ‘06/03/07”’, and “if s is a price,

then insert ‘$’ to front of data values”. To use such rules, we must recognize the type of an attribute
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(e.g., date, price, etc.). To do so, we employ a set of type recognizers, as described in [37]. Finally,

an example of domain-dependent rules is “replacing attribute name ‘gName’ with ‘gene-name”’.

We have created a large set E of domain-independent rules, to be used in the current mSeer

implementation and for our experiments. These rules are created only once, when building mSeer,

not once per schema S. We omit a detailed description of E for space reasons, but show a high-

level description in Table 3.2.

Converts categorical value representation (e.g., Fireplace = “yes/no” ! Fireplace = “1/0”).change-category-valuesCategorical

Changes data formats of special data types (e.g., Date = “12/4” ! Date = “Dec. 4”).change-data-formatSpecial-type

Converts the unit of the numbers (e.g., Price = “14,500” ! Price = “14.5 K”).convert-unitNumeric

Data

Uses synonyms (e.g., PostalCode ! Zip).use-synonym

Expands acronyms (e.g., SSN ! SocialSecurityNumber).expand-acronym

Expands common abbreviations (e.g., Qty ! Quantity).expand-abbreviation

Dictionary-based

Appends the data type of the attribute to its name (e.g., appending Phone to attribute Office).append-data-type

Adds the table name to the attribute name as prefix.prefix-table-name

Syntactic

Name

Drops the first token of the name (e.g., ContactName ! Name).drop-prefix

merge-attributes

split-table

merge-two-tables

Rules

Splits a table into two, and duplicates key attributes in both tables.

Table-level

Schema-level

Sub-categories

Merges two tables based on their join path to create a new table.

Merges multiple attributes into one (e.g., merging Day, Month, Year into Date).

Structure

DescriptionsCategories

Converts categorical value representation (e.g., Fireplace = “yes/no” ! Fireplace = “1/0”).change-category-valuesCategorical

Changes data formats of special data types (e.g., Date = “12/4” ! Date = “Dec. 4”).change-data-formatSpecial-type

Converts the unit of the numbers (e.g., Price = “14,500” ! Price = “14.5 K”).convert-unitNumeric

Data

Uses synonyms (e.g., PostalCode ! Zip).use-synonym

Expands acronyms (e.g., SSN ! SocialSecurityNumber).expand-acronym

Expands common abbreviations (e.g., Qty ! Quantity).expand-abbreviation

Dictionary-based

Appends the data type of the attribute to its name (e.g., appending Phone to attribute Office).append-data-type

Adds the table name to the attribute name as prefix.prefix-table-name

Syntactic

Name

Drops the first token of the name (e.g., ContactName ! Name).drop-prefix

merge-attributes

split-table

merge-two-tables

Rules

Splits a table into two, and duplicates key attributes in both tables.

Table-level

Schema-level

Sub-categories

Merges two tables based on their join path to create a new table.

Merges multiple attributes into one (e.g., merging Day, Month, Year into Date).

Structure

DescriptionsCategories

Table 3.2: Classification of SE transformation rules

It is important to emphasize that this set of rules is not meant to be comprehensive. New rules

can easily be added to the set, including domain-dependent ones supplied by P . However, the

current set of rules is adequate as a starting point for us to examine the proposed mSeer approach,

and to demonstrate mSeer’s feasibility, a major goal of this work.

3.5.2 Searching for Optimal SE Sequences

Let E = {r1, . . . , rm} be the set of SE rules fed into mSeer, as defined above. Abusing

notation slightly, we will also use the term “rule ri” to refer to a particular application of ri to a

schema S (i.e., ri captures both the rule itself and an instance of applying it to an attribute of S),

when there is no ambiguity.

Then given a schema S, we use seq(S) to refer to the schema that results from sequentially

applying rules seq = (r1, . . . , rn), where ri ∈ E for i ∈ [1, n], to S. Note that SE rules are

“transitive”, in that seq(S) is also semantically equivalent to S.
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Intuitively, then, the goal of mSeer is to find a sequence seq∗ that when applied to S yields

a schema S∗ with maximum matchability. Formally, seq∗ = argmaxseq∈S m(seq(S)), where S

is the set of all sequences of SE rules in E and m(seq(S)) is the matchability of schema seq(S).

mSeer then faces two key challenges: how to estimate m(seq(S)) and how to find seq∗ efficiently.

To address the first challenge, mSeer employs synthetic workloads, in the spirit of computing

matchability that we have described so far. Recall from Section 3.3.2 that to estimate the match-

ability of S, mSeer employs a synthetic workload W = {(Vi,Ωi)}1..m, where Vi is a synthetic

schema obtained by perturbing S, and Ωi is the set of correct matches between S and Vi. To esti-

mate m(seq(S)), however, mSeer cannot simply employ W again, since the matching scenarios

(S, Vi,Ωi) do not involve S �. Instead, mSeer needs a new workload that approximates matching

scenarios involving seq(S). We show how to generate such a workload in Section 3.5.2.1.

To address the second challenge, mSeer employs look-ahead heuristics to cope with the ex-

ponential search space. The result is the algorithm RevSearcher, which approximates seq∗, and

which we describe in detail in Section 3.5.2.2.

3.5.2.1 Estimating Matchability of Revised Schemas

After applying rules seq to schema S, we obtain a different but semantically equivalent schema

S � = seq(S). To determine whether applying seq is worthwhile, we need to estimate the matcha-

bility m(S �) of S �.

As discussed above, to compute m(S �), mSeer needs a workload W � that approximates match-

ing scenarios involving S �. To achieve this, we augment mSeer as follows. When deriving the

schemas in W , mSeer logs the applied SE rules R. These rules are then used to generate workload

W � for S �. Specifically, mSeer generates W � by applying R to S �, in the same way it generates

W . After that, mSeer employs W � to compute m(S �). Applying the same rules R to generate W �

ensures that W � is closest to W , compared with the workloads generated by randomly perturbing

S �. This way, mSeer can compare the matchability scores of S � and S based on similar matching

scenarios.
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3.5.2.2 Algorithm RevSearcher

A simple algorithm H to approximate seq∗ is to use the hill-climbing (i.e., greedy) heuristic to

find the best rule to apply at each step. First, H generates a synthetic workload W from S, and uses

W to compute the matchability m(S) of S. Then H generates all schemas S1, . . . , Sm that can be

obtained from S by applying a single SE rule in E.

Next, for each schema Si, H computes its matchability m(Si) as described in Section 3.5.2.1.

Let Sk be the schema with the highest matchability, i.e., m(Sk) = maxmi=1 m(Si). If [m(Sk) −

m(S)] < θ (currently set to 0.005), then H terminates, returning the schema S∗ with the highest

matchability it has found so far, together with the rule sequence that creates S∗ from S. Otherwise,

H sets S to Sk, sets S∗ to Sk, and transforms the workload W to Wk. It then repeats the search,

starting with Sk.

In each search iteration, algorithm H finds and applies a single SE rule. Hence, it explores

the search space rather “slowly”, and at the same time is myopic. To address both problems, we

develop algorithm RevSearcher. This algorithm works exactly like H, except that in each iteration

it finds and applies a set of SE rules, instead of a single one (see the pseudocode in Figure 3.4).

We now describe how RevSearcher finds this set of rules.

Compatible Rules: Let U be a set of SE rules. The result of applying U to S, denoted as U(S),

is meaningful only if the rules in U are compatible, in the sense that applying them in any order

still results in the same schema U(S). We say that two SE rules are compatible if they either apply

to different attributes, or to different aspects of the same attribute (e.g., one applies to its name, and

the other applies to its data values). Then we say that U is a compatible set if any two rules in U

are compatible.

Finding the Best Set of Compatible Rules: In each search iteration, RevSearcher finds and

applies a compatible set U∗ of SE rules that maximizes matchability. Unlike H which enumerates

all rules, RevSearcher cannot enumerate and evaluate all compatible sets, because there are of-

ten too many of them (if there are n SE rules, there may be up to 2n such sets). Consequently,

RevSearcher finds U∗ greedily as follows.
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Consider the first iteration, where RevSearcher starts with S. First, RevSearcher applies

all SE rules to S and computes the matchability of all resulting schemas, just like H does, adding

those rules that produce schemas with higher matchability than S to a set U . Next, RevSearcher

computes the gain of each rule in U (defined below), adds the rule with maximum gain to U∗

(which is initially empty), recomputes the gain of each remaining rule, then adds the rule that has

maximum gain and that is compatible with all rules already in U∗, and so on. The iteration stops

when U is empty or contains only rules that are either incompatible with some rules in U∗ or of

zero gain. This is the set of SE rules U∗ that RevSearcher uses for the first iteration. Finding U∗

for subsequent iterations is carried out in a similar fashion (see pseudocode in Figure 3.4).

Input: Schema S, set of SE rules U = {r1, r2, · · · , rn}
Output: maximal set of compatible rules U∗

1. Compute the matchability m(S) of schema S;
2. For each ri in U do

2.1 Compute the matchability m(ri(S)) of schema ri(S);
2.2 If m(ri(S)) < m(S) then

Remove ri from U ;
3. Compute the matchability m(aj , S) for each attribute aj in S;
4. Let m∗(aj) = m(aj , S), for each aj in S;
5. U∗ = φ;
6. For each ri in U do

6.1 If ri is compatible with all rules in U∗ then
Compute the matchability m(aj , ri(S)) for each aj in ri(S);
gain(ri) =

�
j max{[m(aj , ri(S))−m∗(aj)], 0};

7. k = argmaxi(gain(ri));
8. If gain(rk) > 0 then

8.1 Remove rk from U , and add rk to U∗;
8.3 m∗(aj) = max[m(aj , rk(S)),m∗(aj)], for each aj in S;
8.4 Goto Step 6;

9 Return U∗;

Figure 3.4: The procedure that RevSearcher uses to find the best set of rules in each iteration.

Computing Gain of a Rule: All that remains is to describe computing the gain of a rule r, which

measures the potential increase in matchability that applying r can bring. At first glance, it appears

that this gain can be computed as gain(r) = m(r(S))−m(S), that is, the increase in matchability

between S and the schema r(S) obtained by applying r to S.

However, we found that applying this gain definition is not effective. For example, one might

have two compatible rules, r1 and r2, that apply to the same attribute a of S (e.g., one to a’s data
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values and one to a’s name). Suppose they both increase the matchability of S. Then with the

above gain definition, RevSearcher will add both of them to U∗. However, it may be the case

that when applied together, they cancel the effects of each other. Consider a matching scenario

where attribute a = none, but the matching system predicts a = b (reason R1 in Table 3.1). Both

r1 and r2 reduce the errors in matching a by moving a away from b. In the meantime, however,

they undesirably move a closer to some attribute c. Although applying either rule in isolation does

not incur the incorrect match a = c, applying them both might. This suggests that RevSearcher

should select only one rule, which gives a higher matchability.

To alleviate this problem, we explore a different gain definition. Specifically, we define the

gain of a rule r to be the total increase in matchability of the attributes a1, . . . , an of S:

gain(r) =
n�

i=1

max {[m(ai, r(S))−m∗(ai)], 0},

where m(ai, r(S)) is the matchability of attribute ai in schema r(S) (if ai does not exist in r(S),

then we set m(ai, r(S)) to 0, indicating that r does not contribute to any gain on matchability

of ai). Furthermore, m∗(ai) is the maximal matchability that ai has achieved so far. m∗(ai) is

initially set to be m(ai, S), the matchability of attribute ai in S. It is set to be m(ai, r(S)) every

time RevSearcher adds a rule r to U∗ and m(ai, r(S)) is higher than m∗(ai) at that point.

Note that gain(r) is “conservative” in the sense that it “discourages” applying multiples rules

to one attribute when subsequent changes to the attribute do not increase its matchability further.

Also, it is “optimistic” in the sense that whenever m(ai, r(S)) is lower than m∗(ai), this definition

does not “punish” r; it simply sets the contribution of r to ai to 0. Otherwise, it tends to underesti-

mate the actual benefit of r, and RevSearcher ends up selecting fewer rules than it could.

3.6 Empirical Evaluation

We now describe experiments with mSeer. First, we ranked a set of schemas according to

matchability with (a) synthesized schemas, and (b) real schemas. The rankings strongly agree with

one another. We thus conclude that for estimating matchability, synthesized schemas provide a

promising proxy for using difficult-to-obtain real schemas.
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Domain # # tables # attributes
schemas per schema per schema

Course 5 3 13-16
Inventory 10 4 9-11

Real Estate 5 2 26-35
Product 5 2 46-50

Table 3.3: Real-world domains in our experiments

Second, we provide anecdotal evidence that matchability reports produced by mSeer can help

a schema designer identify likely matching problems.

Third, once we had revised a schema using the revisions suggested by mSeer, we matched it

against a set of real schemas, and showed that we could improve matching accuracy by 1.3-15.2%

for 17 out of 20 schemas across four domains (while obtaining no improvement or minimally

reducing the accuracy by 0.2-0.3% on the remaining 3). The results thus suggest that mSeer is

robust and can revise schemas to improve their matchability across a range of domains.

Finally, we showed that (a) the multi-appearance representation could further improve match-

ing accuracy by 7.1% on average, (b) mSeer is robust for small changes in the size of the synthetic

workload, and (c) it requires only a few data instances to do well. We now describe the experiments

in detail.

3.6.1 Experimental Setup

Domains: For research purposes, obtaining domains with a large number of realistic schemas

is well-known to be difficult1. For our experiments, we obtained publicly available schemas [37,

41, 78] in four real-world domains, as shown in Table 3.3. “Course” contains university time

schedules. “Inventory” describes business product inventories. “Real Estate” lists houses for sale,

and “Product” stores product description of groceries.

Matching Systems: For experiments described in Sections 3.6.2-3.6.5, we employed a matching

system called iCOMA, which consists of a name matcher, a decision-tree matcher, and a combiner.
1The largest domain that we are aware of is Thalia at www.cise.ufl.edu/research/dbintegrate/thalia. But

its schemas are in XML, hence are not suitable for the current experiments.
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The name matcher compares names based on edit distance. The decision-tree matcher compares

attributes based on their values, and the combiner combines the similarity scores of the matchers

by taking their average. The name matcher and the combiner are taken from COMA++, a state-of-

the-art matching library [13], and the decision-tree matcher is added to iCOMA from LSD [41], so

that iCOMA can exploit data instances. For sensitivity analysis in Section 3.6.6, we also evaluated

mSeer using a revised version of iCOMA, taken from COMA++.

Experimental Methodologies: We briefly describe the methodology employed for the main

experiments (Section 3.6.4). In those experiments, for each domain in Table 3.3, we first randomly

selected a schema to be the internal mediated schema S, then computed its average matching

accuracy m with respect to the remaining schemas in the domain (treated as future schemas).

Next, we applied mSeer to revise S into S∗. Then we computed the average matching accuracy

m∗ of S∗, again with respect to the remaining schemas in the domain. Finally, we report the

difference m∗ − m as an estimate of the matchability improvement of S (using mSeer) in real-

world scenarios.

3.6.2 Utility of the Matchability Concept

We first examine what matchability scores can tell us. Since we estimate such scores using

synthetic workloads, it is unlikely that they will be roughly the same as the true scores (that can be

computed if we know the true set of target schemas). However, we hoped that they would help us

rank schemas, given that such ranking lies at the heart of schema revision.

Consequently, we want to know that if we rank a set of schemas using (a) synthetic workloads,

and (b) real schemas, how strongly would such rankings agree. Toward this end, in each domain,

say Course, we first selected a schema S, then perturbed it using SE rules one rule at a time, to

obtain a set of schemas S = {S1, . . . , S10}.

Next, we ranked the schemas in S in decreasing order of their matchability scores, computed

using a synthetic workload. Since matchability scores vary depending on the particularities of a

workload, we ranked a schema Si ∈ S higher than a schema Sj ∈ S only if their scores differ by

at least � (currently set to 0.005). We call the resulting ranked list SynList.
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We then created TarList, a similar ranked list of the schemas in S , except now we computed

their matchability scores using all schemas in Course other than S as a real-world target workload.

Finally, we computed the distance between SynList and TarList as the ratio between the num-

ber of disagreeing pairs (with respect to their rankings) and the total number of pairs. This is the

Kendall distance, a popular IR measure of the distance between two rankings [38], adapted to our

context.

We repeated the above process for all other schemas S in Course, then computed the average

Kendall distance. These distances, for Course, Inventory, Real Estate, and Product, are 0.28, 0.22,

0.19, and 0.27, respectively. For comparison purposes, the average Kendall distance between

TarList (the ranking produced using real-world schemas) and a randomly generated list, again for

the above four domains, are 0.43, 0.44, 0.39, and 0.45, respectively, roughly twice the distances

produced using the synthetic schemas. This suggests that matchability scores computed by mSeer

are indeed useful in helping rank schemas with respect to their matchability. The schema revision

results in Section 3.6.4 further quantify this degree of “usefulness”, in showing that by using such

rankings (produced with synthetic workloads), mSeer was able to revise schemas to improve their

matchability across all four domains.

3.6.3 Usefulness of Matchability Reports

We now provide anecdotal evidence that matchability reports produced by mSeer can help the

schema creator identify likely matching problems. Table 3.4 shows snippets of matchability reports

produced by mSeer (condensed and compiled in English, for exposition and space reasons). The

reports cover two schemas: Product1 comes from Product domain, and TPCH is the publicly

available schema of the well-known TPC-H benchmark (see www.tpc.org/tpch), which we also

experimented with to broaden our range of experience with mSeer. (We did not include TPCH in

our other experiments because we could not obtain a set of schemas comparable to TPCH.)

Part 1 of Table 3.4 reports that iCOMA failed to match discount and discounted, and incorrectly

matched discontinued and discounted. It is clear from examining this part that attributes discount

and discontinued of schema Product1 are “too similar” (Case 3, see Section 3.4.1.1). In particular,



36

(1) iCOMA failed to match
“discount” of schema Product1 and  “discounted” of schema Product1_S1

iCOMA incorrectly matched
“discontinued” of schema Product1 and  “discounted” of schema Product1_S1

Suggestion:  revise the name or the data format of “discontinued” to move  
“discontinued” away from “discounted”

(2) iCOMA failed to match
“P_MFGR” of schema TPCH  and  “P_MANUFACTURER_GROUP” of schema TPCH_S1

iCOMA predicted no match for “P_MFGR” of schema TPCH
Suggestion: revise the name or the data format of “P_MFGR” to move “P_MFGR”

closer to “P_MANUFACTURER_GROUP”

(3) iCOMA incorrectly matched 
“C_COMMENT” of schema TPCH and  “P_COMMENT” of schema TPCH_S1

iCOMA incorrectly matched 
“C_COMMENT” of schema TPCH and  “P_NOTES” of schema TPCH_S2

Suggestion: revise the name or the data format of “C_COMMENT” to move 
“C_COMMENT” away from “P_COMMENT” and “P_NOTES”

Table 3.4: Compilation of report snippets generated by mSeer

their names share the string “disco”, which can confuse a name matcher (e.g., one using q-grams

[13]). Given this, developer P can change the name, e.g., from “discontinued” to “terminated”,

then rerun mSeer, to see if the problem has been addressed.

Similarly, Part 2 of Table 3.4 reports that P MFGR failed to match P MANUFACTURER GROUP.

Here, the abbreviation “MFGR” may have caused the names not to match. Note that the knowledge

“MFGR” is an abbreviation of “MANUFACTURER GROUP” is highly domain specific. Since we

simply cannot know if a particular matching system will possess such domain specific knowledge,

it is better to revise the TPC-H schema to make it match aware by expanding such abbreviations.

Part 3 of Table 3.4 reveals a different problem. This part first reports that C COMMENT

matched P COMMENT incorrectly. Given that both names share “COMMENT”, this is not sur-

prising. But then mSeer reports that C COMMENT also incorrectly matched P NOTES, despite

the fact that their data values are quite different (one attribute records customer comments, while

the other records product comments). A likely explanation for this is that the matching system

knows “COMMENTS” is a synonym of “NOTES”, and thus makes the latter incorrect match. To

address this problem, it is important that the strings “C” and “P” in the names must be fully ex-

panded (e.g., to “CUSTOMER” and “PRODUCT”) to “push” the attributes away from each other

as much as possible.
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Other likely matching problems for the TPCH schema (that we found from the mSeer re-

port) includes abbreviations such as “MK”, the use of very short names for ID attributes (making

all of them “confusable” with one another), and the merging of words without some separation

characters, such as “RETAILPRICE” (instead of “RETAIL PRICE”) and “ORDERSTATUS”.

From working with several mSeer reports, we found that a promising future work direction

would be to produce aids in designing easily matched mediated schemas. Some can be “best

practice” rules for humans, e.g., “avoiding short prefixes that carry crucial information (such as

P COMMENTS)”, “avoiding very short names for ID attributes”, etc. A richer direction would be

to provide a library of idioms, to be used in constructing attribute names.

3.6.4 Automatic Schema Revision

Next, we examine how well mSeer can revise a schema to improve its matchability. Figure 3.5

shows the results for all four domains, five schemas in each domain (Inventory has 10 schemas,

from which we randomly selected five). Consider the very first schema, Homeseekers of Real

Estate (at the topmost left corner of the figure). Here, the two bars show the average matching

accuracy of the original schema and that of the schema produced by RevSearcher, respectively.

This average accuracy is computed by matching against the target workload of Homeseekers, i.e.,

the set of all remaining schemas in Real Estate. Note that this target workload consists of real-

world schemas; it approximates the true set of target schemas that Homeseekers will be matched

against in the future. We generated the bars for other schemas similarly.

The results show that RevSearcher was effective in improving matching accuracy. It was able

to revise schemas to achieve higher accuracy in 17 out of 20 cases, by 1.3-15.2%. It did not improve

accuracy in one case (on Rice), and reduced accuracy minimally in two cases (on Product2 and

Product5), by 0.2-0.3%. The results thus suggest that mSeer is robust and can revise schemas to

improve their matchability across a range of domains. As an aside, the current unoptimized version

of mSeer took 96-814 seconds to produce a revised schema in the experiments, spending most of

time in searching for compatible rule sets (Section 3.5.2.2). To reduce runtime, we are exploring
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Figure 3.5: Matching accuracy of schemas produced by mSeer vs. that of the original schemas

better search techniques and ways to reuse results across matching steps to compute matchability

scores incrementally.

Room for Improvement: How much better could mSeer revise a schema S if RevSearcher

guided the search process using S’s target workload, instead of a synthetic one? Figure 3.6 provides

the answers for all four domains. In each domain, the three bars show the accuracies of the original
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Figure 3.7: Accuracy with and without multi-appearance representation

schema, the schema produced by RevSearcher (using a synthetic workload), and the schema

produced by a version of RevSearcher that uses the target workload, respectively. The accuracies

are averaged over all sources in the domain.

The difference between the first and the third bar is the room for accuracy improvement. The

results show that RevSearcher has done quite well. It achieves on average 69.7% of the improve-

ment achievable with full knowledge (i.e., knowing the actual target workloads), demonstrating

that its search strategy selects SE rules effectively. By expanding its set of SE rules, RevSearcher

is likely to make inroads into the remaining 30%; and by pursuing an even better search strategy,

RevSearcher can make further improvements, possibly beyond what is shown in the third bars.

3.6.5 Multi-Appearance Representation

Next, we examine the utility of multi-appearance representation (MAR) in schema revision (see

Section 3.4.1.3). Figure 3.7 shows the results for the real-world schemas in Course and Inventory

(experiments on other domains show similar results). For each schema, the two bars show the
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Figure 3.8: Change in matching accuracy with respect to (a) size of synthetic workload, and (b)
number of data instances

accuracy of mSeer in single-appearance and multi-appearance settings, respectively, measured

using the real schemas as the target workloads.

The results show that using MAR significantly improves the matchability of schemas, increas-

ing accuracy in 9 out of 10 cases, on average by 5% in Course, and 3% in Inventory. MAR failed

to improve accuracy in only one case (on Washington). This suggests that MAR is quite promising

as a way to revise a schema with modest effort and yet making it more match aware.

3.6.6 Sensitivity Analysis

Size of Synthetic Workload: Figure 3.8.a shows the accuracy of the revised schema that mSeer

produces, as we vary the number of schemas in the synthetic workload W . In the figure the lines

show average accuracies and the vertical bars show the maximum-minimum accuracy ranges. The

results show that as W ’s size increases from 1 to 20, W captures the results of more transformation

rules, thus better representing true target workload. Consequently, matching accuracy increases

and the maximum-minimum fluctuations decrease. After size 30-35, however, all transformation

rules have been captured in W , and as the size increases further, W ’s “distance” to the real work-

load increases, and its performance starts to decrease. This result is consistent with the observations

in [78], for tuning matching systems. Overall, the results suggest an optimal workload size in the
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Figure 3.9: Matching accuracy with a new matching system

range of 20-30. The results also show no abrupt degradation of accuracy, thus demonstrating that

mSeer is robust for small changes in the workload size.

Number of Data Instances: Figure 3.8.b plots the accuracy averaged over all sources in Real

Estate, as we vary the number of data instances available to mSeer (i.e., to the decision-tree

matcher). We chose Real Estate because it has the most of data instances available. The results

show that more data instances led to a slow steady climb in accuracy. However, the accuracy is

already quite high (within 2% of the maximum accuracy achieved) for 3-5 data instances. This

suggests that mSeer requires only a few data instances to do well, and thus does not impose an

unduly heavy burden on the schema creator.

New Matching System for mSeer: Next, we examine the performance of mSeer with respect

to a different matching system. Instead of using system iCOMA described earlier (in Section 3.6),

we employed a new system where the name matcher compares names using TF/IDF instead of edit

distance, and the combiner takes the maximum of the similarity scores instead of the average (see

COMA++ [13]).

Figure 3.9 summarizes the results with this new matching system, over all four domains. The

results show that RevSearcher was able to revise schemas to improve accuracy in all four do-

mains. RevSearcher for instance increased the average accuracy in Inventory by 5.7%. The

results thus suggest that mSeer can be effective with more than one matching system.
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3.7 Summaries

We have described the problem of analyzing and revising mediated schemas to improve their

matchability, and presented a promising initial solution. Our work can help to motivate further

research in this novel direction to schema matching. A sample of important issues follow. In this

work, we have proposed a reasonable way to generate synthetic schemas. But what is the optimal

way? What should be an optimal set of rules? Our analysis of matching mistakes and related

experiments have achieved the goal of demonstrating that such a report of matching mistakes can

be very useful to the schema creator. But can we improve the analysis further? In particular can we

analyze better matching mistakes of global matching systems? Likewise, can we develop a better

set of SE rules and a better search technique? Many more interesting challenges remain, such as

developing an interactive environment (in which a creator can accept or revise a suggested schema

revision on the fly, and can in general interact with the system in real time to revise the schema)

and generalizing the work here to other data representations (e.g., XML) or problem contexts (e.g.,

revising schemas to facilitate record matching).

From a broader perspective, perhaps the most important conclusion drawn from this work, as

well as the eTuner one, is that synthetic schemas can be very helpful for schema matching, and

thus deserves more studies into their generation and usage.
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Chapter 4

Opening Up Structured Web Portals for User Feedback

Structured Web portals are typically built by applying information extraction and integration

(IE/II) techniques to unstructured text (e.g., Web pages of news articles), semi-structured data (e.g.,

Wikipedia infoboxes), as well as structured data (e.g., product feeds from vendors). Automatic

IE/II are inherently difficult and are thus error-prone. As we discussed in Chapter 1, soliciting and

incorporating user feedback is a promising solution to improve the quality of the IE/II results. In

this chapter, we outline our ideas on “opening up” a structured Web portal for user feedback, de-

scribe its challenges and opportunities, and provide our solutions [34]. In the end of the chapter, we

describe a real-world implementation of the solution and preliminary experiments that demonstrate

the utility of our approach.

4.1 Introduction

Creating structured Web portal using automatic IE/II approaches has many benefits: it incurs

relatively little human effort, often generates a reasonable initial portal, keeps the portal fresh with

automatic updates, and enables structured queries over the portal. However, it usually suffers from

inaccuracy, caused by imperfect extraction and integration methods, and limited coverage, because

it can only infer whichever information is available in the data sources. While it is difficult or

even impossible to find automatic solutions to solve these problems, human users (developers and

ordinary portal users) often can easily spot and correct the errors.

In this chapter, we consider how to combine automatic IE/II approaches with user feedback to

build structured Web portals. Specifically, we use automatic IE/II approaches to deploy an initial
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Figure 4.1: An example to illustrate the Swiki approach.

portal, then allow both machines and human users to revise and add material. Machines can add

structured information to keep the portal updated automatically, while users can provide feedback

on the material or improve them (e.g., by adding and editing both text and structured information).

Furthermore, machines and humans can also correct and augment each other’s contributions, in a

synergistic fashion.

Exposing data from the underlying database directly, e.g., in the form of relational tables as the

data is stored in an RDBMS, to users for their feedback is not only hard to use but also dangerous.

Users may very likely have difficulty understanding how the data pieces in a table correspond to

what they have seen on the portal. Besides, in the case of error or malicious users, changes they

made may be catastrophic. As a common practice, developers build user interfaces via which they

can present the data in a way easy for users to understand and edit and via which they can restrict

which data users can edit. As wiki interface becomes popular and widely adopted among a growing
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number of Web communities, in this chapter we study how to allow user to provide feedback via

a wiki interface and how to enable the portal to interpret the feedback and incorporate it into the

portal. Although the solution we lay out is specific to wiki interface, we believe the solution can

be easily adapted and employed to other user interfaces. We refer our solution as Swiki (shorthand

for “structured wiki”). The following example illustrates the approach.

Example 4.1 Suppose we apply Swiki to build a portal for the database community. We can start

by applying a semi-automatic approach (i.e., “machines”) to extract structured data from the Web,

then use the data to create and deploy wiki pages, such as page W in Figure 4.1.a. Page W

contains “structured data pieces” mixed with ordinary wiki text, and will display as the HTML

page in Figure 4.1.b. In effect, W describes a person entity who has three attributes: id = 1, name

= “David J. DeWitt”, and title = “Professor”. This person also participates in a relationship called

“interests” with an entity of type “topic”, whose name is “Parallel Database”.

Once W has been deployed, a user U may come in and edit page W , e.g., by correcting the

value of attribute title from “Professor”, which was generated by machines, to “John P. Morgridge

Professor”. U may also contribute a structured data piece “<# person(id=1){organization}= UW

#>”, to state that this person is working for an organization called “UW”. Finally, U adds free

text “since 1976” after this data piece. The edited page W � is shown in Figure 4.1.c.

Later a machine M may discover from data sources that the above person also participates in

“interests” relationship with topic “Privacy”. M can then add this piece of information to the page,

as “<# person(id=1).interests (id=5).topic(id=6){name}=Privacy #>”. With high confidence, M

may also correct the value of attribute organization from “UW”, which was contributed by U , to

“UW-Madison”. The resulting wiki page W �� is in Figure 4.1.d, and it will display as the HTML

page in Figure 4.1.e. Thus, page W has been evolved over time, with both machines and users’

contributing and correcting each other’s contributions.

The approach can bring significant benefits. First, it can achieve broader and deeper coverage,

because it exploits both machines and human users. Second, it can provide more incentives for

users to contribute, because the initial portal built by machines can already be reasonably useful
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and comprehensive, thus motivating users to further improving it. Third, it can keep the portal

more up to date, with less user effort, because machines can continuously monitor data sources

and update certain parts of the portal. Finally, the structured data in the wiki pages of the portal is

also stored in an underlying structured database, thus enabling a variety of structured queries over

the portal.

In the rest of this chapter we elaborate on the above approach. First, we consider how to build

an initial wiki-based portal, using machines. We cast this as a view creation problem: store the

data generated by machines in a structured database G, create structured views over G, then export

the views in wiki pages. The key questions are then: How to model and implement the structured

database G? What should be the view language? And how to export the structured data of the

views into wiki pages? As parts of our solution, we represent the machine-generated data using

an entity-relationship (ER) model, define a path-based view language over this model, extend the

standard wiki language1 with s-slots – constructs to embed structured data into the natural text of

wiki pages, then show how to export the views in wiki pages, using s-slots (Section 4.3.3).

Next, we consider how to manage user contributions to the portal. If a user U has edited a wiki

page W , then we want to extract the “structured” part of U ’s edits, and “push” it all the way into

the underlying database G. The key questions here are: What is it that U is conceptually allowed

to edit? And how to efficiently infer such edits based on what U has done to a wiki page W ?

To answer these questions, we cast the problem of processing user contributions as a problem of

mapping U ’s edits over the wiki page into edits over the corresponding view, then from this view

into edits over G. This is a view update problem. But it is complicated (compared to RDBMS

view update) by the facts that here (a) U can also edit the schema, not just the data, of the view,

and (b) U ’s edits, being limited to the wiki interface, are often ambiguous. Furthermore, after we

have updated database G with edits from W , we must decide how to propagate this update to other

views and corresponding wiki pages. In Section 4.4 we elaborate on these issues, then provide a

solution.
1http://en.wikipedia.org/



47

Finally, for the sake of completeness, in Section 4.5 we briefly touch upon the problem of man-

aging multiple users, where we extend current solutions employed in Wikipedia (namely, optimistic

concurrency control and access rights based on a user hierarchy) to handle concurrent editing and

malicious users. We also consider how to let machines join users in updating the portal. The key

challenge is the following: once a user has entered an edit, can machines be allowed to overwrite

the edit, and when?

We have been applying the above solution to build a user-feedback-enabled portal for the

database research community (see the live system2). In Section 4.6 we report our experience and

preliminary experiments that demonstrate the potentials of this approach, and suggest opportunities

for future research.

To summarize, in this chapter we make the following contributions:

• Introduce a new hybrid approach that employs both machines and human users to build

structured Web portals, backed up by an underlying database. As far as we know, ours is the

first work that studies this direction in depth.

• Provide solutions to modeling the underlying structure database, representing views over

this database with a path-based language, and exporting these views in wiki pages.

• Provide an efficient solution to process user edits in wiki pages and “push” these edits into the

underlying database. The solution recasts this problem as translating edits across different

user interfaces.

• Provide empirical results over a real-world implementation that demonstrate the promise of

the approach and suggest opportunities for future research.

4.2 The Swiki Approach

In the rest of the chapter, we describe the Swiki approach. Figure 4.2 illustrates how Swiki

works. It starts by applying M , a machine-based solution, to extract and integrate data from a
2http://dblife-labs.cs.wisc.edu/wiki-test/index.php/Main Page
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Figure 4.2: The Swiki architecture

set of data sources, then loads this data into a structured database G. Next, it initializes an empty

text database T , which will be used in the future to store text generated by users. Then Swiki

generates structured views over G (e.g., V1 − V3 in Figure 4.2), and exports them in wiki pages

(e.g., W1 −W3). The initial portal W then consists of all such wiki pages.

Portal users and machine M then revise and add material to W . Suppose a user u1 has revised

wiki page W3 into page W �
3 (Figure 4.2). Then Swiki extracts the structured data portion V �

3 from

W �
3 and uses it to update the structured database G. Next, Swiki extracts the text portion T �

3 from

W �
3 and stores it in the text database T . Swiki also reruns machine M at regular intervals (to obtain

the latest information from the data sources), updates G based on the output of M , then updates

the views and wiki pages accordingly. Updating a wiki page Wi for example means creating a

new version of Wi that combines the latest versions of its structured data portion from G and text

portion from T . In addition to revising existing wiki pages, as described above, both users and

machines can add new pages or delete existing ones.

The next two sections describe the key contributions of this work: how to build the initial portal

and to manage user contributions. Section 4.5 briefly touches upon the issue of managing multiple

users and machine.

4.3 Creating the Initial Portal

To create the initial portal, we proceed in three steps: employ a machine M to create a struc-

tured database G, create structured views Vi over G, then convert each view Vi into a wiki page

Wi.
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Figure 4.3: (a) A snapshot of the ER graph G, (b) a sample view schema, (c) a sample data of
the above view, and (d) how the above sample data is exported into a wiki page in the
s-slot wiki language.

4.3.1 Creating a Structured Database G

Here we describe in detail the language we use to model database G, how we extend a con-

ventional RDBMS to capture temporal aspect of G, and how we initialize G using the Cimple

solution [35].

4.3.1.1 Modeling Database G

To model G, we can choose from a wide variety of data languages. Since the data from G

will eventually appear in wiki pages as structured constructs (see Section 4.3.3 for a motivation
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for this), we had to select a data language that ordinary, database-illiterate users are familiar with,

and can quickly understand and edit. Since most users are already familiar with the concepts of

entity and relationship, as commonly employed by current portals, we choose an ER language to

represent the data in G.

Specifically, we define the schema Gs of G to consist of a set of entity types E1, . . . , En and

a set of relation types R1, . . . , Rm. Each entity/relation type is specified using a set of attributes.

Attributes are either atomic, taking string or numeric values, or set-valued.

Next, we define the data Gd of G to be a temporal ER data graph. This graph contains (a) a set

of nodes that specify entity instances (or entities for short when there is no ambiguity), (b) a set of

edges that specify relation instances (or relations for short when there is no ambiguity), (c) tem-

poral information regarding attributes, entities, and relations, e.g., when an attribute/entity/relation

was created, by which user, when it was deleted, by whom, when it was reinstated, etc. This in-

formation will be used in managing users (Section 4.5). We view machine M as a special user

M .

We require G to be a temporal database that captures all changes so far, so that later we can

develop undo facilities. Note also that even if Gs specifies that a person entity has an attribute

email, this attribute can be missing from a particular person instance.

Figure 4.3.a shows for example the snapshot of a tiny Gd at time 1. On this snapshot the nodes

are entities and the edges are relations (labeled with relation names). The attributes are described

next to the nodes and edges.

4.3.1.2 Storing G using RDBMS

We want to query G efficiently and may want to implement a variety of concurrency control

schemes later (to manage concurrent user edits), including lock-based schemes. Consequently, we

decided to store Gs and Gd using an RDBMS. The key questions are then: (1) How to convert Gs,

essentially an ER graph, into a set of relational tables? (2) How to extend a conventional RDBMS

to store temporal data? (3) How to manage data from multiple users and machine? In what follows,
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we first elaborate on and propose an initial solution to each question. Then we present a complete

solution to storing G using an RDBMS.

Converting Gs into Relational Tables: As described above, schema Gs consists of a set of entity

types and relation types. A standard approach to translating Gs into a relational database schema

is to convert each entity (or relation) type into a table. And each attribute of the entity (or relation)

type becomes an attribute of the table. An example is shown in Figure 4.4.a. Table person store

person entity instances. In the table, column id gives the ID of a person entity, and name, title

and organization are the three attributes describing each person. Such a design, however, is not

space-optimized in our scenario for the following reasons:

• A table may be sparse. Take a person table for example. Most title values may be missing.

This happens when title values are obtained from data sources, but the extractors are not

powerful enough to extract them, or many title values are simply not available in the sources.

• Users may create new attributes for an entity type (e.g., creating attributes homepage and

country for person). In this case, we need to enlarge the schema of the entity table, and

entries for these new attributes are empty.

• Last but not the least, as we will see later, space utilization gets worse when we extend

an RDBMS to store temporal data. When an attribute is updated, instead of updating the

value in place, we logically delete the record with the old value and insert a new record

with the new value. Other attribute values in the old record are copied to the new record.

Consequently, we waste space in duplicating other attributes. Waste is significant when the

table is wide (i.e., contains many attributes) and updates are frequent.

To address these problems, we chose to vertically partition an entity or relation table along

each attribute. Consider an entity type E. Let A1, . . . , An be the set of attributes E has. We

convert E into n attribute tables. Each attribute table Ti (1 ≤ i ≤ n) is defined as Ti(id, value),

where id stores the ID of an entity e, and value stores the Ai value of e. In table Ti, we only store

those entities that have an Ai value. A partitioning of the person table in Figure 4.4.a is given in
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Figure 4.4: Tables for person entities: (a) a single table for all attributes, and (b)-(d) vertical par-
titions of the single table.

Figure 4.4.b-d. Note that table person title has only one record since title values for the other two

persons are missing. Similarly, we can convert a relation type into a set of attribute tables. For

a relation type, in addition to the attribute tables, we need one more table to store the IDs of the

entities that each relation relates, as we will see later.

Supporting Temporal Data: A user may enter an incorrect data value into the database, either

unintentionally or intentionally. Once detected, we need to be able to rollback the data item to its

previous correct value, which may be a long time ago. To provide such undo facilities, we require

G to be a temporal database. Extending a conventional database to support temporal data has been

well-studied [81, 51]. In this work we use the transaction-time table solution which is described in

detail in [81].

Specifically, to convert a non-temporal attribute table T (id, value) into a temporal table T �, we

append T with two columns, denoted as start and stop. Thus we obtain T �(id, value, start, stop).

Attributes start and stop are two timestamps: start indicates when a value was first inserted into

the database, and stop indicates when the value was updated or deleted. Note that the primary key

of T � consists of id and stop. This is because an entity (or relation) attribute may take different

values at different times. In our design, all these values are stored in the same table with the same

entity (or relation) ID but different stop values.

Figure 4.5.a gives an example of a temporal table for person organization (Figure 4.4.d). In the

example, at time 2007-04-01 08:01:20, a user entered organization “UW-Madison” for the person

entity with id = 1 (person1 for short). Attribute start was set to “2007-04-01 08:01:20” to indicate
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Figure 4.5: Examples of transaction-time tables for person organization: (a) before entity with
id=1 is updated, and (b) after entity with id=1 is updated.

that the value “UW-Madison” started to be current at the time of insertion. Attribute stop was set to

“9999-12-31 23:59:59”, which is the largest timestamp, to indicate that the value would be current

forever.

Moreover, when an attribute value is updated or deleted, we first logically delete its record,

then insert a new record with the new value (for update) or a NULL value (for deletion). Consider

again the table in Figure 4.5.a. Suppose that at time 2007-05-27 09:50:10, another user modified

the organization value of person1 from “UW-Madison” to “UW”. To reflect the modification in the

table, first we located the record with the value “UW-Madison”, and changed the stop time of the

record to the current time, denoting that the value of “UW-Madison” stopped to exist at 2007-05-27

09:50:10. Next, we inserted a new record for value “UW”. We set start and stop of the new record

to “2007-05-27 09:50:10” and “9999-12-31 23:59:59”, respectively, denoting that “UW” would be

the current value from 2007-05-27 09:50:10 on. The temporal table after the modification is shown

in Figure 4.5.b.

By adding start and stop to an attribute table and by doing logical deletions and updates, we

keep track of all values that an attribute has taken, and for each value, the time period during

which it was current. This way, we are able to recover an attribute value of any time in the past.

Besides tracking attribute values, we also need to maintain temporal information regarding entities

and relations themselves, e.g., when an entity was created, and when a relation was deleted. To

store such temporal information, for each entity and relation type, we first create a special attribute



54

exists, then create a temporal table for exists the same as we do for other attributes. Attribute

exists can take one of the two values, 1, denoting that the corresponding instance was created or

reinstated, or 0, denoting that the instance was deleted. Creating an entity or relation instance can

thus be implemented as inserting a record into an exists table with a value of 1, and deleting an

instance can thus be implemented as logically updating the value to 0. This way, we are able to tell

from an exists table whether an instance existed at a given time.

Managing Data from Multiple Users: Multiple users may contribute data into the database. For

user management (Section 4.5), we need to know which user inserted, updated or deleted a data

item. Moreover, two users may disagree on the value for one data item. And we need to decide

whose value to use in generating Vd for a wiki page (Section 4.3.2).

To track the source of each data item, we further extend a temporal table T � by appending a

column who, which stores the ID of the user who entered that item. The resulting table T �� is

defined as T ��(id, value, start, stop, who). Note that the primary key does not change, since we

only allow one value of each attribute to be current at any time, regardless of by whom.

Among all users, machine M is a special one. It automatically extracts and integrates data

from a set of data sources. Thus it supplies data into the database much more frequently than

any particular human user. On the other hand, M ’s data suffers from inaccuracies due to the

capacity of the extraction and integration methods M uses. Consequently, M ’s data has lower

credibility than other users’ data. Therefore, we need to distinguish M from the rest of users. As

a solution, for each attribute A, we create two temporal tables, A m(id, value, start, stop, who)3

and A u(id, value, start, stop, who). Table A m stores attribute values entered by M , and table

A u stores values entered by human users.

An attribute may have different values in tables A m and A u. To decide which value to use

in generating Vd, we need to resolve conflicts between the two tables. As a solution, we define a

view table A p over A m and A u. Table A p has the same schema as A m and A u, and it stores

the reconciled value of each attribute. Table A p is updated when A m or A u is updated. Thus
3In an A m table, who ≡“M” since M is the only machine involved. We keeps attribute who in the table so that

our design is easily extensible to multiple machines.
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Figure 4.6: An example of attribute tables for organization of entity type person: (a) A m, (b)
A u, and (c) A p.

we can embed in its update procedure how we resolve conflicts in attribute values. Specifically,

when an attribute a is updated in either of A m and A u, we first check whether a is already in

A p. If not, we simply insert a with its value into A p. (Values for start, stop and who are assigned

accordingly.) Otherwise, we need to decide whether we should overwrite a’s value in A p. A

reasonable approach is to allow a user U to overwrite data entered by M or another user. We also

allow M to overwrite its own data, but only allow it to overwrite U ’s data in certain situations, for

example, when M is sufficiently confident in its data.

An example of A m, A u and A p for table person organization is shown in Figures 4.6. For

simplicity of illustration, we assume that a user U can overwrite machine M ’s data but M cannot

overwrite U ’s data. Based on this assumption, when user U2 entered value “UW-Madison” for

person1, we first inserted the value into table person organization u, then logically updated the

existing value “UW” in table person organization p. Value “UW” was entered by M and thus

we overwrote it with U2’s value. In contrast, when M entered “MITRE” for person3 into per-

son organization m, we did not update value “Purdue” in person organization p since “Purdue”

was entered by a human user.

Finally, table A p can be explicitly stored in the database or computed as needed. In our design,

we chose to materialize A p for efficiency.

A Complete Solution: With all the problems addressed, we now present a complete solution to

storing G in an RDBMS.
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Formally, let Gs and Gd be the schema and the data of G. Let E1, . . . , En be the set of entity

types in Gs, and R1, . . . , Rm be the set of relation types in Gs. Suppose for simplicity that each

relation type is binary. We create the following relational tables to store G:

• An entity ID table Entity ID(id, ename), where id and ename store the ID and the type

of an entity.

• For each entity type E, we create a special attribute exists, whose value can be either 1 or

0. Denote exists as A0. Let A1, . . . , Ak be the attributes of E in Gs. For each attribute

A ∈ {A0, . . . , Ak}, we create three temporal tables, A m, A u and A p. Each table T ∈

{A m,A u,A p} is defined as follows:

T (id, value, start, stop, who),

where id is the ID of an entity, and value is the value of attribute A of that entity. Timestamps

start and stop specifies a time period during which the value was current. And finally, who

gives the ID of the user who entered that value.

• For each relation type R, we create a relation ID table R ID. Let E1 and E2 be the two

entity types that R relates in Gs, table R ID is defined as follows:

R ID(id, eid1, eid2),

where id is the ID of a relation, and eid1 and eid2 are the IDs of the two related entities.

Similar to converting an entity type, we first create attribute exists for R, then create tables

A m, A u and A p for attribute exists and each attribute of R in Gs.

A user may create an entity type (same for a relation type and an attribute), delete an entity type,

or reinstate a deleted entity type. To enrich catalog data with temporal information, we also create

three meta tables:

• Table meta entity(ename, start, stop, who), which stores the names of the entity types

that have been created. Attributes start, stop and who (same for those attributes in tables
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Figure 4.7: Examples of meta tables: (a) meta entity, (b) meta relation, and (c)
meta attribute.

meta relation and meta attribute below) have the same semantics as they do in an attribute

table.

• Table meta relation(rname, ename1, ename2, start, stop, who), which stores the names

of the relation types that have been created. For each relation type R, the table also store the

names of the two entity types that R relates.

• Table meta attribute(tname, aname, category, type, start, stop, who), which stores the

name of each attribute (aname) that each entity or relation type (tname) has. For each at-

tribute, the table also gives its category (atomic or set-valued) and data type (string or nu-

meric) specifications in category and type, respectively.

Examples of the meta tables are shown in Figure 4.7.

4.3.1.3 Initializing G

To initialize G, we employ a machine-based solution M . Many such solutions exist [35]. In

this work, we use the Cimple solution which is described in detail in [35]. The solution works

in two steps: (1) creating an entity-relationship (ER) graph, and (2) importing the ER graph into

database G.
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Creating an Entity-Relationship Graph: First, a domain expert provides Cimple with a set of

relevant data source. Use the community of database researchers as an example. Data sources can

be home pages of database researchers, DBLP, conference pages, etc.. The expect also provides

domain knowledge about entities and relations of interest. For example, person and conference are

two entity types, and between them exists a relation type give-talk.

Then Cimple uses simple but focused automatic methods to create an ER graph of the appli-

cation. Specifically, Cimple first crawls the sources at regular intervals to obtain data pages, then

marks up mentions of relevant entities. Examples of mentions include people names (e.g., “D.

DeWitt”, “David J. DeWitt”), conference names, and paper titles. Next, Cimple matches mentions

and groups them into entities (e.g., mentions “D. DeWitt” and “David J. DeWitt” refer to the same

person entity). Cimple then discovers relations among the entities. As a result, Cimple creates an

ER graph from the raw data sources.

DBLife is an example portal built using such a semi-automatic solution.

Importing the ER Graph into Database G: Cimple stores the ER graph in a set of XML

files. To initialize database G, we first convert Gs into a set of relational tables, as described in

Section 4.3.1.2. Then we use an import module to bulk load the XML data into G.

4.3.2 Creating Views over Database G

View Language Requirements: To create views over G, we must define a view language L. We

now discuss the requirements for L. First, we note that a primary goal of structured portals is to

describe interesting entities and relations in the application domain. Toward this goal, we use each

wiki page W to describe an entity e or a relation r. A popular way to describe an entity e, say, is

to describe a “neighborhood” of e on the ER data graph G, e.g., all or most nodes within two hops

from e. Consequently, language L must be such that we can easily write and modify views that

describe such “neighborhoods”.

Second, when a user requests a wiki page W , we materialize it on the fly, to ensure the page

contain the latest updates. This in turn requires materializing the view V underlying W (see
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Section 4.4.3). Consequently, L must be such that its views can be materialized quickly, to ensure

real-time user interaction.

Finally, when a user U edits a wiki page W , we assume that U may also edit the schema of

view V underlying W , e.g., by removing all papers from W , U may be modifying V ’s schema

to exclude all papers (Section 4.4.1 discusses this assumption in depth). Hence, language L must

be such that we can modify a view schema quickly, based on user edits, to ensure real-time user

editing.

A Path-based View Language: The above requirements led us to design a path-based view

language Lp. To define Lp, first we define data and schema paths. Intuitively, a data path is a

path on the ER graph G that (a) starts with an entity node e1 and ends at an entity node en, and (b)

retains only certain attributes for each node/edge along the path.

A schema path p = ep1.rp2.ep3. . . . .rpn−1.epn then specifies a set of data paths, which start

with node ep1, follow edge rp2, etc., then end with node epn. To further constrain these data paths,

we express each epi as Ti(Ci){Ai}, meaning that (a) epi must have type Ti and satisfy condition

Ci (which is a conjunction of conditions over the attributes), and (b) we keep only those attributes

of epi that appear in Ai (which is a set of attribute names). Ti is required, but (Ci) and {Ai} are

optional. A missing {Ai} means that we retain all attributes. We express each rpi in an analogous

fashion.

Example 4.2 The schema path person(id = 1){name, title} specifies a single data path that

corresponds to person entity with id=1 and that contains only attributes name and title of this

entity. The schema path, person(id=1).give-tutorial.conf{name}, specifies a set of data paths, each

of which starts with a person node whose id is 1, follows an edge give-tutorial, then ends with a

conf node. For each path, we retain all attributes of person node and give-tutorial edge, but retain

only the name attribute of conf node.

We can now define ER views considered in this work as follows:

Definition 4.3 (Path-based ER views) A path-based ER view (or view for short when there is no

ambiguity) V has a schema Vs = (In,Ex), where In and Ex are disjoint sets of schema paths
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over G. Evaluating Vs over G yields the view data Vd. Vd is a subgraph of G that contains only data

paths that are (a) specified by some path schema in In and (b) not specified by some path schema

in Ex. We refer to schema paths in In and Ex as inclusive and exclusive paths, respectively.

Example 4.4 Figure 4.3.b shows a sample Vs that has two inclusive paths and one exclusive path.

This view schema selects a person e with id = 1, retains name and title of e, then selects all

interests of e except those named “Statistics”. Evaluating this view schema over the ER graph G

of Figure 4.3.a produces the view data Vd in Figure 4.3.c.

We now discuss how language Lp satisfies the requirements outlined earlier. First, most “neigh-

borhoods” of an entity e (e.g., all nodes within two hops of e on ER graph G) can be expressed

with a set of inclusive and exclusive data paths. Hence, Lp allows us to quickly write views that

capture such neighborhood, in an intuitive manner. Second, evaluating schema paths amounts to

performing selection operations over G. Hence, views in Lp can be materialized quickly. Finally,

if a user edits a view schema (using a wiki page), then such edits can be quickly mapped into a

set of inclusive and exclusive schema paths, allowing us to modify the view schema quickly and

easily.

Creating Views over ER Graph G: Now that we have defined the view language Lp, we can

discuss how Swiki uses Lp to create views over G. First, Swiki decides on the set of entities and

relations to be “wikified”. In this work, for simplicity we consider all entities, but no relations.

Next, for each entity e of a particular type (e.g., person), Swiki specifies a default view schema

Vs that specifies a “neighborhood” of e. Swiki thus specifies as many default view schemas as the

number of entity types to be “wikified”. These default view schemas are application specific. The

data of the views is not stored, but will be materialized on the fly, when creating and refreshing

wiki pages, which we discuss next.

4.3.3 Converting Views to Wiki Pages

Given a view V with schema Vs and data Vd as defined above, we now discuss converting Vd

into a wiki page W . In the following, we introduce our novel s-slot solution. We also discuss some
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other non-trivial design issues, such as the ordering of entities, the formation of URLs and the use

of schema pages.

A Spectrum of Solutions: Since most current wiki data (e.g., Wikipedia) is natural text, the

straightforward solution is to convert Vd into a set of natural-language sentences. For example,

suppose Vd specifies that person X works for organization Y . Then we can convert this into

sentence “X works for Y ” in wiki page W . Knowing this template, if a user later modifies the

sentence to be “X works for Y �”, we can still parse it back, realize that Y has been modified to be

Y �, then update the underlying database G accordingly.

This was indeed the first solution we tried. It is very easy for users to edit natural-language wiki

pages generated by this solution. But after extensive experiments, we found that it is difficult to

extract and update structured data. The set of templates that we can use in natural language settings

is somewhat limited; hence, they get reused in multiple contexts, causing many ambiguities for the

extractor. Furthermore, suppose G has been updated so that X is now working for Y �. To update

W with this information, we must be able to pinpoint the location of Y . This is equivalent to being

able to extract Y , a difficult task, as discussed earlier.

For these reasons, we wanted a solution where it is trivial to pinpoint pieces of structured data

contributed by Vd. A wiki page then contains multiple “islands” of structured data from Vd, in

a “sea” of natural text contributed by users. We refer to these “islands” as s-slots (shorthand for

structured slot). Below we describe this s-slot solution. In Section 4.6 we discuss how the natural-

language and s-slot solutions lie at two ends of a spectrum of solutions that trade off (a) ease of

user edit, (b) ease of extracting and updating structured data, and (c) ease of moving data around

on wiki pages.

The S-Slot Solution: We first define the notion of attribute path. Recall that a schema path p

has the form T1(C1){A1}. . . . .Tn(Cn){An}. We say that p is an attribute path iff A1 − An−1 are

empty sets and An identifies a single attribute a. Thus, p uniquely identifies attribute a. Examples

of attribute paths are person(id = 1){title} and

person(id = 1).write-pub(id = 5).pub(id = 14){name}.
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An s-slot s then has the form <# p = v #>, which specifies that the attribute a uniquely identified

by the attribute path p takes value v. An example of wiki text including an s-slot is

<# person(id=1){name}=David DeWitt #> works for

<# person(id=1).work-org.org(id=13){name}=UW #>

since 1976.

When a wiki page is rendered into an HTML page, only the value v of an s-slot <# p = v #>

is presented while other parts, as meta data, are suppressed. Thus the HTML presentation of the

above example wiki text will display “David DeWitt works for UW since 1976”.

An s-slot of <# p = v #> can be marked with a “nodisplay” attribute as in <# p = v

nodisplay#>. In this case, the whole s-slot will be suppressed and even the value v will not be

presented in the HTML page. Such s-slots are useful when the values are confidence scores used

for entity ordering, as to be discussed shortly.

An s-slot of <# p = v #> can also be marked with an “invalid” attribute as in <# p = v

invalid#>, indicating that the path p is broken and unsupported by the underlying database, and

thus, the validity of the value v expired. This situation is generally caused by deletion of structured

data from other related wiki pages. When a page containing invalid structured data is requested, the

“invalid” attributes will be added by machine for the corresponding s-slots. <# p = v invalid#>

will be presented in the HTML page as “v(invalid)”, reminding the user of the fact and leaving

him/her the right to delete the s-slot or fix the broken path.

Now let V be a view with schema Vs that Swiki has defined over database G (see Section 4.3.2).

Then Swiki generates the default wiki page W for V in two steps: (a) evaluates Vs over G to obtain

the view data Vd, which is a subgraph of the ER graph G, then (b) convert Vd into a wiki page W

using s-slots interleaved with English text.

Step (a) is relatively straightforward. Step (b) can be executed in many different ways. In this

work, we adopt a default solution. Suppose we know that view V (and thus wiki page W ) describes

entity e, e.g., David DeWitt. Then our default solution first generates the line <#person(id =

1){name} = David DeWitt #> as the title of the wiki page. Next, it displays the attributes
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of e, then the relationships. Figure 4.3.d shows how the data graph Vd in Figure 4.3.c may have

been displayed in a wiki page. In the following, we explain the algorithmic details about how to

generate a wiki page W from a view data graph Vd.

The Algorithm Generating W from Vd: The algorithm presented in Figure 4.8 generates a wiki

page W from a given view data graph Vd for entity e. In line 1, W is initialized to be empty. In

line 2, the s-slot corresponding to the name attribute of e is made title of W . In lines 3–4, a section

is created in W for other selected attributes of e, that provides the basic attributional information

describing e. In lines 5–13, a section is created in W for each relationship type.

Each section is labeled properly with a uniform default look. This can be done since in building

an initial portal W , the only participating user is the portal builder, for whom the semantics of each

attribute type, entity type and relationship type are transparent to him/her since he/she was the one

who created the initial view schema Vs. The selection of view V delivers the builder’s intention

and the look of the wiki page represents his/her preferences. For the same reason, in line 7, the data

paths in Vd for relationship type r can be extracted properly. Notice that Vd itself does not embed

such information that how it should be decomposed and presented. Rather, the extraction mecha-

nisms are hard-coded for each relationship section. For example, for the “writes” relationship, the

paths of type person.write-pub.pub.write-pub.person starting at entity e are extracted from Vd.

In line 8, the extracted paths are possibly sorted if the ordering information is provided in the

paths. In lines 9–13, the extracted paths are grouped such that each group corresponds to a unique

instance of the relationship type r. Then, the s-slots for the selected attributes of each group form

an item and the item is inserted into the section.

The portal builder has every reason to capture the preferences of the majority of users. The

above hard-coded interpretation mechanism translates Vd into a default wiki page W , so that the

initial portal W features HTML pages with a uniform look that is easy to the eyes of the ma-

jority of users. Later, W would be edited by different individuals, and this default interpretation

mechanism will not be used in updating W by machine, in order not to intervene users’ intentions

and interpretations. Instead, all the fresh structured contents will be inserted into a special section
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Input: View data graph Vd describing entity e.
Output: Wiki page W .

1. initialize W to be empty;
2. make title of W the s-slot corresponding to the name attribute of e;
3. create a section S in W for the attributes of e;
4. FOR each selected attribute type a of e other than name in Vd DO
5. insert the s-slot corresponding to a into S;
6. FOR each relationship type r of e in Vd DO
7. create a section Sr in W for r;
8. identify a set P of data paths from Vd corresponding to r;
9. IF P is sortable THEN sort P ;

10. FOR each edge (e, f) corresponding to an instance of r DO
11. create an item I in Sr;
12. identify a subset Pf ⊆ P of paths that share (e, f);
13. insert into I the s-slots corresponding to all selected attributes in Pf ;

Figure 4.8: Generating wiki page W from view data Vd

called “New”, from which users can pick up items and move them around according to their own

preferences.

Ordering of Entities: Handling the ordering of entities is a non-trivial design issue. In many

cases, entities have a natural ordering depending on how much they relate to a common entity. For

example, the related people of a person can be ordered by the closeness of their relationships to

that person. The related topics of a person can be ordered by the degree of interest and involvement

of that person in those topics. As another obvious example, all the authors of a publication must

be ordered by how they appear in the publication. To capture the ordering information, we assign

each involving relationship a confidence score as attribute.

In order for applicable entities to appear ordered in the HTML page, the confidence score

attribute needs to be selected in Vs. Then, the corresponding data paths in Vd will present this

ordering information and be ordered properly by the algorithm (line 9) converting Vd to W . The

corresponding s-slots in W will be marked with “nodisplay” and thus those actual confidence score

values will not be displayed in the HTML page. This handling of entity ordering is not meant to

be systematic and sophisticated to cover arbitrary ordering needs; rather, it focuses on simplicity

and adequacy in terms of fulfilling the basic ordering functionality.
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Formation of URLs: The formation of URLs raises another non-trivial design issue. For the

HTML page specified by a URL of http://dblife-labs.cs.wisc.edu/wiki-test/index.php/David DeWitt,

the corresponding wiki page will have a URL of http://dblife-labs.cs.wisc.edu/wiki-test/index.php?

title=David DeWitt&action=edit. “David DeWitt” is the page title for the HTML page as well as

the wiki page. As page title is the only replaceable element in a URL, the formation of URLs

comes down to the formation of page titles.

Within the same namespace, each entity e must have a unique page title. A natural solution to

achieve this uniqueness is to use entity ID’s as titles. However, such page titles are neither infor-

mative to users nor cooperative with search engines. Entity names seem to be the most informative

titles; however, they cannot guarantee the uniqueness since multiple entities may share the same

name. In our design, a mapping table is maintained to map each entity ID to a unique page title.

In general cases, entity names are used as page titles. In cases a title is used by another entity, a

concatenation of entity name and ID will be used.

In particular, we create a mapping table with three fields eid, title, and type, storing entity ID’s,

page titles and entity types respectively. Both eid and title are keys. When a new entity e is inserted

into the database, a default wiki page will be created for e and the mapping table is used to generate

the page title. First, the entity ID of e, say 15, is checked against existing ones in the mapping table.

If no duplicates, the name of e, say “David DeWitt”, is then checked against existing page titles

in the table. If no duplicates, 15 and “David DeWitt” will form a tuple and be inserted into the

table. Otherwise, a concatenation of “David DeWitt” and 15, i.e., “David DeWitt15”, will be used

instead as the page title. Obviously, the page titles thus-generated are guaranteed to be unique.

Use of Schema Page: As to be discussed in Section 4.4.1, we expose view schemas in wiki

pages to allow user editing. Thus, a default schema page Ws will be created for each default wiki

page W . Ws will have the same page title as W but under the namespace of “Schema”. For

example, the URL for the schema page of the wiki page of David DeWitt will be http://dblife-

labs.cs.wisc.edu/wiki-test/index.php/Schema:David DeWitt.

Since all the default schema pages of the same type differ only in entity ID, they can be auto-

matically generated and bulk-loaded into the system when building the initial portal. In particular,
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all the entities are first registered in the mapping table. Then, a default schema page is generated

for each tuple in the table according to the entity type stored in the table. Next, all these schema

pages are written in a single file, which is then bulk-loaded into the database supporting the wiki

system, without utilizing the interface of the system.

The set of all wiki pages generated as above constitutes the initial portal W . The next section

discusses how users can contribute to this portal.

4.4 Managing User Contributions

In this section we discuss what users can edit and how to process those edits.

4.4.1 What Can Users Edit?

Consider a user U editing a wiki page W . We allow U to edit both text and structured data of

W . Editing text is trivial. Editing structured data of W means U can modify or delete s-slots, or

insert new ones.

In modifying an s-slot s =<#p = v#>, U can modify the attribute path p as well as value v,

but is not allowed to modify the formatting characters (e.g., <#, =, and #>). If U were to do so,

then the parser would fail to recognize the s-slot, and hence would interpret the modified s-slot as

text, not structured data.

Let V be the underlying view of W . Conceptually, editing structured data of W means editing

one or a combination of the following components: the data of V , the schema of V , the data of G,

and the schema of G (denoted Vd, Vs, Gd, Gs, respectively).

In traditional settings such as RDBMS, ordinary users can only edit view data and thus also the

underlying relational database data. This maps to editing Vd and Gd in our case. Should we also

allow users to edit Vs and Gs? We decided to allow these actions, because there is often a natural

need to do so. For example, a user U may naturally want to modify W so that it no longer displays

emails. To do this, U must modify Vs. U cannot modify Vd because this would mean removing

certain emails from G, not the desired effect. As another example, a user U may naturally want to
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add to an entity e (described in W ) a new attribute a that has not existed so far in the portal. To do

this, U must modify both Gs and Vs.

The next question then is: what is the best way to allow users to modify Vs and Gs? A possible

option is to expose these schemas in wiki pages, for users to edit. For example, we can expose Vs

in a wiki page Ws. Then when U edits W , we interpret such edits as editing Vd, and when U edits

Ws, we interpret such edits as editing Vs.

The above option would greatly reduce the ambiguity in interpreting user edits. However,

we decided against it, because we found from experimentation that it is difficult for ordinary,

database-illiterate users to remember this option. In fact, users often are not even aware of the

distinction between data and schema edits. Instead, they appear to prefer to edit only the wiki page

W , then rely on Swiki to assist them in executing the right kind of edit actions.

For these reasons, we allow U to edit only wiki page W , then ask U (in English) to clarify if

he or she intends to edit the data or the schema. In what follows we discuss this process in detail.

4.4.2 Infer and Execute Structured Edits

Suppose user U has edited wiki page W into W �. Then we can parse W � to extract a text

portion T � and a structured data portion D�. The text portion can immediately be stored in a text

database T (see Figure 4.2). The structured data portion D� consists of all s-slots in W .

Next, we can merge all s-slots in D� together to obtain an ER graph that we will refer to as V �
d .

Given that each s-slot maps uniquely into an attribute in the ER graph G, the merging process is

relatively straightforward, and hence will not be discussed further, for lack of space. Our problem

now is: given V �
d , infer what actions user U intends to execute on Vd, Vs, Gd, Gs, then execute those

actions.

Basic Relational and ER Actions: To solve the above problem, we first define a set of basic

actions that U can execute over Vd, Vs, Gd, Gs. For example, basic actions on Vd include modifying

the value of an entity or relation attribute, and deleting an entity. Basic actions on Vs include

inserting a new entity and deleting an attribute of a relationship. We have implemented each basic

action as a program over the temporal relational database that stores G. The complete sets of
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Actions on Vd Actions on Vs Actions on Gd Actions on Gs

a1 Modify an entity attribute value Insert an entity attribute Modify an entity attribute value Create an entity attribute

a2 Modify a relation attribute value Insert a relation attribute Modify a relation attribute value Create a relation attribute

a3 Insert an entity attribute Insert an entity Insert an entity attribute Create an entity type

a4 Insert a relation attribute Insert a relation Insert a relation attribute Create a relation type

a5 Insert an entity Delete an entity attribute Insert an entity Drop an entity attribute

a6 Insert a relation Delete a relation attribute Insert a relation Drop a relation attribute

a7 Delete an entity attribute Delete an entity Delete an entity attribute Delete an entity type

a8 Delete a relation attribute Delete a relation Delete a relation attribute Delete a relation type

a9 Delete an entity Delete an entity

a10 Delete a relation Delete a relation

Table 4.1: Basic relational actions on Vd, Vs, Gd and Gs

basic actions on Vd, Vs, Gd and Gs are given in Table 4.1. Appendix A give their implementations.

Abusing notation, we will refer to these basic actions as basic relational actions, to distinguish

them from the basic ER actions that we will introduce soon below.

Now given V �
d , we must infer the sequence of basic relational actions that we believe user U

intends to execute. To do this in a manageable fashion, we introduce an intermediate user interface:

the ER interface. This interface would display an ER data graph (e.g., Vd) in a graphical fashion,

and allow users to execute a number of basic ER actions, such as modifying a node or an edge,

deleting a node, etc.

The first column of Table 4.2 lists the ten basic ER actions we have defined. We have imple-

mented each ER action as a sequence of relational actions. For example, action a1 (see the table)

translates into the sole relational action that modifies the value of an entity attribute (in both Vd and

Gd).

However, it turns out that an ER action can be ambiguous, in that it can map into different se-

quences of relational actions, depending on the user intention, as the following example illustrates:

Example 4.5 Suppose a user U applies action a8 (see Table 4.2) to delete an attribute x of, say,

a person entity e in an ER graph, e.g., Vd. Then U may mean to delete x from (a) Vs, i.e., do not

display x in view V , or (b) Gd, thus declaring that entity e does not have attribute x, or (c) Gs, thus

declaring that attribute x does not exist for person (the entity type of e).
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Basic ER Actions Vd Vs Gd Gs

a1: Modify attribute value � �
a2: Insert an existing attribute � � opt.
a3: Insert a new attribute � � � �
a4: Insert an existing entity � � opt.
a5: Insert a new entity � � � �
a6: Insert an existing relationship � � opt.
a7: Insert a new relationship � � � �
a8: Delete an attribute � � opt. opt.
a9: Delete an entity � � opt. opt.
a10: Delete a relationship � � opt. opt.

Table 4.2: Basic ER actions

Since we do not know U ’s intention, if U executes action a8, then we first ask U (in an English

phrase) to choose among options (a)-(c) in the above example. Next, we translate a8 into the

appropriate sequence of relational actions, depending on U ’s answer. For example, if U chooses

option (c), then the sequence of relational actions is: delete x from Vs, delete x from Gd, delete x

from Gs.

For each ER action, Columns 2-5 of Table 4.2 show which components (Vd, Vs, etc.) that

the action may modify (“opt.” means “optional”, depending on external conditions such as user

intentions).

Mapping User Edits into Sequence of Basic Actions: With the introduction of the ER interface,

our problem can be recast as follows. When user U edits the structured data portion of wiki page

W , we view it to be equivalent to U editing the ER graph Vd in the ER interface, using basic ER

actions. We do not know what basic ER actions U executes. But we do know the end result, which

is the ER graph V �
d , as described earlier.

Thus, in this perspective, U has executed a sequence SER of basic ER actions on the original

ER graph Vd, transforming it into a new ER graph V �
d . Our task then is to “reverse engineer” SER,

by comparing Vd with V �
d , then execute SER. Figure 4.9 shows the pseudo code of our current

algorithm to reverse engineer SER.
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Input: Data graphs Vd and V �
d . Vd=(E, R, A), V �

d=(E�, R�, A�),
where E, E� are sets of entity instances, R, R� are sets of
relationship instances, and A, A� are sets of attributes.

Output: Sequence of GUI actions SER.

1. FOR each entity instance e ∈ E� − E DO
2. IF entity type exists THEN append a4 to SER;
3. ELSE append a5 to SER;
4. FOR each relationship instance r ∈ R� −R DO
5. IF relationship type exists THEN append a6 to SER;
6. ELSE append a7 to SER;
7. FOR each attribute a ∈ A� −A DO
8. IF attribute type exists THEN append a2 to SER;
9. ELSE append a3 to SER;

10. FOR each attribute a ∈ A−A� DO
11. append a8 to SER;
12. FOR each relationship instance r ∈ R−R� DO
13. append a10 to SER;
14. FOR each entity instance e ∈ E − E� DO
15. append a9 to SER;
16. FOR each attribute a ∈ A ∩A� DO
17. IF it has the same value in Vd and V �

d THEN append a1 to SER;
18. Return SER;

Figure 4.9: Generating SER from Vd and V �
d

To “push” the structured edits of U into the database G, we then execute the actions of SER

sequentially. Recall that each such action is a basic ER action (see Table 4.2), which can be am-

biguous. If this happens, recall also that we resolve the problem by asking user U a disambiguating

question. We then execute each basic ER action by executing the sequence of relational actions

that it maps to, as described earlier.

A minor problem is that SER is not unique. Given any two Vd and V �
d , multiple sequences of

actions SER may exist that all transform Vd into V �
d . Fortunately they all have the same effect, as

this theorem shows:

Theorem 4.6 Let S1, . . . ,Sk be all sequences of basic ER actions that transform a Vd into a V �
d .

Then when executing any Si, the set of questions we pose to user U will be the same for all i. If

U gives the same answers to these questions, then executing any Si, i ∈ [1, k], results in the same

Vd, Vs, Gd and Gs.
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4.4.3 Propagate Structured Edits

Let W1 and W2 be two wiki pages that describe two researchers A and B, respectively. Suppose

A and B share one publication p. So p appears in both W1 and W2. Now suppose that a user U has

edited p in W1. When should we update p in W2? In general, once a user has edited the structured

data portion of a wiki page W , how should we propagate this edit to other pages?

A solution is to immediately refresh other pages, e.g., page W2 in the above example. We

call this eager propagation. This solution ensures timely updates of pages, but can raise tricky

concurrency control issues. Hence, we adopt a lazy propagation approach, where we refresh a

page, say W2, only when a user requests the page again. At that moment, we rematerialize the

page from the structured database G and the text database T . Section 4.6 empirically shows that

we can refresh pages on the fly quickly, in a few seconds, thus making this lazy approach a practical

solution.

4.5 Managing Multiple Users and Machine

For completeness we will briefly touch on the key problems of managing multiple users and

machines as they contribute to the portal.

First, we must manage concurrent editing of a wiki page by multiple users, or concurrent

editing of some structured data pieces (e.g., a paper) that appear in multiple wiki pages. In this

work we employ the optimistic concurrency control scheme of Wikipedia for this purpose.

Next, we must detect and remove malicious users. To do this, we employ a hierarchy of users,

reminiscent to the Wikipedia solution for the same problem. Specifically, we require users log in

to edit, and employ a set of editors whose job is to monitor most active wiki pages.

Finally, if a user U has modified a data item X , can machine M overwrite U ’s modification,

and if so, then when? Our current solution allows M to overwrite U ’s data only for certain pre-

specified data types (e.g., certain attributes of person), if M is sufficiently confident in its data.

For all other data types, we do not allow M to overwrite U ’s modification, but allow it to add a

suggestion next to U ’s modifications, in parentheses, e.g., “age is 45 (according to M , age is 47)”.
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4.6 Empirical Evaluation

To evaluate Swiki, we have been applying it to build a wikipedia-like portal for the database

community (see [1] for the current portal, still under continuous development). We now report on

preliminary experiments with this portal, which demonstrate the potentials of Swiki and suggest

research opportunities.

Building an Initial Portal: We began by employing DBLife as machine M (see Section 4.3). It

took a two-person team four weeks to develop DBLife from scratch. DBLife was first deployed on

May of 2005, and has been on “auto pilot” since, requiring only about one hour of maintenance

per month (for more details, see [35]). Each day DBLife crawls 10,000+ database research related

data sources, extracts and integrates the data, to generate a daily ER data graph.

We used one such daily ER data graph A (98M of XML data) to initialize the structured

database G. G’s schema has five entities and nine relationships, and G’s data contains 164,043

entity instances and 558,260 relation instances, for a total size of 413M. This size is greater than

the ER data graph size of 98M due to the extra space needed to store temporal information. It took

216 seconds to load A into G, and 183 minutes to generate and store all wiki pages (164,043 pages

for entities). These results suggest that we can create moderate-size initial portals (a one-time task)

with relatively little efforts.

Next, we wanted to know if the initial portal can be maintained efficiently, assuming no user

contributions yet. We found that over 10 days, as DBLife contributed data to the structured database

G, G’s size increased from 413M to 600M. This was somewhat surprising, because DBLife data

should not have changed so much over 10 days. Upon a closer inspection, we found that the

confidence scores of most relation instances in G (e.g., person X is related to person Y with score

.8) were changed by DBLife everyday, due to the changing raw data (retrieved by DBLife). Hence,

the confidence scores of most relation instances in G were updated everyday, leading to a rapid

growth in G’s size (recall that G is a temporal database that does not allow update in place, hence

changes are added to G). Once we disallowed updating confidence scores, then G grew very

slowly (by less than 5M). Thus, this experiment suggests that the current design of G is efficient



73

0.0
2.0
4.0
6.0
8.0

10.0
12.0
14.0

10 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750

Page size (# of s-slots)

R
es

po
ns

e 
tim

e 
(s

ec
) Page request

0.0%
10.0%

20.0%
30.0%
40.0%
50.0%

60.0%
70.0%

10 20 30 40 50 100 200 300 400
Page size (# of s-slots)

Pe
rc

en
t o

f a
ll 

pa
ge

s  Page size distribution

(a)

(b)

Figure 4.10: Time to request a wiki page and distribution of page size.

for maintaining all aspects of the initial portal over time, except for confidence/uncertainty scores.

It is thus useful to examine how to modify the temporal design of G to efficiently accommodate

frequent changes in uncertainty scores.

Expressive Power of the S-Slot Wiki Language: In the current DBLife system, each user

superhomepage is a structured view V over the underlying structured database. We found that the

s-slot wiki language (Section 4.3.3) was sufficiently powerful to enable us to express all structured

data pieces in such views in wiki pages, except two types of data pieces: top-k and aggregate. A

top-k data piece is technically a view that lists the top k items of a ranked list, e.g., the top three

authors, cited papers, etc. An aggregate data piece is an aggregate view such as the total number

of papers per author, or the total number of citations.

We found that top-k and aggregate views also appear in many other structured Web portals.

Thus, any future attempt to extend wiki languages with structured constructs must address the

problem of expressing such views. The challenge then is how to efficiently update such views.

Efficiencies of User Interaction: In the next step, we examined how fast users can interact with

the portal. Figure 4.10.a shows the time it takes from when a user requests a page W until when W

is served. Note that to ensure freshness, we materialize W on the fly, from the underlying structured
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Type of edits 5 edits 10 edits 15 edits 20 edits 25 edits

modification 0.258 0.266 0.275 0.283 0.291

insertion 1.041 1.314 1.583 1.826 2.115

deletion 1.012 1.122 1.253 1.363 1.483

Type of edits 5 edits 10 edits 15 edits 20 edits 25 edits

modification 1.183 1.209 1.231 1.247 1.266

insertion 1.971 2.214 2.436 2.662 2.855

deletion 1.615 1.633 1.649 1.665 1.681

# of s-slots = 52     time in sec

# of s-slots = 196    time in sec

Figure 4.11: Time to process user edits on a wiki page.

database G and text database T (Section 4.4.3). Hence, it is critical that such materialization can

be done quickly, to ensure real-time user interaction.

The results show that request time increases linearly w.r.t. page size, measured in the number

of s-slots in the page, and stays small, e.g., under 2 seconds for page sizes up to 150. Figure 4.10.b

shows that the vast majority of current pages have a size under 50 (the first five bars of the figure),

and thus incur under 1 second request time. This result suggests that we can materialize wiki pages

quickly, and that the lazy update approach (Section 4.4.3) can work well in practice.

Since processing user edits requires us to translate these edits across different user interfaces

and then to invoke the underlying relational database, we wanted to know if it can be done effi-

ciently. Figure 4.11 shows the time it takes from when a user submits his/her edits until when the

edits have been processed, i.e., updates on Vs, Vd, Gs, Gd, if any, have been carried out. This time

does not include the time users spent answering disambiguating questions (Section 4.4.2). The top

table of the figure shows edit times over a wiki page with 52 s-slots (each time is averaged over 10

runs). Here each edit is a user action that affects a single s-slot.

The bottom table of the figure shows similar edit times, but over a wiki page with 196 s-slots.

In both cases, the results show that the edit times remain small, under 2.2 seconds for the small

wiki page and 2.9 seconds for the large wiki page. This suggests that Swiki can process user edits

efficiently.

Ease of User Interaction: Next, we evaluated how easy it is for users to edit structured data in a

wiki page W . We conducted a preliminary experiment with 6 users, where each user was asked to
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Editing tasks Time (sec) Accuracy

editing a sentence of free text 13.2 (10~21) 100%

modifying a data path 16.4 (10~30) 100%

inserting a data path 52 (30~60) 100%

inserting two bonded data paths 55 (30~85) 100%

inserting a paragraph of data paths 152 (60~240) 100%

deleting data paths 36.6 (15~60) 100%

Figure 4.12: User performance on several editing tasks.

edit a certain item on the HTML representation of W . To do so, they had to go to W , locate and

then edit the appropriate piece of structured data. We measured how long it took them to finish

the given editing tasks and the correctness of the results. For comparison purposes, we also asked

users to edit some free text.

Figure 4.12 shows that 100% correctness was achieved for all the editing tasks. Editing time

is measured from when the edit button is clicked until when the new HTML page is rendered.

Figure 4.12 shows the average and range of recorded editing time over all the users. The results

show that the simplest structured data editing task, modifying a data path (modifying an attribute),

took comparable time to editing a sentence of free text.

Inserting a data path generally involves adding several entities and relationships to the database.

Users need to type a complete legal path. Inserting two bonded data paths is a bit more complex

since users need to make sure that several entities (or relationships) are assigned the same id.

Inserting a paragraph of data paths is probably the most complex task that generally involves

multiple bonded data paths. Specifically, the users were asked to add a publication with a title, an

ordered author list, and the conference, year, page, and citation information. The results show that

the editing time is very reasonable considering the high complexity of the task.

Deletion of data paths would generate some ambiguities since the user may mean to delete

the structured data from the underlying database or just from the wiki page. Thus after the user

clicks the submit button, several questions may be presented as radio buttons to clear the possible

ambiguities. Deleting a single data path or many data paths would take similar amount of time

from the editing point of view. The only difference is the number of questions to ask.
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This experiment is strictly preliminary. But it does suggest that the current solutions may

already be adequate in the sense that users are able to correctly execute the various editing tasks

within a reasonable amount of time.

The experiment also suggests that it may be even easier for users to edit if we introduce some

macro that hide the details of the structured data and make the structured data look clean. This

point was confirmed by the users’ qualitative feedback on how convenient it is to use the system.

On a scale of 1 (least convenient) to 5 (most convenient), the current system scored an average

of 2.5. A typical comment is that while the system is easy to learn and functioning well, it is

verbose. These comments meet our expectations since our goal for the current version focuses

almost exclusively on the adequacy instead of convenience.

In general, as commented in Section 4.3.3, a lesson we learned from our current Swiki expe-

rience is that there is a spectrum of solutions on how structured data can be represented in wiki

pages. Our s-slot solution represents one spectrum end and the natural-language solution (see Sec-

tion 4.3.3) the other. In between we can have solutions that present structured data using, e.g.,

XML formats (in wiki pages).

The key tradeoff factors for these solutions include (a) how easy it is for users to edit, (b) how

easy it is for machines to re-extract structured data, and (c) how easy it is for users to move various

pieces of structured data around, i.e., rearrange them in the wiki page.

The s-slot solution appears best for (b) and (c), and so-so for (a). The natural-language solution

is best for (a), so-so for (c), and difficult for (b). An XML-like solution appears best for (a) and

(b), but so-so for (c). Developing more solutions, evaluating them, and selecting a good one is an

interesting future research direction.

4.7 Summaries

In this chapter, we have described Swiki, an approach that employs both “machines” and hu-

man users to build structured Web portals. This new hybrid machine-human approach can bring

significant benefits. It can achieve broader and deeper coverage, provide more incentives for users

to contribute, and keep the portal more up to date, with less user efforts. We have applied Swiki to
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build a wikipedia-like portal for the database community [1]. We reported on our experience with

this portal that demonstrates the potentials of Swiki and suggests many research opportunities.

Indeed, it is clear that our work here has only scratched the surface of this direction (of com-

bining “machines” and human to build structured wikipedias). Virtually any problem that we have

discussed can be “drilled down” deeper. Example problems include: (a) extending the s-slot wiki

language to handle top-k and aggregate views and studying updating for such views, (b) developing

“macros” that hide the low-level structured constructs to allow users to edit certain structured data

pieces more efficiently, (c) developing efficient eager-update-propagation schemes, (d) developing

better solutions to handle machine updates to data already modified by users, and (e) learning how

to leverage user edits to improve the extraction and integration accuracy of machines.
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Chapter 5

Efficiently Incorporating User Feedback into IE/II Programs

In Chapter 4, we described how to open up a structured Web portal to users for feedback,

and how the portal can automatically interpret user feedback and incorporate it. The solution

was designed for improving the end IE/II results, which are the final outputs of IE/II programs.

Besides the output data, the input and intermediate data of the programs can also benefit from user

feedback. In this chapter, we describe a solution [23] for users to directly provide feedback and

for IE/II programs to automatically incorporate such feedback. Our solution works as follows. A

developer uses hlog, a declarative IE/II language, to write an IE/II program. Next, the developer

writes declarative user feedback rules that specify which parts of the program data (e.g., input,

intermediate, or output data) users can edit, and via which user interfaces. Next, the so-augmented

program is executed, then enters a state of waiting for and incorporating user feedback. Given a

piece of user feedback on a data portion of the program, we show how to automatically propagate

the feedback to the rest of the program, and to seamlessly combine it with prior user feedback.

We describe the syntax and semantics of hlog, a baseline execution strategy, and then various

optimization techniques. Finally, we describe experiments with real-world data that demonstrate

the promise of our solution.

5.1 Introduction

Over the past decade, several declarative IE/II languages, such as UIMA [46], GATE [31],

AQL [77], and xlog [80], have been proposed for writing IE/II programs. These works show

that IE/II programs written in such languages are easier to develop, debug, and maintain than
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those written in procedural languages such as Perl and Java. Many other works then examine

how to optimize programs written in such languages [56, 80, 77], to execute them effectively over

evolving data [24, 25], to make them best-effort [79], to add provenance [19, 55], among others.

IE/II programs have started to make their way into large-scale real-world applications, in both

academic and industrial settings [43].

IE/II programs written in these declarative languages have proven highly promising, but they

still suffer from a glaring limitation: there is no easy way for human users to provide feedback into

the programs. To understand why user feedback is critical, consider DBLife, a real-world IE/II ap-

plication that we have maintained for over the past few years [36]. DBLife regularly crawls a large

set of data sources, extracts and integrates information such as researchers’ names, publications,

and conferences from the crawled Web pages, then exposes the structured information to human

users in the form of a structured Web portal. Since automatic IE and II are inherently imprecise, an

application like this often contains many inaccurate IE/II results, and indeed DBLife does. For ex-

ample, a researcher’s name may be inaccurately extracted, or the system may incorrectly state that

X is chairing conference Y . Being able to flag and correct such mistakes would significantly help

improve the quality of the system. And given that at least 5-10 developers work on the system at

any time (a reasonable-size team for large-scale IE/II applications), the developer team alone can

already provide a considerable amount of feedback. Even more feedback can often be solicited

from the multitude of users of the system, in a Web 2.0 style.

The problem, however, is that there is no easy way to provide such feedback. The current

“modus operandi” is that whenever one of us (developers) finds a mistake (e.g., the name “D.

Miller R” should actually be just “Miller R”), we email a designated developer. If we receive

emails from users about mistakes, we forward them to the designated developer as well. The

“victim” developer then delves into the internals of the IE/II program to locate and correct the

mistake, and then restarts the program to propagate the correction. Needless to say, this developer

soon becomes overwhelmed and resents at having to do all of the mundane work, and this solution

obviously does not scale with the amount of user feedback.
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Chapter 4 studied how to automate the process of user feedback on the output of IE/II programs,

but the solution laid out does not address the problem of incorporating user feedback into the

programs. A better solution then is to provide automatic ways for developers and users alike to

provide feedback on all the pieces of the data that can benefit from feedback. For example, if a

user finds an IE/II mistake in intermediate results, she can report it using a form interface, then the

system can automatically incorporate the report by evaluating the correction submitted and then

propagating the correction to the rest of the program.

This is also the approach we take in this chapter, and our goal is to develop a general and

efficient solution. Our basic idea is as follows. After writing an IE/II program, the developer writes

a set of declarative user feedback rules to specify which data portions D of the program (e.g., input

data, intermediate data, or output data) users can edit1, via which user interfaces (UIs). Then when

executing the program for the first time, the system materializes and exposes D via these UIs.

Given a user edit, the system updates D, propagates the update to the rest of the program, then

waits for the next user edit. The following tiny example illustrates the above idea.

Example 5.1 Suppose the developer wants to crawl the set of data sources listed in Table data-

Sources of Figure 5.1.a to discover research talks. Then the developer may start by writing a

program in a declarative IE/II language. Figure 5.1.b shows such a sample program in the xlog

language (see Section 5.2.1 for details). Roughly speaking, this program crawls the data sources

(each to the specified crawl depth) to obtain a set of Web pages (in relation webPages(p); see Rule

R1). Next, it extracts titles and abstracts from the Web pages (Rules R2 and R3, respectively).

Finally, it outputs only those (title,abstract) pairs where the title appears immediately before the

abstract (Rule R4).

Next, the developer may write a set of user feedback rules, such as Rules R5−R7 in Fig-

ure 5.1.c. Rule R5 creates a view dataSourcesForUserFeedback(url,crawl-depth) from Table

dataSources(url,crawl-depth,date), then exposes this view via a spreadsheet UI for users to edit.

Note that this view does not allow users to edit data sources added to the system before 1/1/2009

(e.g., because those data sources have been vetted by the developers). Note also that users can
1Henceforth we use “users” to refer to both developers and system users.
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2http://www.eecs.umich.edu/db/ 
5http://www.sigmod09.org/

3http://www.cs.wisc.edu/~dbgroup/

2http://infolab.stanford.edu/

dateurl

2http://www.eecs.umich.edu/db/ 
5http://www.sigmod09.org/

3http://www.cs.wisc.edu/~dbgroup/

2http://infolab.stanford.edu/

dateurl

… …

crawl-depth

…

04/01/2008

06/30/2008
02/10/2009

03/15/2009
… …

crawl-depth

…

04/01/2008

06/30/2008
02/10/2009

03/15/2009

dataSources webPages(p) :− dataSources(url, craw-depth, date), crawl(url, crawl-depth, p)
titles(title, p) :− webPages(p), extractTitle(p, title)
abstracts(abstract, p):− webPages(p), extractAbstract(p, abstract)
talks(title, abstract) :− titles(title, p), abstracts(abstract, p), immBefore(title, abstract)

R1:
R2:
R3:
R4:

webPages(p) :− dataSources(url, craw-depth, date), crawl(url, crawl-depth, p)
titles(title, p) :− webPages(p), extractTitle(p, title)
abstracts(abstract, p):− webPages(p), extractAbstract(p, abstract)
talks(title, abstract) :− titles(title, p), abstracts(abstract, p), immBefore(title, abstract)

R1:
R2:
R3:
R4:

(a)

(c)

(b)

(d)

dataSources(url,crawl-depth,date)

extractAbstract(p,abstract)

crawl(url,crawl-depth,p)

extractTitle(p,title)

p

σimmBefore(title,abstract)

url crawl-depth date
… … …

title  abstract
… …

title   p
… …

dataSources(url,crawl-depth,date)

extractAbstract(p,abstract)

crawl(url,crawl-depth,p)

extractTitle(p,title)

p

σimmBefore(title,abstract)

url crawl-depth date
… … …
url crawl-depth date
… … …

title  abstract
… …
title  abstract
… …

title   p
… …
title   p
… …dataSourcesForUserFeedback(url, crawl-depth)#spreadsheet-UI 

:− dataSources(url, crawl-depth, date), date >= “01/01/2009”

titlesForUserFeedback(title, p#no-edit)#form-UI :− titles(title, p) 

talksForUserFeedback(title, abstract)#form-UI :− talks(title, abstract)

R5:

R6:

R7:

dataSourcesForUserFeedback(url, crawl-depth)#spreadsheet-UI 
:− dataSources(url, crawl-depth, date), date >= “01/01/2009”

titlesForUserFeedback(title, p#no-edit)#form-UI :− titles(title, p) 

talksForUserFeedback(title, abstract)#form-UI :− talks(title, abstract)

R5:

R6:

R7:

Figure 5.1: An illustration of our approach: given the set of data sources in (a), a developer U
writes the IE/II program P in (b) to extract titles and abstracts of talks from the data
sources; next U writes the user feedback rules in (c) to specify which parts of P users
can edit and via which UIs; the system then executes P and exposes the specified data
portions for users to edit, as shown in (d).

easily add new data sources by adding new tuples to the view. Similarly, Rules R6 and R7 allow

users to edit titles and (title,abstract) pairs, respectively, using a form UI. Here, notation p#no-edit

in Rule R6 states that p (i.e., the Web page in which a title appears) can be inspected but not edited

by users.

The system now proceeds to execute the program for the first time. Conceptually, it compiles

the program into the execution plan in Figure 5.1.d, then evaluates this plan “bottom up”, in a

fashion similar to evaluating relational execution plans [80] (see also Section 5.2.3). During the

evaluation, the system also materializes and exposes the views specified by Rules R5 −R7 via the

appropriate UIs, for subsequent user feedback (see Figure 5.1.d).

After the initial execution, the system then enters a loop of obtaining and incorporating user

feedback. For example, after a user has modified the crawl depth of a url in the view dataSources-

ForUserFeedback(url,crawl-depth), the system would modify the base table dataSources(url,crawl-

depth, date) accordingly, then propagate this modification by re-evaluating the execution plan. It

then waits for the next user feedback, and so on.
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As described, the above approach provides an automatic way to incorporate user feedback.

Users can now provide feedback directly to the system instead of waiting for developers to manu-

ally incorporate it. Realizing this approach, however, raises many challenges. In this chapter, we

identify these challenges and provide initial solutions.

We begin by considering how to model IE/II programs and user feedback, and how to incorpo-

rate such feedback. To address these issues, we develop hlog, a declarative language for writing

“user feedback aware” IE/II programs (such as the one in Figure 5.1). hlog builds on xlog [80],

and thus can be viewed as a Datalog extension, equipped with declarative user feedback rules.

Incorporating user feedback into hlog programs turned out to be quite tricky. To see why, consider

again the program in Figure 5.1.b. Suppose a user U1 has deleted a tuple (t, a) from the output

table talks. Suppose later a user U2 inserts a new data source tuple (u, c, d) into the input table

dataSources. Consequently, we re-execute the program to propagate U2’s update from table data-

Sources to table talks. A straightforward re-execution however will re-introduce the deleted tuple

(t, a), “wiping out” the update of U1. Furthermore, what if when processing the new data source

tuple (u, c, d), the program discovers the same talk (t, a)? Should we keep this tuple, or delete it

according to U1’s feedback? To address these problems, we develop a provenance-based solution

for interpreting and incorporating user feedback.

After defining the syntax and semantics of hlog, we develop a baseline solution for executing

hlog programs. We show how to store and manipulate tuple provenances, as well as user feed-

back. We discuss in particular the trade-offs between maximizing the amount of user feedback

incorporated into a program and minimizing its execution time.

Finally, we develop a set of optimization techniques to speed up the baseline solution for exe-

cuting hlog programs. First we examine how to execute such programs incrementally, after each

user feedback. Incrementally updating relational operators (e.g., σ, π and ��) has been studied

extensively (see the related work section). Incrementally updating IE/II operators is more difficult,

due to their “blackbox” nature. To address this problem, we identify a set of incremental properties

that the developer can use to characterize IE/II operators. Once the developer has identified such

properties, we can automatically construct incremental update versions for these operators.
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The second set of optimization techniques that we develop concerns concurrency control. Mul-

tiple users may happen to view and update the exposed program data at the same time. To ensure

the consistency of the program data, we need to enforce concurrency control (CC). To do that,

we could require developers to force all data and IE/II computation into an RDBMS and use its

CC capabilities. In practice, however, developers usually choose not to do so (at least not today)

for ease-of-development or various performance reasons. Hence we seek to develop CC solutions

outside RDBMS. In this chapter, we show how to explore the graph structure of an IE/II program

to design efficient CC mechanisms.

In summary, we make the following contributions:

• Introduce the problem of allowing users to edit the data in an IE/II program to improve the

quality of the program results.

• Develop a declarative language (hlog) with well-defined semantics that allows developers to

quickly write IE/II programs with the capabilities of incorporating user feedback.

• Develop a solution to execute programs written in hlog.

• Propose optimization techniques for enhancing the performance of IE/II programs in terms

of runtime and concurrency degree.

• Conduct extensive experiments over real-world data that demonstrate the promise of the

proposed approach.

5.2 Syntax and Semantics

In this section we describe the syntax and semantics of hlog, our proposed declarative language

to write “user feedback aware” IE/II programs. We first describe xlog, a recently developed Data-

log variant for writing declarative IE programs [80], then build on it to describe hlog. For ease of

exposition, we will focus on IE programs, deferring the discussion of II aspects to Section 5.2.4.
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5.2.1 The xlog Language

We now briefly describe xlog (see [80] for more details). Like in traditional Datalog, an xlog

program P consists of multiple rules. Each rule is of the form p :– q1, · · · , qn, where p and qi are

predicates, p is the head of the rule, and qi’s form the body. Each predicate in a rule is associated

with a relational table. A predicate is extensional if its table is provided to program P , and is

intensional if its table must be computed using rules in P .

Language xlog extends Datalog by supporting procedural predicates (p-predicates) and func-

tions (p-functions), as real-world IE often involves complex text manipulations that are commonly

implemented as procedural programs. A p-predicate p is of the form p(a1, · · · , an, b1, · · · , bm),

where ai and bj are variables. Predicate p is associated with a procedure g (e.g., written in Java or

Perl) that takes as input a tuple (u1, · · · , un), where ui is bound to ai, i ∈ [1, n], and produces as

output a set of tuples (u1, · · · , un, v1, · · · , vm). A p-function f(a1, · · · , an) takes as input a tuple

(u1, · · · , un) and returns a scalar value. The current version of xlog does not yet support recursion

nor negation.

Example 5.2 Figure 5.1.b shows an xlog program P with four rules R1 − R4 that finds talks

from a set of data sources. P has one extensional predicate (dataSources), four intensional predi-

cates (webPages, titles, abstracts, and talks), three p-predicates (crawl, extractTitle, and extractAb-

stract), and one p-function (immBefore).

The p-predicate crawl(url,crawl-depth,p) for example takes as input a url u and a crawl depth

d (e.g., 3), crawls u to the specified depth, then returns all tuples (u, d, p) where p is a page found

while crawling u. As another example, the p-function immBefore(title,abstract) returns true only

if the input title appears immediately before the input abstract.

The output of an xlog program P is then the relation computed for a designated head predicate,

as illustrated in the following example:

Example 5.3 Consider again program P in Figure 5.1.b with talks being the designated head

predicate. Conceptually, for each url in dataSources, P applies the (procedure associated with)
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crawl predicate to crawl that url to a pre-specified depth. This yields a set of Web pages p (see

Rule R1). Next, P applies the extractTitle predicate to each Web page p to extract talk titles

(Rule R2). Similarly, P applies extractAbstract to extract talk abstracts (Rule R3). Finally, P

applies immBefore to each pair of title and abstract and outputs only those pairs where immBefore

evaluates to true (Rule R4).

5.2.2 The hlog Language: Syntax

We now describe hlog. To write an hlog program, a developer U starts by writing a set of

IE rules that describes how to perform the desired IE task. These rules form an xlog program P .

U then writes a set of user feedback rules, or UF rules for short, that describes how to provide

feedback to the data of program P .

The data of P falls into three groups, input, intermediate, and output data, as captured in the ta-

bles of the extensional, intensional, and head predicates, respectively. Today many IE applications

allow editing only the input and output data. We found however that editing certain intermediate

data can also be highly beneficial, because correcting an error early can drastically improve IE

accuracy “down the road”.

Furthermore, the boundary between intermediate and output data is often blurred. Consider

for instance an IE program that extracts entities from text, discovers relations among entities, then

outputs both entities and relations as the final results. Here entities are both intermediate results

(since the program builds on them to discover relations) and final results. Clearly, correcting the

entities can significantly improve the subsequent relation discovery process.

Consequently, in hlog we allow users to edit all three groups of data, that is, the extensional,

intensional, and head predicates. Suppose U has decided to let users edit such a predicate p. Then

U writes a UF rule of the form

v#w :– p, q1, · · · , qn.

This rule specifies a view v :– p, q1, · · · , qn over p, so that users can only inspect and edit p’s

data via the view v. Here each qi is a built-in predicate “a op b”, where a is an attribute of p,

op is a primitive operator (e.g., “=”, “>”), and b is an attribute of p or a constant. As such, v



86

is a combination of selections and projections over p. In this work we consider only such views

because they are updatable: user edits over them can be unambiguously and efficiently translated

into edits over p.

Using the notation v#w, the UF rule also specifies that users can edit view v via a user interface

(UI) w. We assume that the system has been equipped with a set of UIs (e.g., spreadsheet, form,

wiki, and graphical), and that w comes from this set. Formally, we define a user interface w as a

pair �fout, fin�, where fout is a function that renders the data of a view v into the format that w can

display, and fin is a function that translates actions users perform on w into operations (queries and

updates) over v. Consider the spreadsheet interface for example. Here the fout function converts

view data into a spreadsheet file that the interface can read and display. The fin function then

translates user actions, such as deleting a row from a spreadsheet, into view updates, such as

deleting a tuple from v. We discuss user actions in more detail in Section 5.2.3.2.

Example 5.4 UF rule R5 in Figure 5.1.c specifies view dataSourcesForUserFeedback over predi-

cate dataSources. The view allows users to edit only data sources added to the system on or after

1/1/2009 (e.g., possibly because all data sources added earlier have been vetted by the developer),

via a spreadsheet UI. UF rule R6 allows users to edit extracted titles via a form UI. Here p#no-edit

means that users can inspect but cannot edit the url p.

5.2.3 The hlog Language: Semantics

In the following, we first describe a baseline semantics that is straightforward but fails to incor-

porate previous user feedback. Then we describe a better semantics that removes this limitation.

5.2.3.1 Baseline hlog Semantics

Recall from the introduction that after developer U has written an hlog program P , the system

executes P for the first time, materializing and exposing certain data portions D of P for user edits.

It then enters a loop of waiting for and processing user feedback. In what follows we describe these

steps in detail.
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Initial Execution: Given an hlog program P , first we compile the xlog portion of P (i.e.,

the IE rules) into an execution plan G. We omit the details of this compilation; see [80] for a

complete description. Since the current version of xlog does not yet support recursion nor negation,

the execution plan G can be viewed as a directed acyclic graph (DAG), with “leaf nodes” at the

bottom and a “root node” at the top. Figure 5.2 shows a sample execution plan (reproduced from

Figure 5.1.d) for the xlog program in Figures 5.1.b. Note that the internal nodes of such a plan are

either relational or (procedural) IE operators.

dataSources(url,crawl-depth,date)

extractAbstract(p,abstract)

crawl(url,crawl-depth,p)

extractTitle(p,title)

p

σimmBefore(title,abstract)

url crawl-depth date
… … …

title  abstract
… …

title   p
… …

dataSources(url,crawl-depth,date)

extractAbstract(p,abstract)

crawl(url,crawl-depth,p)

extractTitle(p,title)

p

σimmBefore(title,abstract)

url crawl-depth date
… … …
url crawl-depth date
… … …

title  abstract
… …
title  abstract
… …

title   p
… …
title   p
… …

Figure 5.2: Execution graph of the hlog program in Figures 5.1.b-c, as reproduced from Fig-
ure 5.1.d.

Next, we evaluate the execution plan G in a “bottom up” fashion, starting with the leaf nodes.

During the evaluation we materialize and expose certain data portions D of P via certain UIs.

Specifically, if the hlog program P contains a UF rule that involves view v over predicate p and

UI w, we materialize the data of p and the data of v, and then expose the data of v via UI w. Note

that this differs from a traditional xlog (or RDBMS) execution, where intermediate data typically

is not materialized (unless for optimization purposes). Here, we must materialize the data of p and

v so that later we can incorporate user feedback. Figure 5.2 shows how the data of three predicates

has been materialized and exposed, according to the UF rules R5−R7 in Figure 5.1.c.
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Loop of Waiting for and Processing User Feedback: After the initial execution, we enter a

loop of waiting for and processing user feedback. Suppose a user performs an update M over

a view v (e.g., modifying, inserting, or deleting a tuple; see Section 5.2.3.2). Then we translate

this update M over view v into an update N over the “base” predicate p. In the next step, we

start a user feedback transaction, or transaction for short. This transaction performs the update

N on the (materialized) data of p. Next, it propagates the update “up” the execution graph G.

That is, suppose the data from p is part of the input to an operator q of G, then we re-execute

q with the newly revised p. Next we re-execute operators that depend on q, and so on. The

transaction terminates after we have re-executed the root-node operator. We then wait for the next

user transaction, and so on.

It is important to note that we consider propagating a user update only up the execution graph.

Propagating update down the execution graph would require being able to “reverse” the input-

output of IE blackboxes (i.e., given an output, compute the input). We believe requiring IE black-

boxes to be “invertible” may be too strong a requirement.

Since multiple users may provide feedback at the same time, we need a way to enforce concur-

rent execution of the user transactions. To do that, we could require developers to force all data and

IE/II computation into an RDBMS and use its CC capabilities. In practice, however, developers

usually choose not to do so (at least not today) for ease-of-development or various performance

reasons. Hence we seek to develop CC solutions outside RDBMS. For now, we adopt a simple CC

solution: a user transaction T will x-lock the whole execution graph at the start (of its execution)

and unlock the graph after the finish. Call this solution graph-locking. (See Section 5.4 for more

efficient CC solutions.)

Let T = {T1, T2, . . . , Tn} be a set of user transactions started and finished during the time

period [x, y]. It is easy to see that the above algorithm guarantees a serial execution of the trans-

actions. Hence, at the end of the time period, the final output of graph G (i.e., the output of the

root operation) incorporates all user updates encoded in T , in some serial order. This semantics is

well defined. However, its notion of incorporating user updates is severely limited, in that it often

clobbers previous user feedback: when an operator p in the execution graph is re-executed, its new
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output will simply replace the old one; thus any previous user updates over p’s output will be lost.

In the next subsection, we consider how to address this problem.

5.2.3.2 Extending Baseline Semantics to Handle Previous User Feedback

Preliminaries: We start with three preliminaries. First, we observe that any user feedback F in

our framework can be viewed as feedback over the output O of some (relational or IE) operator

p in the execution graph G. (This is always true except when F is over a leaf node of G, that is,

an extensional table. But we can easily handle this by pretending that each extensional table is the

output of some dummy operator.)

Second, to be concrete, we will assume that a user update F (we use “user update” and “user

feedback” interchangeably) can be only one of the followings: deleting a tuple t ∈ O, modifying

a tuple t ∈ O to t�, or inserting a tuple t into O, where O is the output of an operator p. More

complex types of user feedback exist, and our current framework can be extended to deal with

many of these. But we will leave an in-depth examination of this issue as future work.

As a final preliminary, we will develop this subsection assuming that operator p is unary, that

is, it takes as input a single table I . The notions we will develop can be generalized in a straight-

forward fashion to the case where p takes as input a set of tables.

Tuple Provenance: We are now ready to consider how to save user updates on O, and then apply

them when p is re-executed. A simple solution is to save a user update F as an update operation

(e.g., insertion, deletion, or modification), and then apply the operation when p is re-executed. This

solution, however, may incorporate user updates incorrectly, as the following example illustrates.

Example 5.5 Suppose that given input I , p produces output O, and that a user has deleted an

incorrect tuple t from O. Now suppose that we modify input I into I �, and that re-executing p

given I � produces output O�, which consists of a single tuple t. Then using the above solution we

should delete t from O�. But what happens if t is indeed the correct output for p(I �)? In this case

we have incorrectly applied an old user update.
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This example suggests that we should interpret a user update on an output tuple based also on the

provenance of that tuple from the input data. Specifically, suppose p takes as input a single table I

and produces an output table O. Then we define the provenance of a tuple t ∈ O to be the set St

of tuples in I that p used to produce t.

We require that given any input I , p produces not just the output O, but also the provenances

of all tuples in O, such that each tuple t has a unique provenance, that is, a set St in input I . (Note

that there may be multiple sets of input tuples that p can use to produce t; St is the actual set p

used.) If p is a relational operator, then it is relatively easy to modify p to do so. If p is an IE

operator, then it is more difficult, but often do-able, especially for the creator of p. In the worst-

case scenario, we can take the whole input table to be the provenance for each tuple in the output.

(This happens when we have no knowledge about p; thus each input tuple may possibly contribute

to the derivation of each output tuple.)

Interpreting and Incorporating User Updates: Having defined provenance, we can now in-

terpret user update as follows. Suppose a user deletes a tuple t from output O of operator p. Let

St ⊆ I be the provenance of t, and M ⊆ O be the set of tuples whose provenance is St, denoted

as M = p̂(St). Here, p̂(·) is a function over the provenances recorded by p; it takes as input a

provenance S and returns the output tuples that p produced from S.

Let M � be the result obtained after deleting tuple t from M . Then we assume that by deleting

the tuple t from output O, the user means to state that p̂(St), the output tuples that p produced from

St, should really be M �, not M .

Under this interpretation, the above user update can be (conceptually) saved as a tuple (St,M,M �),

and we can incorporate this update in case p is re-executed as follows. Suppose p is re-executed

over a new input I �, and produces output O�. Then we check to see if St is a provenance in I � and

if p̂(St) is M , as recorded by p. If answers to both questions are “yes”, we remove from O� all

tuples in M , and then add to O� all tuples in M �. Otherwise, this update is not applicable to the

new output O�, and thus we do nothing.

We now discuss how to handle other types of user updates. Suppose a user modifies a tuple

t in the output O into t�, then we can interpret, save, and incorporate this modification update in
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a similar fashion. Suppose a user inserts a tuple t, then we ask the user for the provenance of

t. Given the provenance, we can again interpret, save, and incorporate the insertion in the same

manner. If the user does not give the provenance of t, then we create a special provenance S∗, and

use it as the provenance of t. We assume that S∗ appears in any input set I .

The New hlog Semantics: We are now ready to reconsider hlog semantics. In this new semantics,

we redefine the notion of a user feedback transaction. Here, given an update (St,M,M �) on an

output tuple t of an operator, a transaction T first incorporates the update (see the preceding two

paragraphs), and then propagates it up the execution graph, exactly as in Section 5.2.3.1.

However, before propagating the update up the graph, T saves the update (St,M,M �) as a tuple

for operator p so that if a subsequent transaction T � re-executes p, T � can incorporate this update.

Over time, many updates may be saved for p, and they should be saved in their arrival order. When

transaction T � incorporates these updates, it should incorporate them in that order.

As for transaction T itself, whenever it re-executes an operator q (that depends on p in the

execution graph), T checks to see if q has any saved updates, and then incorporates these updates

in their arrival order.

Again, we assume that each user transaction T will x-lock the whole execution graph at the

start (of its execution) and unlock the graph after the finish.

Let T = {T1, T2, . . . , Tn} be a set of user transactions, as defined above, during a time period

[x, y]. It is easy to see that the above graph-locking algorithm guarantees a serial execution of the

transactions. Hence, at the end of the time period, the final output of graph G (i.e., the output of the

root operation) incorporates all user updates encoded in T , in some serial order. Here, the notion

of incorporating user updates is more expressive than that in Section 5.2.3.1, in the sense that a

previous user update is clobbered only if there exists a new user update on the same tuple with the

same provenance.

In the rest of the chapter, we will use the above conceptual algorithm to express the semantics

of hlog.
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Figure 5.3: Example provenance tables for a case where operator p takes as input two tables and
produces as output a table with three tuples.

5.2.4 Extending hlog to Handle II

So far we have introduced hlog as a language for writing IE programs. Since real-world appli-

cations often involve II activities, such as schema matching and de-duplication, developer U also

needs a language to write II programs. Furthermore, since II is often semantics-based, and auto-

matic II techniques are error prone, U also wants to leverage user feedback to improve the quality

of II results.

Consequently, we have extended hlog to support II operations, in the same way that we support

IE operations. Specifically, to create an II operator p, developer U first models it as a p-predicate

or a p-function. Then U implements a procedure g (e.g., in Perl) that carries out the II activity, and

associates p with g. To enable users to provide feedback on p’s results, U writes a user feedback

rule in a way similar to those written for IE predicates.

5.3 Executing hlog Programs

We now describe a baseline solution to execute hlog programs, according to the user update

semantics discussed in Section 5.2.3.2.

Let P be an hlog program. In Section 5.2.3.2, we already discuss a high-level algorithm to

execute P , including the initial execution and the subsequent loop of waiting for and processing

user feedback. In this section, we focus on two most difficult steps of this algorithm: how to store

provenance and how to exploit it to incorporate user feedback. The remaining steps are relatively

straightforward.
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5.3.1 Storing Provenance Data

Let p be an operator that takes as input two tables I1 and I2 and produces as output a table

O. Recall from Section 5.2.3.2 that the provenance R of each tuple t ∈ O is then a pair (S1, S2),

where S1 ⊆ I1 and S2 ⊆ I2. That is, p uses the tuples in S1 and S2 to produce tuple t. Our goal is

to store the provenances of all tuples in O.

Assume that all tuples in I1, I2, and O come with unique IDs (it is relatively easy to modify

p to do so). Then we can store the above provenances in four tables, as illustrated in Figure 5.3.

Table PO stores for each tuple in O the ID of its provenance R. Thus the first row of PO states

that output tuple with tid=1 in O has a provenance with rid=1.

Table PR then stores for each provenance the IDs of its component sets, one for each input

table. The first row of PR states that provenance with rid=1 consists of sets with sid1=1 and

sid2=1. Table PS1 then stores for each component set all of its component tuples. The first row of

PS1 for example states that the set with sid1=1 consists of the two tuples with tids 1 and 3 in the

input I1.

In the case that p takes a single input table, or more than two input tables, we can store its

provenances in a similar fashion. For each operator p whose output is subject to user feedback,

we require p to output provenance tables as described above, after each execution. Whenever a

user updates the output of p, the provenance tables must also be updated, to reflect the user update.

Such updating is relatively straightforward, and we will not describe it further, for space reasons.

5.3.2 Storing and Incorporating User Feedback

Consider an operator p that takes as input a single table. We now use p to describe how we

store and incorporate user feedback. (The algorithm below generalizes in a straightforward fashion

to the case of multiple input tables.)

Suppose when executed for the first time, p takes input I1 and produces output O1, as well as

provenance tables PO1, PR1, and PS1, as illustrated in the left part of Figure 5.4.

Now suppose a user updates a tuple t ∈ O1, with the provenance rid1. Recall from Section

5.2.3.2 that conceptually we should store a user update as (St,M,M �), specifying that when the



94

p

I1

O1
PO1, PR1, PS1

rid1 rid2 rid3rid1 rid2 rid3

S1⊆ I1

p

I2

O2

rid1 rid2

S1⊆ I2

’ ’

PO2, PR2, PS2

Figure 5.4: An example of incorporating user feedback.

value of p̂(St) is M � (i.e., p produces M � from St), we should update M into M �. Here, St is

represented by rid1, and M � is captured inside O1, that is, M � consists of exactly those tuples in

O1 that have provenance rid1. If the value of p̂(St) is always the same (i.e., p̂(St) ≡ M ) regardless

of other input tuples, then as long as we store rid1 and O1, we have effectively stored (St,M,M �).

In this case, we can just store this update as rid1 (after we have updated output table O1 and the

provenance tables appropriately). Most IE/II operators have the property that for any provenance

St, p̂(St) is constant. In the other case, where p̂(St) is not constant, we can store the update as

(rid1,M, u), where u is the update operation on M (i.e., M � = u(M)). In the following, we

assume p̂(St) is constant.

Suppose that two more user updates come in on the output of p, and that we further store these

updates as rid2 and rid3 (see Figure 5.4). In general, then, the set of user updates stored at p is a set

of provenance IDs (together with the latest output table of p). These provenance IDs are unique.

That is, if we have two updates with the same provenance, then the latter will override the former,

and so we only need to store each provenance ID once.

Now suppose a transaction T re-executes p with input I2, and produces output O2, together

with provenance tables PO2, PR2, and PS2 (see the right part of Figure 5.4). Transaction T must

then incorporate user updates rid1, rid2, and rid3 into the output of p.

Consider the first update rid1 (we can process these updates in any order; the end results will

be the same). To incorporate this update, we first use the provenance tables PR1 and PS1 to find

the provenance S1 ⊆ I1 (see Figure 5.4). Next, we check to see if S1 is also a provenance in I2. If

so, then we say that update rid1 is applicable to I2.
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In this case, suppose the provenance ID of S1 in I2 is rid�1 (which can be different from rid1,

see Figure 5.4). Then to incorporate update rid1, we remove from O2 all tuples with provenance

rid�1, then copy into O2 all tuples of O1 with provenance rid1. Note that if update rid1 conceptually

specifies that p(St) must be M � (as discussed earlier), then copying from O1 to O2 in effect sets

the value of p(St) in O2 to be M �.

If S1 is not a provenance in I2, then we say that the update rid1 is not applicable to I2, and we

ignore this update. We proceed in a similar fashion with updates rid2 and rid3.

After we have processed all of these updates, we revise the set of updates stored at operator p.

To do so, we keep all updates that are applicable, but revise their rids, and drop all inapplicable

updates. For example, since update rid1 is applicable, we keep it, and revise its rid to rid�1 (since

we now store I2 and O2, no longer I1 and O1, where rid is a valid rid). Suppose update rid2 is

applicable, then we do the same, and keep the new rid rid�2. Suppose update rid3 is not applicable,

then we will drop it from the set of updates maintained at operator p (see Figure 5.4). In theory, we

can keep the inapplicable updates around, in case later they become applicable. Doing so, however,

would require us to store extra input and output tuples (i.e., the St and M �) for each inapplicable

update. This may take up a significant amount of space over time. Hence, for now we choose not

to keep the inapplicable updates around.

We have thus described an algorithm to process user updates. Only one minor issue remains.

Earlier we state that given a provenance S1 in I1, we must check to see if it is also a provenance

in I2. Checking this by comparing the contents of the tuples is often expensive. We can speed up

this checking using a variety of methods, including incremental ID maintenance, which we will

discuss in Section 5.4.2.

5.4 Optimizing hlog Execution

We now describe several optimization techniques to speed up program execution. First we de-

scribe how to incrementally execute an IE/II operator. Then we describe two concurrency control

methods that exploit the graph structure of an IE/II program to achieve higher degrees of concur-

rency than the whole-graph-locking method in Section 5.2.3.



96

5.4.1 Incremental Execution

In the baseline solution, we execute an operator p from scratch each time. This is inefficient

when only a small amount of p’s input has been changed, and most of p’s output remains the same.

In this section, we describe how to execute an IE/II operator efficiently by incrementally updating

its output. The basic idea is to exploit certain properties of the operator with respect to incremental

update.

Incrementally updating the output of an operator after its input has been changed is not a

new problem. In the relational setting, view maintenance [18, 52] considers a similar problem,

where we would like to incrementally update a materialized view after its input relations have

been changed. As one solution, we can use the distributive property [18] of the basic relational

operators (i.e., σ, π and ��) to derive incremental updates to the view.

If we view an IE/II operator p as a view definition, then the input of p is the set of base relations

in the view definition, and the output of p is the materialized view. However, unlike relational

operators whose semantics are well-understood, the operator p in general is a blackbox, and the

distributive property may not hold on p.

To incrementally execute an IE/II operator, we extend the ideas from relational view mainte-

nance. Instead of using a single property to describe all operators, we introduce a set of fairly

general properties. Although an operator can be a blackbox, we can make it less “black” by allow-

ing the developer to specify which properties hold for the operator. Given these properties, we can

then update the output of the operator incrementally.

In the following, we first present five such properties. Then we provide an algorithm that

exploits these properties to construct incremental versions of an operator automatically.

Incremental-Update Properties: Let p be an operator which takes n tables I1, · · · , In as input,

and outputs table O. Each property below captures some incremental relationship between an input

table Ii ∈ {I1, · · · , In} and output O. For conciseness, we use Ri(S) to denote I1, · · · , In with Ii

replaced by S. That is, Ri(S) = I1, · · · , Ii−1, S, Ii+1, · · · , In.
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Definition 5.6 (Closed-Form Insertion) An operator p is closed-form insertable w.r.t. an input

table Ii if and only if there exists a function f such that for any set ∆I of tuples to be inserted into

Ii, the condition p(Ri(Ii ∪∆I)) = f(Ri(∆I), O) holds.

Definition 5.7 (Closed-Form Deletion) An operator p is closed-form deletable w.r.t. an input

table Ii if and only if there exists a function f such that for any set ∆I of tuples to be deleted from

Ii, the condition p(Ri(Ii −∆I)) = f(Ri(∆I), O) holds.

The two closed-form properties state that instead of executing p over the updated Ii (together

with other input tables) from scratch, we can execute the function f that examines ∆I , which is

often much smaller than Ii, to compute the new output. The function f may invoke p on Ri(∆I).

For example, consider the crawl operator in Figure 5.1.b, which crawls the set of data sources in

table dataSources to find Web pages. If we add new data source tuples into table dataSources, we

can obtain the new output by executing the function f that first crawls the new sources and then

inserts the crawled Web pages into the current output.

To define the next property, we first define the notion of partitioning function. We say a function

f is a partitioning function w.r.t. a table I if and only if f partitions I into k disjoint subsets

{S1, · · · , Sk}, where k > 0, and I =
�k

i=1 Si. Denote the application of f to I as f(I) =

{S1, · · · , Sk}.

Definition 5.8 (Input Partitionability) An operator p is input partitionable w.r.t. an input table

Ii if and only if there exists a partitioning function f on Ii such that

• p(I1, · · · , In) =
�

Sk∈f(Ii) p(Ri(Sk)), and

• f(Ii) is a non-trivial partitioning, in that at least one subset Sj , j ∈ [1, k], is a proper subset

of Ii.

Intuitively, a partitioning function f partitions an input table into disjoint sub-tables. The input

partitionability property implies that the output of an operator on one sub-table is independent of

those of the other sub-tables. That is, if the input table is changed, we can update the output by
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first identifying all the changed sub-tables in the input, applying the operator to them, and then

combining the outputs of these sub-tables with the outputs of those unchanged sub-tables. For

example, consider the operator extractTitle in Rule R2 of Figure 5.1.b, which extracts titles from

Web pages. A simple partitioning function on its input table webPages is to partition the table tuple

by tuple. As a result, the output of the operator over the entire input table is the union of the titles

extracted from each page. Note that extractTitle also has the two closed-form properties above.

As another example, consider a simple IE/II program that discovers people entities from a set

of Web pages. First, the program takes each seed name (e.g., “David Smith”) from a dictionary,

and generates name variants (e.g., “D. Smith” and “Smith, D.”). It then finds the mentions of these

variants in the Web pages. After that, it executes an II operator getPeopleEntities that groups the

obtained mentions by their seed names, and then outputs an entity for each group. The opera-

tor exhibits the input partitionability property where the partitioning function partitions the input

mentions by their seed names. If new mentions are inserted into the input of the operator, we can

incrementally update its output by executing the operator over the partitions that the new mentions

belong to, and then unioning the outputs with those of the other partitions. However, unlike in the

previous example, this operator does not have the closed-form properties.

Definition 5.9 (Partition Correlation) An operator p is partition correlated w.r.t. an input table

Ii if and only if there exists a function f such that for an arbitrary partition �S1,S2� of Ii where

Ii = S1 ∪ S2, the condition p(I1, · · · , In) = p(Ri(S1)) ∪ p(Ri(S2)) ∪ f(Ri(S1), Ri(S2)) holds.

Unlike the input partitionability property where the output of an operator comprises the output

of the operator over each input partition, the partition correlation property captures the cases where

the output also contains results obtained from both partitions. Take a data matching operator p for

example. Suppose that p takes a single table as input. For each pair of input tuples, p outputs their

tuple IDs, together with a score measuring the similarity of the two tuples. Suppose a few more

tuples are now inserted into the input table. For certain types of data matching operator p, we can

incrementally update the output as follows. Let the old input table be partition S1 and the set of

inserted tuples be S2. First, we execute p over S2 to compute p(R1(S2)) = p(S2). Next, we apply
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a function f to S1 and S2. The function computes the similarity score of each pair of tuples, one

from each partition. We then union p(S1), which is the old output O, with p(S2) and f(S1, S2) to

get the new output.

Definition 5.10 (Attribute Independence) Let A be a proper subset of attributes in an input table

Ii, and Ā be the rest of the attributes in Ii. An operator p is independent of Ā in Ii if and only if

given any two instances S1 and S2 of Ii, πA(S1) = πA(S2) ⇒ p(Ri(S1)) = p(Ri(S2)).

Some operators evaluate only a subset of attribute values of an input tuple. In this case, changes

to the unused attributes have no effect on the output of such operators. The attribute independence

property captures this case.

The incremental properties above are operational. Each property implies its own way of incre-

mentally updating the output of an operator. Thus, to incrementally execute an operator p, we need

to know which properties apply to p and for each property, the specific function f that realizes it

(e.g., the function f that satisfies the condition p(Ri(Ii ∪∆I)) = f(Ri(∆I), O) in Definition 5.6).

Given these, we can construct incremental versions of p accordingly.

Property Specification: To allow the developer to specify the incremental-update properties of

an operator p, we extend hlog by adding a language construct “p(Ii):{(type,f)}”. The construct

lists a set of properties that p has with respect to its input table Ii. Each property is specified by a

pair (type, f), where type is the type name of the property, and f is the function that the developer

needs to provide to instantiate the property (see Definitions 5.6-5.10). Here, type can take values

from {ci, cd, ip, pc, ai}. The values in the set stand for closed-form insertion (ci), closed-form

deletion (cd), input partitionability (ip), partition correlation (pc), and attribute independence (ai).

The function f has different forms depending on the type of the property. For example, if type

= ci, then f takes as input (1) a set of tuples inserted into an input table Ii, (2) all the other input

tables, and (3) the old output table, and produces a new output table. If type = ai, then f is the

function that projects out the set of attributes that are irrelevant to the operation of p (See Definition

5.10).
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# f1: crawls pages from the new data sources, and inserts them into webPages
# f2: deletes from webPages the pages crawled from the deleted data sources
P1:        crawl(dataSources) : {(ci, f1), (cd, f2)}
# f3: partitions webPages tuple by tuple
P2:        extractTitle(webPages) : {(ip, f3)}
P3:        extractAbstract(webPages) : {(ip, f3)}

Figure 5.5: An example of incremental-update property specification.

Figure 5.5 shows an example of property specifications for predicates crawl, extractTitle, and

extractAbstract in Figure 5.1.b. In the figure, P1 specifies two closed-form properties for predicate

crawl. (The two properties must be specified in pairs. That is, if the developer U specifies the

closed-form insertion property for an operator p, U must also specify the closed-form deletion

property for p.) The closed-form insertion property, for example, is obtained from the observation

that when new tuples are added to dataSources, we can update table webPages by first crawling

pages from these new sources and then adding them to webPages. Furthermore, P2 and P3 specify

input partitionability properties for predicates extractTitle and extractAbstract. They share the

same partitioning function f3 because table webPages can be partitioned in the same way (i.e.,

tuple by tuple) to satisfy the property for both predicates. Note that the developer does not need

to specify all the applicable properties for an operator. For example, in addition to the closed-

form properties, the operator crawl also has the input partitionability and attribute independence

properties. Instead of specifying all the properties, the developer can specify those that he or she

deems cost-efficient to execute.

Also note that each specification alone enables us to incrementally execute an operator p when

among all the input tables of p, only the one given in specification has been changed. Therefore,

to enable incremental update for any changes to the input of p, the developer needs to specify

properties for each input table of p.

Algorithm: Once the developer has specified incremental properties for an operator p, we can

create incremental versions of p accordingly. Figure 5.6 gives the pseudo-code of the algorithm

that we currently use to realize incremental execution of p for each property specification. Briefly,

the algorithm takes as input the specification, the old input and output tables, and the new input
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table I �i. To compute the new output, the algorithm first computes I+ and I−, the set of tuples

inserted into Ii and the set of tuples deleted from Ii. It then executes the function f given in the

specification to update the old output.

Algorithm: Generic Incremental Update Algorithm
Input: Spec: p(Ii) ← (type, f)

I1, · · · , In – the old input tables of p
I �i – the new value of the ith input table
O – the old output table of p

Output: O� – the new output table
Process:
1. O� = ∅; I+ = I �i − Ii; I− = Ii − I �i;
2. if (type = ip) then
3. {S1:u} = f(Ii); {S�

1:v} = f(I �i);
4. for each P ∈ {S1:u} ∩ {S�

1:v}
5. O� = O� ∪ {output of partition P

in O};
6. for each P ∈ {S�

1:v} − {S1:u}
7. O� = O� ∪ p(Ri(P ));
8. else if (type = ci) then
9. O� = f(Ri(I+), O);
10. else if (type = cd) then
11. O� = f(Ri(I−), O);
12. else if (type = ai) then
13. if (f(I+) �= f(I−)) then
14. O� = p(Ri(I �i));
15. else O� = O;
16. else if (type = pc) then
17. U = p(Ri(I−));
18. O� = O − U − f(Ri(I−), Ri(Ii −

I−));
19. U = p(Ri(I+));
20. O� = O� + U + f(Ri(I+), Ri(Ii −

I−));
21. return O�;

Figure 5.6: Generic incremental update algorithm.
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5.4.2 Incremental ID Maintenance

Consider a single-input operator p. Let I1 and O1 denote its input and output from its previous

execution, and I2 and O2 denote its new input and output. Recall from Section 5.3.2 that to decide

whether a user update F to O1 is applicable to O2, we check whether the provenance R ⊆ I1 of

F is also a provenance in I2. One way to check this is to compare the contents of tuples in R

with those in each provenance of I2. But this is often expensive. If two tuples t ∈ I1 and t� ∈ I2

have the same ID if and only if they have the same content, then we only need to compare R with

each provenance in I2 by their tuple IDs, which is much more efficient. Call such a condition ID

consistency. To ensure this condition, clearly we need to reconcile the tuple IDs whenever the

input table I1 of p has been re-computed to be another input table I2, by some operator q (below p

in the execution graph).

By using incremental update, we can save a lot of ID reconciliation effort. This is because

when we incrementally execute q, the unchanged tuples are retained in the output table of q (which

is the input table I2 discussed above for p). Thus for these tuples, their IDs are consistent (i.e., the

same), and we only need to reconcile IDs for the newly generated output tuples. Specifically, for

each new tuple t, we check whether t is present in the old output. If so, we set t’s ID to be its ID in

the old output. Otherwise, we assign t a new ID, which is guaranteed to be different from that of

any other tuple. Therefore, by leveraging incremental execution, we can maintain ID consistency

incrementally.

The above notion of ID consistency, however, requires the tables to have set semantics, that

is, they cannot contain duplicates. This requirement may not work for certain IE/II operators in

practice. To address this problem, we can employ a more relaxed notion of ID consistency. We say

that tuple IDs are consistent across two tables I1 and I2 if whenever two tuples t1 ∈ I1 and t2 ∈ I2

have the same ID, they are duplicates. This consistency notion is more relaxed in that two tuples

with different IDs can still be duplicates.

Using this relaxed ID consistency notion, when checking whether provenance R ⊆ I1 is also a

provenance of I2, for each tuple t ∈ R, we check for its presence in I2 by first checking if its ID
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appears in I2. Only if we do not find its ID in I2 would we resort to comparing its content against

the content of tuples in I2.

5.4.3 Improved Concurrency Control

The simple graph-locking policy in Section 5.2.3 requires a transaction to exclusively lock the

entire execution graph before it starts. Since a transaction only executes one operator at any time,

exclusively locking the whole graph excludes other transactions from executing other operators.

By exploiting the fact that an execution graph is a DAG, we can design more efficient concurrency

control solutions. In what follows we describe two such methods: table locking and operator

skipping.

5.4.3.1 Table Locking

Recall that a user feedback transaction starts by updating the table whose view the user has

edited. Refer to this table as the starting table. The transaction then re-executes operators that

depend on the starting table, and so on. It terminates after it has re-executed the root-node operator.

The table-locking policy does not require a transaction T to lock the entire execution graph

G. Instead, it requires T to acquire locks on individual tables before it updates its starting table or

executes an operator. Specifically:

• Before updating the starting table S, T requests an exclusive lock on S. Let p be the operator2

that produces S. T also requests exclusive locks on the provenance tables and the update

table (i.e., the table stores all user updates to S) of p, in an all or nothing fashion. T releases

these locks when the update is completed.

• Before executing an operator p, T requests share locks on all the input tables of p in an all

or nothing fashion.
2If S is an extensible predicate, then we pretend that it is the output of a dummy operator (see Section 5.2.3.2). In

this case, T x-locks S only.
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• Before writing the output of p, T acquires exclusive locks on p’s output, provenance, and

update tables, in an all or nothing fashion. After writing the output, T releases these locks,

together with the share locks on the input tables of p.

Compared to the two-phase locking of the execution graph, the table-locking policy allows

a transaction to interleave its lock acquisition and releasing activities. To execute an operator p,

a transaction locks only the tables related to p. Furthermore, it releases these locks as soon as

the output of p is written. Therefore, the policy allows other transactions to execute an operator

q as long as there is no input dependency between p and q (i.e., p and q are not connected in

the execution graph). The following theorems state that the table-locking policy guarantees the

consistency of the system and that concurrent execution is deadlock-free.

Theorem 5.11 (Consistency) Given a set of transactions {T1, T2, · · · , Tn}, if all transactions fol-

low the table-locking policy, then the system remains consistent after executing these transactions

if it is consistent before.

Proof 1 Let G be the execution graph of the program, and m be the number of nodes in G. We

prove by induction on m that the table-locking policy guarantees that the concurrent execution of

these transactions is equivalent to some serial execution. Here, we generalize the execution graph

G so that it may have multiple root nodes (i.e., nodes without outgoing edges in G).

Basis (m=1): If G has only one node, then by the definition of execution graph, the table O asso-

ciated with the node is both the input and the output of the program. As a result, each transaction

in T updates O and then commits. Since the locking policy allows only one transaction to update

O at any time, the system executes these transactions sequentially. This gives us a serial execution

order.

Induction Step: Assume that serializability holds for m = k. We now show that it also holds for

m = k + 1. Let p be an operator in G that does not have an outgoing edge. That is, no operator

takes the output O of p as input. Consider the subgraph G� = G − {p}, which has k nodes. Let

Tp ⊆ T be the set of transactions that execute p. (T -Tp are the transactions that updates O only.)
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We modify each transaction T ∈ Tp into T � by removing from T its actions on executing p and

updating p’s output. The result is a set of transactions T �
p on G�. By induction, we can serialize

these transactions in some order s. Now we show that the same order holds for Tp on G. This

is because once all the transactions in Tp finish executing G�, the input tables of p will not be

changed. Thus executing p by any transaction produces the same output. Finally, we extend s into

s� by appending those transactions in T -Tp in the order of the time they updates O. Recall that

each transaction in T -Tp is conceptually an update (St,M,M �) on the output O. Thus executing

these transactions at the end of s� incorporates user feedback captured by these transactions into

O. Therefore, the result of executing s� is the same as the result of the concurrent execution by the

system.

Theorem 5.12 (Deadlock Freedom) The table-locking policy cannot produce a deadlock.

Proof 2 We prove deadlock freedom by contradiction. Suppose that the table-locking policy

causes a deadlock among n transactions {T1, · · · , Tn}. Then there must be a cycle in the wait-for

graph of these transactions, where each node in the graph is a transaction, and there is a directed

edge from Ti to Tj if Ti is waiting for some lock held by Tj . Ignore the provenance tables and

update tables for simplicity. Consider an edge from Ti to Tj . By the table-locking policy, Ti must

be waiting for an x-lock on the output table O of some operator p, while Tj is holding an s-lock on

the table. In addition, Tj must be waiting for an x-lock on the output table of another operator q,

and O is an input table of q. This implies that p precedes q in the execution graph. Using the same

reasoning, each edge in the wait-for graph implies a preceding relation between two operators in

the execution graph. As a result, a cycle in the wait-for graph implies a cycle in the execution

graph. This contradicts with the fact that an execution graph is acyclic.

5.4.3.2 Operator Skipping

Consider a set of transactions {T1, · · · , Tn} running concurrently on an execution graph G.

Consider an operator p in G. Let T be the last transaction that executes p. Recall that a transaction

executes operators in G upwards. Thus at the time T executes p, all the input tables of p are at their
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final states (i.e., no other transactions will change the value of any input table of p). This suggests

that once the input tables of p are at their final states, it is sufficient to have only one transaction

execute p to update its output. In other words, transactions other than T can skip executing p, and

let T execute p and write the output.

Suppose after T executes p, the output of p is changed. Then by definition, T must execute

each operator q which takes p’s output as input. Suppose for simplicity that q is a single-input

operator. Then T also writes the final value of the output of q. This suggests that a transaction T �

(T � �= T ) can also skip executing q since the final state of q is set by T . Applying this reasoning

recursively, T � can skip executing those operators in G that are reachable from p. If T � can skip all

the operators it needs to execute, T � can commit immediately given that T commits eventually.

Based on this idea, we extend the table-locking policy to allow a transaction to skip executing

an operator if some other transaction will eventually read the final values of the input of the operator

and overwrite the output. We call the extended policy operator skipping.

To implement operator skipping, we maintain a transaction ID list for each operator. When

a transaction T starts, it adds its ID to the list of each operator it is going to execute. Before

executing an operator p, T checks whether it is the only transaction in p’s list. If so, T executes

p; otherwise, T skips p. In either case, T removes its ID from p’s list. Operator skipping also

guarantees consistency and deadlock freedom since it follows the table-locking policy.

5.5 Empirical Evaluation

As a proof of concept, we conducted a preliminary case study by applying our user feedback

solution to DBLife [36], a currently deployed IE and II application. Our goal is to evaluate the

efficiency of the solution in incorporating user feedback into IE and II programs, focusing specif-

ically on the optimization techniques proposed in Section 5.4. The experiments show that the

incremental execution approaches can reduce the program execution time considerably, and that

by exploiting the DAG structure of an execution graph, the concurrency control methods, table

locking and operator skipping, can significantly improve the system performance in terms of both

transaction throughput and response time.
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Incremental Properties
DBLife Operators ci cd ip ai pc

Get Data Pages � � � � �
Get People Variations � � � �
Get Publication Variations � � � �
Get Organization Variations � � � �
Find People Mentions � � � �
Find Publication Mentions � � � �
Find Organization Mentions � � � �
Find People Entities �
Find Publication Entities �
Find Organization Entities �
Find Related People � � � �
Find Authorship � � �
Find Related Organizations � � � �

Table 5.1: Incremental properties of DBLife operators.

Application Domain: DBLife [36] is a prototype system that manages the data of the database

community using IE and II techniques. Given a set of data sources (e.g., homepages of database

researchers and conference websites), DBLife crawls these data sources regularly to obtain data

pages, and then applies various IE and II operators to the crawled pages to discover entities (e.g.,

people and organizations) and relationships between them (e.g, affiliated-with and give-talk). A va-

riety of user services, including browsing and keyword search, are then provided over the obtained

entities and relationships.

Methods: To evaluate the effectiveness of the framework, we implemented a modified version of

the DBLife system under the framework. The modified DBLife system contains 13 operators, as

listed in Table 5.1. These operators, ranging from crawling data sources to extracting mentions, to

finding entities and relationships, cover the most essential operators in the entire DBLife workflow.

Input to the modified DBLife program consists of four tables, which store data sources, researcher

names, organization names, and publication titles, respectively. Output of the program consists of

three entity tables and three relationship tables, produced by the last six operators in Table 5.1.

To evaluate the efficiency of the system in incorporating user feedback, we exposed the out-

put of each operator, together with the four input tables, for user feedback. For simplicity, we
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used identity views to expose these 17 tables. We built a transaction simulator to generate user

feedback transactions on one snapshot of the program data. The simulator generated a user trans-

action as follows. First, it randomly selected one of the 17 tables. Then it randomly deleted one

tenth, inserted one tenth, and modified another one tenth of the tuples in the table to simulate user

feedback.

5.5.1 Incremental Execution

Broad Applicability of Incremental Properties: When developing DBLife [36], we did not ex-

pect its operators to be executed incrementally. Thus, we did not design them to be incrementally

updatable. However, all the DBLife operators surprisingly have at least one incremental property

presented in Section 5.4.1, and many of them have several. Table 5.1 lists the incremental prop-

erties (checkmarked in the table) of the operators we experimented with. This suggests that these

properties may have a broad applicability to many real-world IE and II operators.

Efficiency of Incremental Execution: To evaluate the incremental update and incremental ID

maintenance methods in Sections 5.4.1 and 5.4.2, we developed three versions of DBLife. They

are (1) the basic version which executes each operator from scratch, (2) the incremental update

version which executes the operators incrementally (the properties used for each operator are un-

derlined in Table 5.1), and (3) the incremental update with ID maintenance version which leverages

incremental update to maintain ID consistency.

In the experiment, we first initialized each version of the system by running the DBLife program

over a given set of data sources. We varied the size of the set so that it gave 100-600 pages, at an

interval of 100 pages. For each version, we then simulated 170 user feedback transactions, 10 on

each table. Next, we executed these transactions separately. After each transaction completed, we

restored the system to its initial state.

Figure 5.7 compares the average transaction execution time in the three versions as the size of

data sources varies. As we expected, the basic version has the longest average execution time. As

the size of data sources increases, the gap between the basic version and the incremental versions

increases. Note that in the experiment, each transaction was simulated to update about one-third
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Figure 5.7: Transaction runtime in different DBLife versions.

of the tuples in a table. Thus if a transaction updates only a few tuples in a table as a user is likely

to do, the gain of incremental update will be even more significant. Figure 5.7 also suggests that

leveraging incremental update to maintain ID consistency is a good strategy to reduce the execution

time.

5.5.2 Concurrency Control

In the next step, we evaluated the two concurrency control policies proposed in Sections 5.4.3.1

and 5.4.3.2. We used graph-locking policy which requires a transaction to exclusively lock the

entire execution graph before execution as the baseline. In the experiment, we fixed the size of

data sources to 500 pages, and used the incremental update with ID maintenance approach to

execute the operators. Again, we simulated 170 user feedback transactions, 10 for updating each

table. These transactions were then started one after another in a random order, at an interval of

one second. The same order was used for comparing different policies in the experiment. We

recorded the starting time and the commit time of each transaction, and also measured the space

consumption of the system at different times.

Figure 5.8 shows the number of transactions completed at any given time. The total time to

complete 170 transactions for the graph-locking (GL), table-locking (TL) and operator-skipping
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(OS) policies is 7605, 5965 and 641 seconds, respectively. It is clear that TL and OS outper-

form GL since they allow transactions to be executed concurrently. However, the improvement of

TL over GL in terms of throughput is not as significant as we expected. This is because many

of the operators are long-running and CPU-bounded. Thus although TL allows multiple transac-

tions to execute different operators at the same time, these transactions have to compete for CPU

intensively.
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Figure 5.8: Comparison of transaction throughput.

Figure 5.8 also demonstrates that OS outperforms the other two policies significantly in terms

of transaction throughput in any period of time. This is not surprising because each transaction by

definition must propagate updates on its starting table all the way to the end tables in the program.

Thus two transactions may easily overlap in terms of the operators to execute. This is especially

true for those operators that produce the end tables. In particular, big transactions (e.g., those

updating the input tables) usually subsume small transactions (e.g., those updating the end tables).

Therefore, a transaction is likely to skip executing an operator p if some other transaction will

eventually overwrite the output of p.

Table 5.9 lists the response time of the transactions under different policies. The average re-

sponse time of table-locking is nearly one half of that of graph-locking, and the average response

time of operator-skipping is only 1/40 of that of table-locking. Comparing the maximum response

time of the three policies, we also observe much difference. Operator-skipping outperforms the
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other two significantly because small transactions tend to commit immediately when there are ac-

tive transactions in the system that subsume them. As a result, fewer transactions compete for CPU

or IO resources.

min max average
Graph-locking 0s 7,584s 3,203s
Table-locking 1s 5,485s 1,841s
Operator-skipping 0s 457s 43s

Figure 5.9: Comparison of transaction response time.

Figure 5.10: Space consumption under different concurrency control policies. Numbers in brack-
ets give the number of active transactions at a certain time.

Figure 5.10 shows the amount of space used by DBLife at different time points during concur-

rent execution. As we can see, the total amount of space consumed remained at the same level,

regardless of the number of active transactions in the system. Variations were mostly caused by

the updates from the transactions.

By decomposing the total space consumption in Figure 5.10, we see that the extra amount of

space incurred to store the provenance data and the user update data is reasonable. On average,

provenance data only takes about 5.7% of the space that the program data needs. Furthermore, the
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growing rate of the space consumption is much lower than that of the data sources. This is because

intermediate results take up most of the space, and they are independent of the data sources.

5.6 Summaries

Despite recent advances in improving the accuracy and efficiency of IE/II programs, writing

these programs remains a difficult problem, largely because automatic IE/II are inherently impre-

cise, and there is no easy way for human users to provide feedback into such programs. To address

this problem, we proposed an end-to-end framework that allows developers to quickly write declar-

ative IE/II programs with the capabilities of incorporating human feedback. In addition to the

framework, we also provided optimization techniques to improve the efficiency and concurrency

of program execution. Experiments with DBLife demonstrated the utility of the framework.

Our work has raised more research problems than those solved. For example, what are the

strength and weakness of different user interfaces in supporting human interactions? How can

we extend the framework to support views over multiple tables? Supporting multiple-table views

requires us to revisit the semantics of program execution. This is because user updates on such

views may potentially update multiple tables in an execution graph, and incorporating updates will

be much more complicated. Furthermore, in this work, we assume that users are either reliable

or there is a control mechanism that can filter and aggregate unreliable user feedback into reliable

feedback. As a next step, we need to investigate issues raised from unreliable user feedback, and

develop such mechanisms.
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Chapter 6

Building a General Platform

In this chapter, we describe our implementation of the general platform in Figure 2.1, which

is shown again in Figure 6.1 below. Along the way, we discuss our design decisions made for the

components, and use source code examples for illustration. At the end of the chapter, we provide

our case studies on application development using the platform in two real-world applications.








 












 
















 













Figure 6.1: High-level architecture of the general platform.

6.1 Building the Data Storage Layer

This layer stores portal data including both structured data (e.g., entities, relationships, and

their attributes) and unstructured data (e.g., HTML pages crawled from the Web). As we discussed
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in Section 2.2, storage systems that are suitable for different forms and characteristics of the portal

data may be used here.

An important lesson we learned from building DBLife [33] is that storing and processing the

structured data could significantly benefit from leveraging RDBMS capabilities (e.g., sophisticated

query processing and efficient concurrency control). And we believe this also holds for structured

Web portal applications in general. In many IE/II applications, however, developers usually choose

not to use an RDBMS (at least not today) for data storage and processing. This is mainly because of

the overhead of using RDBMS to store and process unstructured data and the difficulty of extending

it to support various IE/II operations. Furthermore, as we discussed in Chapter 4, structured Web

portal applications create and manipulate entities and relationships, and often need to associate

temporal and accounting information with them. Thus a research question we want to answer is

how to extend RDBMS to meet these needs so that developers can enjoy both the efficiency and the

convenience of RDBMS at the same time. To answer this question, we incorporated and extended

an RDBMS in the data storage layer. Among various open-source RDBMS products available, we

chose PostgreSQL [73] for its ease of extensibility. Below we describe the extensions we made in

detail:

Unstructured data storage: Our focus is on storing and retrieving text data. In dealing with

text data, developers often start with laying out a directory structure to store text data, then write

programs to import the data into the created directory, where the data may be obtained from local

or remote data sources (e.g., files residing on another computer in the local network or Web pages

at a website). In subsequent implementation of application logic, developers must then manually

translate references to the text data to access paths to the physical files in the directory. To make

it easier for developers to perform these tasks, we created user-defined functions (UDFs) in Post-

greSQL so that developers can use these UDFs to declare logical groups of text data to store, and

to import text data from a variety of data sources.

An example of using the provided UDFs to retrieve and store text data is shown in Figure 6.2. In

this example, we crawl a set of websites whose URLs are stored in table surfaceWebSources, then

store the crawled pages into another table. To do that, we first create a table named crawledPages
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which stores for each crawled page (1) the id of the web source it is obtained from, (2) the URL

of the page, and (3) the content of the page as a text string (see Statement S1 in Figure 6.2). Then

we simply write a SQL insert-by-select query (Statement S2) as if we could retrieve the pages by

querying a table named page. The page table is created by a built-in UDF function crawl. The

crawl function takes as input the URL of a website and a crawl depth (i.e., the number of levels

into the website we will reach by following the links recursively on the pages) and outputs a table

of crawled pages and their URLs. As we can see, instead of first writing a program outside the

database to crawl the websites then importing the crawled pages into the database, developers can

complete the task by the two SQL statements inside the database using the provided UDF.







  
 

Figure 6.2: An example of retrieving unstructured text data from the Web.

The benefits are two-fold. First, developers no longer need to create and maintain the physical

storage of text data. The storage system manages this automatically and makes the text data readily

available in relational form. Second, by enabling the developers to delegate text storage to the

storage system, we can equip the system with advanced text management capabilities from which

developers can gain much more benefits. For example, some portal applications need to process

text data that may go through revisions and thus change over time. An example of such text data is

Web pages that are updated regularly. To answer historical or continuous queries over the evolving

Web pages, the application needs to keep track of multiple snapshots of the pages. Storing each

snapshot individually by its own, however, can be space-consuming. Since only a small portion of

a Web page changes between consecutive snapshots, storing the snapshots incrementally would be

much more space-efficient. Thus we extended PostgreSQL with versioned text storage capabilities
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so that developers can delegate the system to manage text data that can benefit from incremental

text storage.

As an example, suppose we want to regularly crawl a set of talk-event pages, where each page

lists the information of research talks that will take place at an organization. Most likely these talk-

event pages are updated infrequently (e.g., weekly), and each update only change a small portion

of a page (e.g., a newly scheduled talk is included and the oldest talk is excluded). To keep track

of the update history of these pages and to store all these snapshots of the pages efficiently, we

can write SQL-like statements as those shown in Figure 6.3 below. In the figure, we first create a

versioned text table talkEventPages which will store all snapshots of crawled event pages. Once

we retrieve the latest event pages, we can insert the pages into the talkEventPages table using

Statement S2. The statement takes the URL of a page, the content of the page, and a threshold

parameter (0.5 in the example), and stores the content as the latest version of the page at the given

URL. The threshold is used to determine whether to store the complete content of this version or

to store only the difference with respect to the latest check point (i.e., the most recent complete

version stored). Specifically, we compute the ratio of the size (in bytes) of the difference to the size

of the page at the latest checkpoint. If the ratio exceeds the threshold, we store the entire current

version and make it a new check point; otherwise, we store only the difference. Finally we can

retrieve the latest snapshot of the event pages from the table using Statement S3.



  





Figure 6.3: An example of storing and retrieving versioned text data.

Entity Relationship Management: As we discussed earlier, the notions of entities and relation-

ships are prevailing to portal applications. Thus developers often explicitly model objects from the

application domain as entities and relationships, and write programs to create and store the entities

and relationships. Depending on the data storage system used, developers may have to translate the
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mapping between the logical entities and relationships and their physical structures in the storage

system, e.g., by implementing serialization and de-serialization methods for each type of entities

and relationships. To save the developers from such burdens, we provided a built-in library of op-

erators that developers can use to declare entity and relationship types, create instances, and map

the instances into relational form for subsequent processing. An example is shown in Figure 6.4

below. Statement S1 creates an entity type publication with four attributes: title, authors, year,

and url. Suppose we already have a table named papers, which has a column for each publication

attribute with the same name. To create publication entities, we can execute Statement S2, which

creates a publication entity from each paper record in the papers table. Finally we can retrieve

attribute values of the publication entities using Statement S3.

 

 





Figure 6.4: An example of creating and querying entities.

The benefits of using these provided facilities are two-fold. First, developers no longer need to

be aware of how the entities and relationships are stored and managed. Second, since the actual

scheme for storing the entities and relationships is now transparent to the developers, we can

extend and provide additional functionalities into the storage system. For example, we extended

PostgreSQL with support for storing and maintaining temporal and accounting information for

each stored object. The internal representation of entities and relationships and the implementation

followed the design in Chapter 4.

6.2 Building the Data Processing Layer

This layer processes portal data. Essential to this layer are a language for writing IE/II programs

and facilities for managing the execution of these programs. In the platform built, we provided a
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SQL-like language for writing IE/II programs, as we have already seen in the examples in Figures

6.2 and 6.4. And we extended PostgreSQL with the abilities of parsing and executing IE/II pro-

grams inside an RDBMS. In addition, we provided language constructs BEGIN TX BLOCK

and END TX BLOCK for declaring the beginning and the end of a transaction. Developers can

use these constructs to enclose multiple IE/II steps in a program. The enclosed steps will then be

executed as a unit or not at all. Moreover, as an IE/II program is usually long-running, if the system

crashes in the middle, developers would like the system to be able to resume execution from where

it left off (at the granularity of transaction) after the system recovers from the crash. To achieve

this, we extended PostgreSQL with a log manager and a recovery module.

Besides the above, we also provided a built-in library of operators for common IE/II operations.

Examples include extracting common HTML elements (e.g., titles, headers, URLs and anchor text)

from HTML text, matching entities based on specified attributes, and subsequently merging the

matched entities by aggregating their attributes.

6.3 Building the User Layer

A general platform would not be complete without modules that can be easily configured to

provide common user services, support user feedback, and enforce access control. Thus we pro-

vided these modules as built-in components in the platform. Below we briefly describe our imple-

mentation of the modules and their features.

Keyword search: We supported keyword search over both unstructured data and structured

data. We adopted Lucene1, one of the most popular and widely used open source search engine

implementations, to implement a generic and best-effort keyword searcher. Developers can simply

specify which relational tables, including those representing text collections, from the underlying

database to index; the search module automatically builds an index over the data and answers

keyword queries using the index. In addition to the generic keyword search component, we also

implemented a component for searching over the entities in the portal. This keyword-search-over-

entities component indexes attribute values of the entities, and groups search results by entity type.
1http://lucene.apache.org/
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It provides developers an easy way to expose this semantically rich structured data to users via

keyword search. In addition to specifying among all the types of entities which ones to index,

developers can also choose which functions to use in measuring the similarity between the search

terms and entity attribute values. We provided implementations for two similarity measures [66]:

a Jaccard distance measure based on words, and an n-gram measure (n = 2 or n = 3) based on

either words or characters.

Browsing: Besides keyword search, browsing is another common way users explore portal data.

Thus we implemented a generic browsing module. Since entities and relationships are explicitly

modeled by the platform, the browsing module automatically enables navigation among entities

via relationships between them.

Entity homepages: Information about an entity includes its attributes and its relationships to

other entities. A nice way of presenting such information is to group different pieces of the in-

formation (e.g., by the type of the relationships that the entity participates in) and then create a

page where each group is presented in a block. An example of such presentation is the researcher

homepage DBLife [36] automatically created for Joseph M. Hellerstein, as shown in Figure 6.5.

Each block on his homepage describes one facet, e.g., research papers he has published, research

topics he is interested to, or conference services he has provided. In the platform, we designed and

implemented an entity homepage publishing module which developers can use to easily config-

ure which information to publish on entity homepages and how and where the information should

be laid out. We provided four templates for presenting information: a record template (e.g, the

profile block at the top-right of Figure 6.5 where each piece of information comes from a field

in a record), a list template (e.g., the related-people block beneath the profile block), a record-list

composite template (e.g., the publication block in Figure 6.5 where each publication is a record in

the list), and a wiki template (e.g., the wiki text in Figure 4.1).

User feedback: To support easy user feedback into portal applications, we implemented a user

feedback module using Google Web Toolkit2. With the module, developers can simply switch it

on or off to enable or disable user feedback. Its implementation followed the design in Chapter 4.
2https://developers.google.com/web-toolkit
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Figure 6.5: An example of entity homepage.

Authentication and access control: In addition to the above user service and feedback modules,

a native implementation of authentication and access control modules is provided in the user layer.

These modules provide basic user registration, password-based authentication, and page-level ac-

cess control.

6.4 Building Platform Administration Interface

To ease the administration and monitoring of portal applications, we provided a Web-based

administration tool as shown in Figure 6.6 below. It provides developers an easy way to browse

portal data and programs, and to make changes, for example, starting/stopping publishing certain

blocks of information on entity homepages. An example is shown in Figure 6.7.

6.5 Case Studies

The purpose of providing a general platform is to support developers in performing common

tasks in building portal applications. Using the platform, developers can then focus more on devel-

oping application logics than carrying out these tasks. We implemented the platform as outlined
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Figure 6.6: Web-based administration tool.

Figure 6.7: An example of publishing entity homepages.

above as a proof of concept. As case studies, we deployed the platform and developed two real-

world applications. Our goal was to evaluate the usability and utility of the platform in building
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structured Web portal applications. In this section, we present our case studies conducted, and

discuss lessons learned from the case studies.

6.5.1 Building a Limnology Research Portal

Limnology is a science that studies lakes from all related aspects: geographical, biological,

climatic, demographical, economical, among others. One important job of limnologists is to mon-

itor lake-related ecosystem health. As an example, researchers at the Limnology Center in the

University of Wisconsin-Madison actively monitor and study algae blooms on Lake Mendota. Al-

gae blooms on the lake present a severe threat to public health. Toxins released by blue-green

algae, for example, can cause significant health risks, affecting skin, liver and even nerve sys-

tem. To be able to issue timely warnings when algae blooms outbreak, they need to monitor lake

and weather conditions, process water quality data, and collect algae-related reports from various

sources. Therefore, a portal that can automatically collect and integrate such information is of

much practical value to the researchers. Building such a portal is a suitable case study for platform

evaluation because it required us to interact with users (limnologists) from a scientific research

field much different from ours. This is useful for us to evaluate whether the platform is generic

and flexible in satisfying users’ information needs and to examine its limitations. In building the

portal, limnologists at the University of Wisconsin-Madison provided us a list of concepts they

were interested in and the data sources from which information of these concepts can be obtained.

Table 6.1 gives statistics on the portal data and IE/II programs developed, together with examples

of interested concepts (entity and relationship types) and data sources from which information of

the concepts was obtained. Figure 6.8 shows an example of lake entity homepage created by the

Limnology research portal we built.

An important aspect of evaluating the utility of the platform is on measuring how much re-

duction in development effort taken to build a portal using the platform. One way to measure the

reduction is by comparing the amount of work incurred with and without using the platform. In

our case studies, we approximated this measure by counting how many operations we can realize

by leveraging platform-provided operators and how many operations we have to implement from
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Data sources and Portal Data
No. of data sources 13
Examples: Wikipedia, Google Scholar, Google News,
National Atmospheric Deposit Program Online.
No. of text documents 11,193
No. of entity types 12
Examples: lakes, beaches, algae, streamflow sites, publications.
No. of entity instances 74,497
No. of relationship types 15
Examples: lake-algae-cooccur, lake-mentioned-in-publication.
No. of relationship instances 193,924

Portal IE/II Programs
Total No. of IE/II programs 25
No. of IE/II programs executed inside RDBMS 18
No. of built-in operators used 40
No. of application-specific operators implemented 26

Table 6.1: Statistics on Limnology research portal development.

Figure 6.8: Homepage of Lake Mendota.
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scratch. Specifically, we first depicted portal programs as workflows of operations, each perform-

ing a single task such as loading files from disk and extracting entity names from text. Then we

counted the number of operations we had to implement (e.g., application-specific operations) and

the number of operations we realized using the built-in operators the platform provided. The ratio

between the two is 8 to 45, which indicates a significant saving using the platform. Most of the

saving came from three sources: (1) using RDBMS capabilities to store and retrieve data, create

indexes, and perform join operations, (2) leveraging the generic IE/II operators provided, and (3)

using the built-in operators to manage entities and relationships. Although not shown in Table 6.1,

saving on developing user services was most significant: using the platform, enabling user services

such as keyword search required minimal configuration only.

6.5.2 Generating Natural Language Profiles for Musical Artists

During the time I was visiting Kosmix Inc. in summer 2010, a challenge engineers at the

company faced was to automatically create profiles for popular musical artists (including individual

musicians and musical bands) in a way that is easy for users to browse and consume. The structured

information includes background information (such as a musician’s birth place, birth date, and

instruments played), past achievements (such as album and track releases), and current or future

activities (such as upcoming concerts). This information could be obtained from various data

sources such as Wikipedia3, MusicBrainz4 (an online music encyclopedia), and Last.fm5 (an online

music catalog).

One way to create profiles for musical artists would be to first have analysts collect structured

data needed from those data sources and then have editors manually write profile text for each

artist based on the collected structured data. But this approach is not cost effective and is not

scalable. Also it incurs additional cost to keep the profiles up to date. A better approach is to have

an automatic solution that collects the structured data from data sources regularly at appropriate

intervals, integrates the data to be most comprehensive and accurate, and finally generates natural
3http://en.wikipedia.org/
4http://musicbrainz.org/
5http://www.last.fm/
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Figure 6.9: Homepage of Michael Jackson.

language text by instantiating pre-defined profile templates with the obtained structured data. This

was the approach we took, and this problem made a good case study for us to evaluate the usability

of the platform in building industrial strength applications.

Figure 6.9 shows the homepage of Michael Jackson created by the structured Web portal we

built using the platform. The wiki text section was automatically generated by the application.

Structured data such as name and birth year were embedded in the unstructured text. One of the

application requirements was to make it easy for analysts and editors to modify the text generated

if they want to correct an error or make an improvement. This was readily achieved by the built-in

user feedback module. Figure 6.10 shows the record interface for editing the “Details” section of

the page, and Figure 6.11 shows the wiki interface for providing feedback to the “Wiki” section.

For example, to update the count of album releases, an analyst can update its number in the editing

window in Figure 6.10. Once saved, the update will be pushed to the underlying database, and the

album count mentioned in the “Wiki” section will be updated automatically.



126

Figure 6.10: Record interface for editing artist details section.

Figure 6.11: Wiki interface for editing wiki text section.
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Data sources and Portal Data
No. of data sources 8
Examples: Wikipedia, MusicBrainz.org, Last.fm,
YouTube, Yahoo! Answer.
No. of text documents 146,609
No. of entity types 7
Examples: musicians, bands, albums, tracks, videos.
No. of entity instances 169,542
No. of relationship types 8
Examples: similar-in-style, album-release, track-release.
No. of relationship instances 350,030

Portal IE/II Programs
Total No. of IE/II programs 13
No. of IE/II programs executed inside RDBMS 10
No. of built-in operators used 45
No. of application-specific operators implemented 19

Table 6.2: Statistics on musical artist portal development.

Statistics on the application development are listed in Table 6.2. Similar to the case study of

building a Limnology research portal, the platform saved a significant amount of effort in develop-

ing this portal application.

6.6 Observations

Although limited, the two case studies revealed the utility of a general platform in building

structural Web portal applications. In particular we observed from the case studies that the current

platform is useful from the following aspects:

• The built-in support for an entity-relationship model simplifies the tasks of collecting, ana-

lyzing and implementing user requirements (e.g., what the domain concepts are, how they

are related, and where they can be obtained). We found that formulating concepts as entities

and relationships is easy for users (domain experts and analysts) to comprehend and com-

municate. And the provided library of operators for creating and manipulating entities and

relationships can significantly reduce the development effort.
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• Relational database capabilities benefit writing and executing IE/II programs. With an RDBMS-

based data storage and processing system, developers can enjoy the convenience, efficiency

and robustness of RDBMS capabilities.

• Generic and easily customizable modules for realizing user services and user feedback are

an integral part of the platform. While different applications may require different functions,

support for common services makes it possible to quickly deliver a usable portal application.

The studies also revealed several limitations of the platform in developing real world applica-

tions:

• PostgreSQL, the RDBMS we adopted in the platform, supports user-defined functions writ-

ten in multiple languages, such as SQL, C, Perl and Python. IE/II operations usually involve

heavy string parsing and manipulation. Being able to use scripting languages like Perl that

shines in its ability of complex string processing provides both us (as platform builders) and

developers (as platform users) a convenient way to implement IE/II operations. Debugging

the implementations inside the database, however, is difficult. We believe this is also the

case with other RDBMS’s. One plausible way to overcome this limitation is to provide an

integrated development environment (IDE) in which developers can quickly carry out and

test IE/II implementations, and deploy them easily afterwards.

• The current platform requires developers to implement IE/II operators following the rela-

tional model. That is, input and output of an operator need to be modeled as relations. This

requirement brings the benefit that the so-written operators can be easily composed with

each other and also with other relational operators to form large programs. The requirement,

however, also comes with a cost of inflexibility. Some applications, especially those from

scientific research areas, need to deal with data (e.g., time series) that follows other models.

Since such data does not fit naturally with the relational model, the data and the programs

that process the data may have to live outside the platform.
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• The design and implementation of the current platform was based on a single machine.

With the explosive growth of the amount of unstructured data, applications may need to

process data that far exceeds the capacity of a single machine. Thus how to leverage systems

and techniques in distributed computing in the platform is an important direction for future

research.
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Chapter 7

Related Work

As structural web portals are becoming more and more popular, the value of a general platform

that developers can adopt to quickly build and deploy their portal applications has been increasing.

In industry, numerous open-source Web application frameworks have been developed to increase

the speed and agility of building applications. Popular examples include Ruby on Rails1 and

Django2. These frameworks provide a rich set of features to alleviate the overhead incurred by

performing common tasks in Web application development. An important feature they offer is

object-relational mapping with which developers can enjoy the flexibility of modeling application

domain concepts as objects (entities and relationships) without worrying about translating the ob-

ject representations into relational forms required by the underlying database. This is essentially

in the same spirit of supporting an entity-relationship model and related operations in the platform

we proposed. None of these frameworks, however, is tailored to building structured Web portal

applications, where support for developing IE/II programs and managing their execution is crucial.

In the following, we first discuss related work in the context of building structured Web portals,

then describe related work on the research problems we studied in Chapters 3-5. We conclude this

chapter by discussing related industrial practices in developing IE/II applications and incorporating

user feedback, their limitations, and opportunities for future research.
1http://rubyonrails.org/
2https://www.djangoproject.com/
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7.1 Building Structured Web Portals

Existing solutions for building structured Web portals follow roughly two approaches. The

first, machine-based, approach employs semi-automatic methods to extract and integrate data from

a multitude of data sources, to create structured data portals. Examples include Cimple [45], Libra

[71], Rexa [4] and BlogScope [15]. This approach incurs relatively little human effort, often gener-

ates a reasonable initial portal, keeps portals fresh with automatic updates, and enables structured

services (querying, browsing, etc.) over portals. However, it usually suffers from inaccuracies,

caused by imperfect extraction and integration methods, and limited coverage, because it can only

infer whichever information is available in the data sources.

The second, human-based, approach manually deploys an initial portal, then replies on human

users, dedicated developers or ordinary users, to revise and add contents. Examples include DBLP

[63], Freebase [5], Intellipedia [6], and UMassWiki [7]. This approach avoids many problems of

the machine-based approach, but suffers from its own limitations. In particular, it may be difficult

to solicit sufficient user participation, and can incur significant user effort to keep portals up to

date. Our approach, as supported by the platform, is a combination of both approaches.

The work closest to ours is that by DeRose [33] where the author proposed a top-down, com-

positional, and incremental approach to building structured community portals. In that work, the

author also provided Cimple, a file-system-based software platform. This work made an important

step toward a general platform, but it has several limitations. For example, the provided platform

stores and processes portal data in the native file system. To handle the variety in the data (e.g.,

small string values and large files), the platform provides multiple data stores catering to storing

different types of data. To support concurrency control, it provides a store-wide locking mecha-

nism to realize coarse-grained ACID transactions. It is, however, difficult to extend the platform to

support efficient access patterns and fine-grained concurrency control. Besides, the platform does

not provide developers support for building user services and enabling user feedback. As we show

in [42], supports for data exploitation and user feedback incorporation are crucial capabilities that

a general platform should provide.



132

7.2 Matching Portal Schemas

Schema matching has received increasing attention over the past two decades (see [74, 44] for

recent surveys). Many matching techniques have been developed, employing for example, machine

learning [64, 41, 37], IR [28], and information theory [58]. Recent work has also explored incre-

mental schema matching [17], self-organizing mapping [29], mapping debugging [27], mapping

compilation [68], discovering mapping expression [11], information capacity in schema integration

[70], data matching in ontology integration [83], hierarchy integration [88], and Web information

integration [9, 16]. Once matches have been found and verified, they are typically elaborated into

mappings [74] using a tool such as Clio [87].

A complementary problem (first raised in [54]) is then to revise schemas to make finding se-

mantic matches easier. As far as we know, our work in Chapter 3 offers the first attack plan for this

problem, placed in the context of revising mediated schemas of data-integration systems. The work

closest to ours is eTuner [78]. That work however attacks a very different goal, namely, given a

schema S, how to tune a matching system M (i.e., selecting the right matching components to be

executed and correctly adjusting their knobs) to maximize matching accuracy over future schemas.

In a sense, our problem can be considered complementary: given a matching system M , how to

“tune” (i.e., revise) a schema S, to maximize matching accuracy of S with future schemas.

7.3 Opening Up Structured Web Portals for User Feedback

We are not aware of any published work that has studied how to model and incorporate user

feedback into portal applications. Many portals (e.g., Wikipedia) do employ automatic programs

(called “bots”) to generate new pages according to some template, and to detect problems (e.g.,

vandalism) with current pages. But these programs do not contribute structured data nor do they

update existing data, as we do here.

Perhaps the work closest to ours is Semantic Wikipedia [84]. This work develops new wiki

language constructs that allow users to add structured data to wiki pages. We also develop similar

wiki language constructs (see Section 4.3.3). But our constructs are far more powerful: we can
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embed arbitrary ER data graphs in a wiki page, whereas the constructs in [84] in a sense only

allow embedding node and relation attributes. More importantly, Semantic Wikipedia and several

similar efforts, including semantic wikis [2] and Metaweb [3], have focused largely on extending

wiki languages so that users can contribute structured data. They have not focused on allowing

machines to contribute, nor do they study how to “push” structured contributions from users into

an underlying database. Our work here is therefore complementary to these efforts.

Processing structured user edits in our context is a variation on the classical view update prob-

lem [14, 32]. Unlike relational view update, however, in our context users can also edit the schemas

of views as well as of the underlying database. Since users employ the wiki interface, which is

rather limited for expressing structured edits, this poses problems in interpreting user intentions

that do not arise in relational view updates.

We recast processing structured user edits in our context as a problem of translating these edits

across different user interfaces (wiki, ER, and relational, see Section 4.4.2). Such UI translations

have been studied, e.g., translating a natural-language user query into a structured one [12, 65].

Translating free natural-language queries is well known to be difficult [12, 65]. Our problem here

is still difficult, but more manageable, as we only translate structured edits.

Finally, our work in Chapter 4 can be viewed as a mass collaboration, Web 2.0 effort to

build, maintain, and expand a hybrid structured data-text community database. Mass collabora-

tion approaches to data management have recently received increasing attention in the database

community (e.g., mass collaboration panel at VLDB-07, Web 2.0 track at ICDE-08, see also

[10, 67, 85, 75, 40, 8]. Our work contributes to this emerging direction.

7.4 Incorporating User Feedback Into IE/II Programs

Soliciting and incorporating user feedback to improve IE/II results has received much atten-

tion in recent years. Recent works include using user feedback to correct schema matching results

[41, 86], to generate integrated schemas [26], and to manage data in community information sys-

tems [45, 34, 60] and dataspace systems [47, 57]. While these works focused on leveraging user

feedback to improve results of individual IE/II operations, our work aims to build an end-to-end
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framework where user feedback can be incorporated into various stages of a complex workflow.

To allow developers to write programs for such workflows, we also proposed a declarative lan-

guage hlog, which extends recently developed IE language xlog [80] by providing constructs for

specifying user interactions.

Using the derivations of updates, i.e., their provenance [21, 20] or lineage [30] for update

reconciliation was also explored in [50]. In their work, the authors proposed a provenance model

and used it for trust policies and incremental deletion. In contrast, we use provenance information

to interpret the semantics of user updates and incorporate updates into execution results.

Many early works [18, 52, 53] have proposed and studied incremental view maintenance algo-

rithms. Recent works have also considered how to incrementally execute IE/II operators [17, 24].

The proposed approaches, however, are specific to schema matching [17] and information extrac-

tion [24] settings. Thus they are not easily extensible to other operators. Our goal, in contrast, is to

support incremental execution for a broad class of operators, whose semantics is unknown to the

system.

Transaction concurrency control in relational databases has been well studied in the literature

[49, 61, 62]. To the best of our knowledge, our work is the first attempt in exploiting the DAG

structure of IE/II programs to provide efficient concurrency control outside RDBMS.

7.5 Observations on Industrial Practices

In recent years we have seen an increasing trend of building structured Web portals using auto-

matic IE/II techniques, especially in the Web industry. During the past one-and-a-half years, I have

been working in industrial companies building Web-scale IE/II applications. This work experience

allows me to experience first-hand how such applications are developed in industry, and also to

observe the “pain points” of current practices and the need for a general platform. The work con-

ducted in this dissertation makes a step towards addressing this need. In the following, I describe

related industrial practices in developing IE/II applications and incorporating user feedback, their

limitations, and how our work offers a promising direction to address these limitations.
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Developing IE/II applications: Over the past decade, a proliferation of open-source software has

been developed to perform the tasks of extracting and integrating structured data from unstructured

data. Examples include Apache openNLP3 and NLTK4. These tools provide support for common

IE/II tasks such as named entity extraction and coreference resolution, and enable developers to

quickly assemble IE/II programs by wiring needed components together using scripting languages

such as Perl and Python. While using these tools shortens the time to deliver a working solution,

the so-developed IE/II programs are usually hard to debug, maintain and extend. And a declarative

framework for developing IE/II applications has been a long standing desire in industry. Effort

has been made to develop such frameworks. A notable example is the Apache UIMA project5,

whose goal is to provide developers a compositional software framework for creating, composing

and deploying unstructured data management applications. The need for a declarative framework

and the effort from the developer community validate our speculation on the utility of a declarative

language for writing IE/II programs and our design of providing such a language, together with a

built-in library of common IE/II operators, as an integral part of a general platform.

Incorporating user feedback: In this dissertation, we advocate that leveraging user feedback to

improve the quality of IE/II results is important in building structured Web portal applications. This

is indeed the case in industrial application development, where user feedback is often indispens-

able in building successful applications. User feedback is needed in these applications because

automatic IE/II solutions rarely achieve the high level of accuracy applications require and thus

humans must be kept in the loop to improve the accuracy. As a common practice, a team of data

analysts often work closely with application developers to assess the quality of IE/II results and

provide feedback (e.g., by verifying the input data to the programs and by correcting IE/II errors).

Feedback from analysts is usually accumulated into batches and processed periodically by some

custom programs developers write. This practice incurs a delay between the time user feedback

is provided and the time it is incorporated. Furthermore, it requires developers to build tools that

analysts can use to provide feedback and to write programs that are specifically for interpreting
3http://opennlp.apache.org/
4http://nltk.org/
5http://uima.apache.org/
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and incorporating user feedback. Thus our work on developing a systematic framework for users

(including developers, data analysts and ordinary users) to easily provide feedback and for the

programs to automatically incorporate the feedback offers a promising direction to address these

problems.
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Chapter 8

Conclusions

In this dissertation, we described our envisioned platform to building structured Web portals,

and provided an end-to-end implementation. We also identified several research challenges arising

from building the platform, and presented out solutions. In this chapter, we summarize the main

contributions of this dissertation, and discuss future directions for this work.

8.1 Contributions

The main contributions of this dissertation are the study of the capabilities and architecture of

a general platform for building structured Web portals and the demonstration that such a platform

can be useful for building portals in real-world applications.

Throughout the work, we also identified and addressed several research challenges. Chapter

3 studied how to analyze and revise portal schemas, which serve as a uniform interface for stor-

ing and querying portal data, to make them easier to match in aggregating structured data from

heterogeneous data sources. We proposed a promising solution leveraging synthetic schemas, and

showed that synthetic schemas are useful in improving the matchability of portal schemas.

Chapter 4 studied the problems of opening up a structured web portal for user feedback. We

provided solutions to modeling the underlying structured database, representing views over the

database, and exposing views via a wiki interface. We also provided an efficient solution to process

user edits and “push” these edits into the underlying database.

Chapter 5 studied the problem of efficiently incorporating user feedback into IE/II programs

that collect and integrate structured portal data. We proposed a framework that allows developers to
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quickly write declarative programs with the capabilities of incorporating feedback. Optimization

techniques were also provided to improve the efficiency of program execution in the presence of

user feedback.

8.2 Future Directions

Much work remains in building a flexible, extensible and scalable platform, and also in improv-

ing the solutions we proposed to address the research challenges arise. We discussed directions for

further work at the end of Chapters 3-6. Below we briefly reiterate a few of them.

First, with respect to platform development, an important direction to pursue is to study how

to distribute data and IE/II program execution across multiple machines while retaining the sim-

plicity of writing the programs. Ideas from Hive [82], a distributed data warehouse system, and

its query language HiveQL, a SQL-like language that hides the complexity of distributed system

from developers, could be borrowed and adapted.

Second, with respect to matching portal schemas with data source schemas, it would be inter-

esting to study how to leverage user effort to provide and improve matches between schemas. One

solution would be to provide user an interactive environment where a user can interact with the

matching tool to generate and revise matches. Being able to do so would also make it possible for

users to help expand the coverage of a portal by contributing and integrating data sources into the

portal.

Finally, with respect to incorporating user feedback, in this work we restrict a view (via which

the underlying portal data is exposed to UIs) to be defined over a single table. In other words, any

piece of data a user can edit comes from a single table. The restriction simplifies the process of

incorporating user’s edit. The next step would be to extend the framework to support views over

multiple tables. To do so would require us to revisit the semantics of program execution in light of

user feedback.
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8.3 Closing Remarks

Structural Web portal applications that extract and integrate structured data across the Web are

becoming increasingly common. By providing developers with a general platform, we enable the

developers to quickly build and deploy portal applications which otherwise would require a signifi-

cant amount of effort to develop. It is our hope that this work would help and drive further research

on related problems and those beyond, in the broader context of unstructured data management and

Web data integration.
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APPENDIX
Basic Relational Actions

We define a set of basic relational actions that a user can execute over Vd, Vs, Gd and Gs.

There are 10 actions for Vd, 8 for Vs, 10 for Gd, and 8 for Gs. In the following, we give our

implementation of each action. To distinguish actions in different categories, we prefix each action

by its category name. For example, we denote action ai for Vd as Vd::ai.

A.1 Actions for Vd

Action a1: Modify an Entity Attribute Value
Steps:

1. Execute Gd::a1.

Action a2: Modify a Relation Attribute Value
Steps:

1. Execute Gd::a2.

Action a3: Insert an Entity Attribute
Let eid be the entity ID and E be the entity type. Let A be the attribute to insert.

Steps:

1. Execute Gd::a3;

2. Add an inclusive path E(id = eid){A} to Vs.

Action a4: Insert a Relation Attribute

Let rid be the relation ID and R be the relation type. Let A be the attribute to insert.
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Steps:

1. Execute Gd::a4;

2. Add an inclusive path R(id = rid){A} to Vs.

Action a5: Insert a New Entity

Let e be the entity to insert and E be its type.

Steps:

1. Execute Gd::a5, let eid be the ID of e;

2. Add an inclusive path E(id = eid) to Vs.

Action a6: Insert a New Relation

Let r be the relation to insert and R be its type. Let eid1 and eid2 be the IDs of the two entities

that r relates, and E1 and E2 be their types.

Steps:

1. Execute Gd::a6, let rid be the ID of r;

2. Add an inclusive path E1(id = eid1).R(id = rid).E2(id =

eid2) to Vs.

Action a7: Delete an Entity Attribute

Let eid be the ID of the entity and E be its type. Let A be the attribute to delete.

Steps:

1. Execute Gd::a7;

2. Add an exclusive path E(id = eid){A} to Vs.

Action a8: Delete a Relation Attribute

Let rid be the ID of the relation and R be its type. Let A be the attribute to delete.

Steps:

1. Execute Gd::a8;
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2. Add an exclusive path R(id = rid){A} to Vs.

Action a9: Delete an Entity

Let e be the entity to delete. Let eid be e’s ID and E be e’s type.

Steps:

1. FOR each relation r that relates e DO

Execute Vd::a10;

2. FOR each attribute A (including exists) of e DO

Execute Vd::a7;

3. Add an exclusive path E(id = eid) to Vs.

Action a10: Delete a Relation

Let r be the relation to delete. Let rid be r’s ID and R be r’s type. Let eid1 and eid2 be the

IDs of the entities that r relates, and E1 and E2 be their types.

Steps:

1. FOR each attribute A (including exists) of r DO

Execute Vd::a8;

2. Add an exclusive path E1(id = eid1).R(id = rid).E2(id =

eid2) to Vs.

A.2 Actions for Vs

Action a1: Insert an Entity Attribute

Let eid be the ID of the entity and E be its type. Let A be the attribute to insert.

Steps:

1. Add an inclusive path E(id = eid){A} to Vs.

Action a2: Insert a Relation Attribute

Let rid be the ID of the relation and R be its type. Let A be the attribute to insert.

Steps:
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1. Add an inclusive path R(id = rid){A} to Vs.

Action a3: Insert an Entity

Let eid be the ID of the entity and E be its type.

Steps:

1. Add an inclusive path E(id = eid) to Vs.

Action a4: Insert a Relation

Let r be the relation to insert. Let rid be r’s ID and R be r’s type. Let eid1 and eid2 be the IDs

of the entities that r relates, and E1 and E2 be their types.

Steps:

1. Add an inclusive path E1(id = eid1).R(id = rid).E2(id =

eid2) to Vs.

Action a5: Delete an Entity Attribute

Let eid be the ID of the entity and E be its type. Let A be the attribute to delete.

Steps:

1. Add an exclusive path E(id = eid){A} to Vs.

Action a6: Delete a Relation Attribute

Let rid be the ID of the relation and R be its type. Let A be the attribute to delete.

Steps:

1. Add an exclusive path R(id = rid){A} to Vs.

Action a7: Delete an Entity

Let e be the entity to delete. Let eid be e’s ID and E be e’s type.

Steps:

1. FOR each relation r that relates e DO

Execute Vs::a8;
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2. FOR each attribute A (including exists) of e DO

Execute Vs::a5;

3. Add an exclusive path E(id = eid) to Vs.

Action a8: Delete a Relation

Let r be the relation to insert. Let rid be r’s ID and R be r’s type. Let eid1 and eid2 be the IDs

of the entities that r relates, and E1 and E2 be their types.

Steps:

1. FOR each attribute A (including exists) of r DO

Execute Vs::a6;

2. Add an exclusive path E1(id = eid1).R(id = rid).E2(id =

eid2) to Vs.

A.3 Actions for Gd

We use the following notations to represent tables in G:

E A m – table for attribute A of entity type E that stores

attribute values entered by machine M ;

E A u – table for attribute A of entity type E that stores

attribute values entered by human users;

E A p – table for attribute A of entity type E that stores

attribute values used in generating Vd;

R A m, R A u, R A p – similar to those above but for

relation type R instead;

R ID – relation ID table for relation type R.

Action a1: Modify an Entity Attribute Value
Let E be the type of the entity and A be the attribute. Let w be the ID of the user who modifies

A.

Steps:
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1. IF w = M THEN

Logically delete the current value of A in E A m;

Insert the new value of A into E A m;

ELSE

Logically delete the current value of A in E A u;

Insert the new value of A into E A u;

2. IF the current value in E A p was entered by M

OR w != M THEN

Logically delete the current value of A in E A p;

Insert the new value of A into E A p;

Action a2: Modify a Relation Attribute Value
Let R be the type of the relation and A be the attribute. Let w be the ID of the user who

modifies A.

Steps:

1. IF w = M THEN

Logically delete the current value of A in R A m;

Insert the new value of A into R A m;

ELSE

Logically delete the current value of A in R A u;

Insert the new value of A into R A u;

2. IF the current value in R A p was entered by M

OR w != M THEN

Logically delete the current value of A in R A p;

Insert the new value of A into R A p;

Action a3: Insert an Entity Attribute

Let eid be the ID of the entity and E be its type. Let A be the attribute and w be the ID of the

user who inserts A.

Steps:
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1. IF w = M THEN

IF exists a record with id = eid

AND stop=“9999-12-31 23:59:59” in E A m THEN

Logically delete the record;

Insert the new value of A into E A m;

ELSE

IF exists a record with id = eid

AND stop=“9999-12-31 23:59:59” in E A m THEN

Logically delete the record;

Insert the new value of A into E A u;

2. IF exists a record with id = eid

AND stop=“9999-12-31 23:59:59” in E A p THEN

IF the record was entered by M OR w! = M THEN

Logically delete the record;

Insert the new value of A into E A p;

Action a4: Insert a Relation Attribute

Let rid be the ID of the relation and E be its type. Let A be the attribute and w be the ID of

the user who inserts A.

Steps:

1. IF w = M THEN

IF exists a record with id = rid

AND stop=“9999-12-31 23:59:59” in R A m THEN

Logically delete the record;

Insert the new value of A into R A m;

ELSE

IF exists a record with id = rid

AND stop=“9999-12-31 23:59:59” in R A m THEN

Logically delete the record;

Insert the new value of A into R A u;
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2. IF exists a record with id = rid

AND stop=“9999-12-31 23:59:59” in R A p THEN

IF the record was entered by M OR w! = M THEN

Logically delete the record;

Insert the new value of A into R A p;

Action a5: Insert a New Entity

Let E be the entity type and max eid be the largest ID in table entity ID.

Steps:

1. Insert record (max eid+ 1, E) into entity ID.

Action a6: Insert a New Relation

Let r be the relation to insert and R be its type. Let eid1 and eid2 be the IDs of the entities that

r relates. Let max rid be the largest ID in table R ID.

Steps:

1. Insert record (max rid+ 1, eid1, eid2) into R ID.

Action a7: Delete an Entity Attribute
Steps:

1. Execute Gd::a1 with NULL as the attribute value.

Action a8: Delete a Relation Attribute
Steps:

1. Execute Gd::a2 with NULL as the attribute value.

Action a9: Delete an Entity

Let e be the entity to delete.

Steps:

1. FOR each relation r that relates e DO
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Execute Gd::a10;

2. FOR each attribute A (including exists) of e DO

Execute Gd::a7;

Action a10: Delete a Relation

Let r be the relation to delete.

Steps:

1. FOR each attribute A (including exists) of r DO

Execute Gd::a8;

A.4 Actions for Gs

Action a1: Create an Entity Attribute

Let E be the type of the entity and A be the attribute to create.

Steps:

1. Insert attribute A into table meta attribute;

2. Create tables E A m, E A u and E A p.

Action a2: Create a Relation Attribute

Let R be the type of the relation and A be the attribute to create.

Steps:

1. Insert attribute A into table meta attribute;

2. Create tables R A m, R A u and R A p.

Action a3: Create an Entity Type

Let E be the entity type to create.

Steps:

1. Insert entity type E into table meta entity;

2. Execute Gs::a1 for attribute exists.
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Action a4: Create a Relation Type

Let R be the relation type to create.

Steps:

1. Insert relation type R into table meta relation;

2. Create table R ID;

3. Execute Gs::a2 for attribute exists.

Action a5: Drop an Entity Attribute

Let E be the entity type and A be the attribute to drop.

Steps:

1. Logically delete attribute A in table meta attribute;

2. Logically delete all records in E A m, E A u and E A p.

Action a6: Drop a Relation Attribute

Let R be the relation type and A be the attribute to drop.

Steps:

1. Logically delete attribute A in table meta attribute;

2. Logically delete all records in R A m, R A u and R A p.

Action a7: Drop an Entity Type

Let E be the entity type to drop.

Steps:

1. FOR each relation type R that relates E DO

Execute Gs::a8;

2. FOR each attribute A (including exists) of E DO

Execute Gs::a5;

3. Logically delete entity type E in meta entity;

Action a8: Drop a Relation Type
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Let R be the relation type to drop.

Steps:

1. FOR each attribute A (including exists) of R DO

Execute Gs::a6;

2. Logically delete entity type R in meta relation;


